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ABSTRACT 
 
 
 

GENOME WIDE MAPPING OF FRUIT QUALITY TRAITS IN APPLE 
 
 
 
Beatrice Amyotte      Advisor:  
University of Guelph, 2017     Professor I. Rajcan 
 
 
 
 This thesis is an investigation of the genetics of fruit quality in cultivated apple 

(Malus x domestica). M. x domestica is grown around the world as one of the most 

popular temperate fruit crop species. Fruit quality is an important trait in apples, and 

understanding the genetic architecture can accelerate breeding efforts. In recent years, 

several important quantitative trait loci have been discovered, including genetic regions 

controlling components of fruit texture, taste and flavour. The objective of this thesis 

was to identify genetic sources of variation in fruit quality traits with the potential for 

application in marker assisted apple breeding. This research was necessary to evaluate 

how previous findings corresponded with variation in genetically distinct apple 

germplasm, and to determine whether both previously and newly discovered fruit quality 

loci could be applied to improve the human perception of apple quality. The genetic 

relationships among 100 diverse apple cultivars were investigated using genotyping by 

sequencing, and revealed a high level of diversity. Signatures of selection were 

detected at genomic regions previously found to be associated with fruit quality and 

adaptation. A genome wide association study of 85 heritage and commercial cultivars 

detected significant associations with known quantitative trait loci for apple flavour and 

texture. A novel association for apple texture was detected on chromosome 13. The 

novel locus could not be validated in two large and diverse apple populations, but 

remains a strong candidate for use in apple breeding due to its association with the 

human perception of apple juiciness. The results of this thesis demonstrate the potential 

for applying marker assisted selection in apple breeding, and for including trained 

sensory evaluation panels in association studies.  
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CHAPTER 1 

 

 

 

INTRODUCTION AND LITERATURE REVIEW 

 

 

 

1.1 Apple origins and domestication 

 

 Apples (Malus x domestica) are one of the most important fruit species in the 

world, with 76 Mt produced annually (FAO 2014). Since their initial domestication, 

apples have been transported around the world and the cultivated species is now grown 

in all temperate biomes on Earth (Janick et al. 1996; Hancock et al. 2008). More than 

2000 named apple cultivars currently exist, most of which have been important on a 

small scale to local communities, and a very small number of which have experienced 

global success (Morgan and Richards 2002).  

 An estimated 55 species of apple (Malus species) are proposed to have 

originated in Asia, Europe and North America (Phipps et al. 1988). The cultivated 

domestic apple, M. x domestica, is thought to be predominantly derived from the central 

Asian apple M. sieversii, which originated approximately 10 million years ago in the 

mountainous region between Kazakhstan and China (Phipps et al. 1988; Janick et al. 

1996; Hancock et al. 2008; Velasco et al. 2010). The domestication of apple began 

about 4000 years ago during the Bronze Age, coinciding with the development of 

grafting techniques for asexual tree propagation (Janick et al. 1996). Apples were 

disseminated along eastern and western trading routes from the centre of origin, and 

experienced introgressions from the European apple M. sylvestris, the Asian apple M. 

orientalis and the Siberian apple M. baccata, all of which can be found to grow wild 

along primary ancient trading routes (Velasco et al. 2010; Cornille et al. 2012; Khan et 

al. 2014). Such introgressions have conferred disease resistance and regional 
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adaptation to M. x domestica, however, the cultivated apple remains distinguished from 

wild species by its fruits, which are considerably larger and sweeter than those of wild 

Malus species (Cornille et al. 2012; Khan et al. 2014).  

 For most of the history of apple cultivation, the selection of apple cultivars began 

with the identification of “chance seedlings”, trees that grew by chance from the seeds 

of fallen apples (Janick et al. 1996). Selected chance seedlings were asexually 

propagated through grafting and grown in large numbers for cultivation. Since apple 

trees can be propagated indefinitely, many cultivars that remain in current production 

were first discovered more than one hundred years ago (Morgan and Richards 2002). 

Cultivars such as ‘Golden Delicious’, ‘McIntosh’ and ‘Red Delicious’, which retain 

immense commercial importance, were derived from chance seedlings in the late 1800s 

(Janick et al. 1996; USDA ARS 2016). 

 

1.2 Apple cultivars and breeding 

 

1.2.1 Controlled crossing 

 The practice of conducting controlled crosses gained importance as a tool for the 

development of new apple cultivars during the second half of the 20th century (Janick et 

al. 1996; Hancock et al. 2008). Controlled crossing in this context refers to the 

deliberate application of pollen from one apple tree to the flowers of a genetically 

distinct apple tree, with the expectation that the seeds derived from the cross will 

produce seedlings with a hybrid complement of the parental genotypes (Janick et al. 

1996). Controlled crossing can yield a vast diversity of seedlings as apples are self-

incompatible and highly heterozygous (Hancock et al. 2008). Transgressive segregation 

for quantitative traits has been reported in apple seedling populations (King et al. 2000; 

King et al. 2001).  

 Apple breeding programs were established in North America during the 1900s, 

with the objective of identifying seedlings carrying improved characteristics for regional 

cultivation and superior fruit quality (Janick et al. 1996; Brown and Maloney 2003). 

Some of the first commercial cultivars developed through controlled crosses were 

‘Cortland’ (‘McIntosh’ x ‘Ben Davis’) released in New York State in 1915, and ‘Idared’ 
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(‘Jonathan’ x ‘Wagener’) released in Idaho in 1942 (USDA ARS 2016). Both cultivars 

were selected for their sweetness, flavour and hardiness; ‘Idared’ also featured uniform 

round red fruit (Janick et al. 1996; Morgan and Richards 2002).  

 

1.2.2 Cultivar lifespan 

 The commercial lifespan of an apple cultivar can be more than a century (Janick 

et al. 1996). The cultivars ‘Red Delicious’, ‘Golden Delicious’ and ‘McIntosh’ continue to 

be grown in high volumes for grocery retail despite being over one hundred years old 

(Janick et al. 1996; Hancock et al. 2008; Mailvaganam 2013). Cultivars developed 

during the 20th century required an average of 30 years from seed to release (McKenzie 

1973; Luby and Bedford 1988; Janick et al. 1995). This extended timespan was largely 

due to the long juvenile period of five to ten years that can be required before an apple 

seedling produces fruit (Janick et al. 1996; Hancock et al. 2008). Apple breeders would 

conduct several years of primary evaluation before selecting a tree to be propagated for 

replicated testing. Since genotypes selected at the F1 seedling generation could be 

fixed through clonal propagation, additional inbreeding or intercross generations were 

not required. The replicated advanced selections would, however, require an additional 

period of growth before producing fruits, followed by several years of fruit evaluation. 

The candidate cultivars would then once again be propagated, grown to fruit bearing 

maturity, and evaluated in multiple locations over multiple years before being named for 

commercial release (Janick et al. 1996; Hancock et al. 2008). Given the extent of time 

and breeding resources invested in the development of a named apple, it is logical that 

successful cultivars would be expected to persist for decades in retail markets. The 

identification and propagation of spontaneous mutants such as redder coloured or 

earlier maturing variants of named cultivars has also contributed to the longevity of 

many apple cultivars (Brown 2012). 

 The orchard and retail space previously occupied by cultivars from the early 20th 

century such as ‘Cortland’ and ‘Idared’ is slowly being taken over by cultivars released 

during the late 1900s and early 2000s (Hancock et al. 2008; Mailvaganam 2013). 

Notable commercial cultivars released during the later 1900s include ‘Fuji’ (‘Red 

Delicious’ x ‘Ralls Janet’) released in Japan in 1962, ‘Empire’ (‘Red Delicious’ x 
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‘McIntosh’) released in the USA in 1966, ‘Gala’ (‘Golden Delicious’ x ‘Kidd’s Orange 

Red’) released in New Zealand in 1974 and ‘Cripps Pink’ (‘Lady Williams’ x ‘Golden 

Delicious’) released in Australia in 1986 (McKenzie 1973; Cripps et al. 1993; USDA 

ARS 2016). Each of these cultivars features sweet, flavourful, uniform and highly 

attractive fruits, which have significantly improved fruit firmness relative to their parental 

cultivars (Corollaro et al. 2013; Cliff et al. 2015). The cultivar ‘Honeycrisp’ (‘Keepsake’ x 

‘MN1672’) released in Minnesota in 1991, is thought to represent the most important 

recent improvement in apple quality, due to its unique crisp and juicy fruit texture (Luby 

and Bedford 1988; Mann et al. 2005; Howard et al. 2017). 

 

1.2.3 Heritage cultivars 

 Several hundred year old apple cultivars remain important in niche markets such 

as you-pick orchards, since they feature more diversity in fruit size, shape, colour, 

flavour and texture than modern commercial cultivars (Morgan and Richards 2002). 

These cultivars are referred to as “heritage” apples, and are treasured for their 

distinctive fruit characteristics as well as their historical significance (Morgan and 

Richards 2002). A small number of heritage cultivars were derived from deliberate 

crosses, such as ‘Macoun’ (‘McIntosh’ x ‘Jersey Black’) released in New York State in 

1923, and ‘Dawn Mac’ (‘McIntosh’ x ‘Red Delicious’) released in Ontario in 1965 (AAFC 

2016). Such cultivars would have originally been bred for commercial production, but 

either failed to achieve market success or are no longer grown on a large scale (Janick 

et al. 1996). The majority of heritage cultivars began as chance seedlings such as those 

planted during the 1800s in the USA by the fabled John Chapman, also known as 

Johnny Appleseed (Morgan and Richards 2002). Some classic American heritage 

cultivars include ‘Chenango Strawberry’, ‘Rome Beauty’ and ‘Sweet Bough’, all of which 

were derived from chance seedlings during the 1800s (Morgan and Richards 2002; 

USDA ARS 2016). Heritage apples are often considered to have a higher complexity of 

aroma and flavour than common commercial cultivars, but most are not amenable to 

commercial production due to their tendency to decline in storage (Morgan and 

Richards 2002; Jacobsen 2014). Some heritage cultivars such as ‘Liberty’ (‘Macoun’ x 

‘Purdue’) and ‘Freedom’ (‘NY 18492’ x ‘NY 49821-46’), developed in New York State 
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during the 20th century, may still be important sources of resistance to diseases such as 

apple scab and fire blight for modern apple breeding (Lamb et al. 1978; Lamb et al. 

1983). 

 

1.2.4 Modern cultivars 

 During the late 20th and early 21st century, the process of apple breeding has 

accelerated due to several practical and technological innovations, and cultivars are 

now released within an average of 20 years (Hampson et al. 2005a,b; Bedford and Luby 

2008; Brown and Maloney 2011a,b; Hampson et al. 2013; Barritt 2014). The use of 

dwarfing rootstocks, which confer scion precocity, has reduced the generational 

intervals for apple trees to between three and five years (Webster 1995). Juvenility has 

also been accelerated by the manipulation of tree growth through pruning, hormone 

application or controlled growing conditions (Hanke et al. 2007). The consolidation of 

apple breeding into a small number of large programs has permitted breeders to invest 

in streamlined methods of rapidly crossing, evaluating and propagating plant materials 

(Hancock et al. 2008; Brown 2012). Cooperation between well-organized breeding 

programs has also led to the development of shared online breeding tools including 

data management software and standardized phenotyping protocols (Iezzoni et al. 

2010; Evans et al. 2012; Evans et al. 2013). The participation of commercial producers 

as testing partners has permitted breeders to conduct early assessments of candidate 

cultivars for large scale production (Hancock et al. 2008). For example, a recent cultivar 

released from Cornell University was tested in commercial orchards immediately after 

selection at the seedling stage, and was named within 12 years of the initial cross 

(Brown and Maloney 2011a; Brown 2013). The advent of molecular genetics and DNA 

marker assisted selection (MAS) has permitted the selection of plants with desired 

characteristics up to five years before the phenotypic evaluation of such characteristics 

would be possible (Edge-Garza et al. 2015; Peace 2017). DNA markers have been 

developed to rapidly select for improved disease resistance, fruit colour and fruit texture 

through MAS (Ru et al. 2015; Baumgartner et al. 2016). 

 Fruit quality has remained a primary objective of apple breeding into the early 

21st century. New cultivars such as ‘UEB 3264/2’ (‘Golden Delicious’ x ‘Topaz’), ‘Nicoter’ 



6 

(‘Gala’ x ‘Braeburn’), ‘Minneiska’ (‘Honeycrisp’ x ‘Minnewashta’), ‘NY 1’ (‘Honeycrisp’ x 

‘NY 752’) and ‘WA 38’ (‘Enterprise’ x ‘Honeycrisp’) are characterized by very crisp, 

sweet and attractive fruit that retain their high quality for several months postharvest 

(Louda et al. 2005; Nicolai 2006; Bedford and Luby 2008; Brown and Maloney 2011a; 

Barritt 2014). Consistent and persistent fruit quality is critical to the success of these 

and other new cultivars since apples are now stored for between four and twelve 

months, and are marketed around the globe (Harker et al. 2008; Thompson 2010; DeEll 

et al. 2016). The cultivars’ genetic predisposition for high fruit quality is supported by 

modern cultivation, packing, storage and transportation practices, which together 

ensure the fruits are sold at an optimum size, colour, taste and texture (Thompson 

2010; Gallardo et al. 2014). Continued investment in the development of improved 

cultivars remains a valuable endeavor since apples with exceptional fruit quality can be 

sold under a trademark, or “club” model, which protects the intellectual property of apple 

breeders and can be structured to confer indefinite returns on investment (Brown and 

Maloney 2009; Brown and Maloney 2013; Luby and Bedford 2015). It has become 

common practice to market the fruits of new cultivars under trademark names which 

convey an idea of highly desirable, superior quality apples (Brown and Maloney 2009; 

Gallardo et al. 2012). For example, fruits from the cultivars ‘Minneiska’ and ‘NY 2’ which 

meet an acceptable quality standard are sold as ‘SweeTangoTM’ and ‘RubyFrostTM’, 

respectively (Bedford and Luby 2008; Brown and Maloney 2011b; Luby and Bedford 

2015). The significant grocery space that remains dedicated to old cultivars such as 

‘Red Delicious’ and ‘Golden Delicious’ presents an opportunity to be filled instead with 

these and other new high quality, high value apples. 

 

1.3 Apple breeding programs 

 

1.3.1 Worldwide apple breeding 

 More than 60 highly competitive apple breeding programs currently operate in 

the world, and all are focused on developing cultivars with exceptional fruit quality to 

serve global markets (Brown and Maloney 2003). Many of these breeding programs are 

primarily focused on developing ideal apples for local producers from whom they obtain 
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a portion of their operational budget (D. Somers, K. Evans, S. Brown, personal 

communications). The national and international marketability of such apples is critical 

to producer success, therefore the apple fruit quality must be comparable to or better 

than existing commercial cultivars (Gallardo et al. 2012; Yue et al. 2012). Consumer 

preference studies suggest that crispness, firmness and sweetness are the most 

desired traits in fresh apples (Harker et al. 2008; Cliff et al. 2015). Regional adaptation 

and grower friendliness are also important, therefore breeders generally place a 

secondary focus on resistance to the major abiotic and biotic stresses, and select trees 

under the same geographic and climactic conditions in which they will be commercially 

grown (Gallardo et al. 2012; Yue et al. 2012). Ultimately, however, breeders are 

interested in the potential for worldwide production of their most exceptional cultivars. 

One of the most well recognized apple breeding institutions, Plant and Food Research 

in New Zealand, has recently released four cultivars for international production, which 

will be sold under the trademarks ‘SweetieTM’, ‘SmittenTM’, ‘HoneymoonTM’ and 

‘RockitTM’ (White 2009; White 2010; White 2011; White 2013). 

 

1.3.2 North American apple breeding 

 North America has five major apple breeding programs. The programs are 

operated at Cornell University, the University of Minnesota, Washington State 

University, Agriculture and Agri-Food Canada, and Vineland Research and Innovation 

Centre. Each program is characterized by its breeding objectives and cultivar releases.  

 The Cornell University apple breeding program located in Geneva, New York, is 

the oldest North American apple breeding program that remains in operation (Brown 

and Maloney 2003). The Cornell program is managed by Dr. Susan Brown whose 

breeding objectives include high fruit quality and improved nutritional value, as well as 

disease and insect resistance (Brown 2017; https://hort.cals.cornell.edu/people/susan-

brown). The highly successful cultivars ‘Empire’ and ‘Jonagold’ were developed at 

Cornell in the 1900s. Recent cultivars released from Cornell include ‘NY 1’ (‘Honeycrisp’ 

x ‘NY 752’) and ‘NY 2’ (‘Braeburn’ x ‘Autumn Crisp’) (Brown and Maloney 2011a,b). 

These two cultivars are exclusively produced and managed by an apple grower 
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cooperative in New York State, and are marketed under the trademarks ‘SnapdragonTM’ 

and ‘RubyFrostTM’ (Brown and Maloney 2011a,b; Luby and Bedford 2015). 

 The University of Minnesota apple breeding program located in St. Paul, 

Minnesota, is the second oldest apple breeding program in the USA (Luby 1991). The 

Minnesota program is managed by Dr. Jim Luby whose breeding objectives include high 

quality, disease resistance and cold hardiness 

(https://horticulture.umn.edu/directory/faculty/jimluby). The ground breaking cultivar 

‘Honeycrisp’ was developed at the University of Minnesota and released in 1991 (Luby 

and Bedford 1988). ‘Honeycrisp’ represents a unique success story for apple breeding 

since its fruits are highly profitable, and continue to be sold for more than twice the price 

of competing cultivars (Gallardo et al. 2015). The success of ‘Honeycrisp’ is attributed to 

its unique crisp and juicy fruit texture (Mann et al. 2005), which has made the cultivar an 

attractive breeding parent. Recent cultivars released from Minnesota include ‘Minneiska’ 

(‘Honeycrisp’ x ‘Minnewashta’), which is managed and sold under a club model using 

the trademark ‘SweeTangoTM’ (Bedford and Luby 2008; Luby and Bedford 2015). 

 The Washington State University apple breeding program located in Wenatchee, 

Washington, is the newest apple breeding program in the USA (Evans 2013). The 

Washington program is managed by Dr. Kate Evans whose breeding objectives are 

centered on high quality, uniformity and storability (Evans 2013; 

http://dialogue.tfrec.wsu.edu/breed). The first cultivar release from the Washington 

program will be ‘WA 38’ (‘Enterprise’ x ‘Honeycrisp’) (Barritt 2014). ‘WA 38’ is a flagship 

for modern cultivar development in North America since its launch was strategically 

managed by a fruit marketing collaborative, using the trademark ‘Cosmic CrispTM’. The 

‘Cosmic CrispTM’ management company orchestrated the initial planting of 700,000 ‘WA 

38’ trees in anticipation of a 2019 consumer launch (www.cosmiccrisp.com). This 

method is distinct from previous apple cultivar releases, which traditionally have taken 

place incrementally over several decades with a few producers adopting the cultivar on 

a small scale and the majority of producers waiting for the cultivar to show market 

success before planting any trees (Janick et al. 1996). In contrast, the launch of ‘WA 38’ 

represents a deliberate push on the part of marketers and retailers to position the 

cultivar as the next major apple. This strategy bears significant risk if the apple fails to 
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impress consumers and cannot be sold by the Washington growers who have invested 

in its launch. However, if successful, ‘WA 38’ (‘Cosmic CrispTM’) has the potential to 

generate a larger impact on the fresh apple market than any cultivar previously released 

in North America (Luby and Bedford 2015; WSU 2017). Royalties on the sale of trees 

and fruit could also provide sustainable funding for the Washington apple breeding 

program (WSU 2017). 

 In addition to the large American apple breeding programs, there are also two 

current apple breeding programs in Canada. The AAFC apple breeding program located 

in Summerland, British Columbia was managed until 2017 by Dr. Cheryl Hampson 

(Hampson et al. 2000). Dr. Hampson’s breeding objectives included high fruit quality, 

unique apple flavour, and high productivity (AAFC 2009). The successful Canadian 

cultivar ‘Spartan’ (‘McIntosh’ x ‘Newtown Pippin’) was developed by AAFC in 1926 

(AAFC 2016). Recent cultivars released by AAFC include ‘8S6923’, ‘SPA440’ and 

‘SPA493’, all of which were derived from ‘Splendour’ x ‘Gala’ (Lane 2003; Lane 

2008a,b). Consumer preference testing suggests that the three new cultivars have 

superior taste and aroma properties to common commercial cultivars, in addition to firm 

and crisp texture (Cliff et al. 2015). ‘SPA493’ is managed under a club model, and sold 

under the trademark ‘SalishTM’ (www.summerlandvarieties.com).  

 The apple breeding program at Vineland Research and Innovation Centre 

located in Vineland, Ontario, was initiated in 2011 (Somers 2016). The Vineland 

program is managed by Dr. Daryl Somers whose breeding objectives are high fruit 

quality, regional adaptation and disease resistance (Somers 2016). The program was 

designed primarily to serve Eastern Canadian regions, which grow the majority of 

apples in Canada, and face production challenges that impede the performance of 

cultivars developed in British Columbia (Hampson et al. 2009; Mailvaganam 2013). The 

Vineland program has not yet released any cultivars or made any advanced selections, 

since its seedlings only began to produce fruit in 2016. A selection of the first fruits 

tasted in 2016 were found to have comparable quality to ‘Honeycrisp’ (Somers 2016). 
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1.3.3 RosBREED 

 The three American apple breeding programs are all members of the Rosaceae 

crop breeding consortium RosBREED (Iezzoni et al. 2016). RosBREED is a USDA 

funded framework which promotes and facilitates collaborative research surrounding the 

genetics and breeding of apple, blackberry, peach, pear, rose, strawberry, sweet cherry, 

and tart cherry (Iezzoni et al. 2010; Iezzoni et al. 2016). The primary objectives of 

RosBREED include the development and application of molecular tools for DNA-

informed plant breeding (Peace 2017). RosBREED members have developed several 

important large scale tools for molecular breeding and genetics research in apple, 

including a genotyping array (Chagne et al. 2012), a standardized phenotyping protocol 

(Evans et al. 2012) and a reference germplasm set (Peace et al. 2014). A major recent 

focus of RosBREED has been the validation of QTL in apple breeding germplasm and 

the translation of QTL into practical DNA markers for MAS (Bink et al. 2014; Edge-

Garza et al. 2015; Ru et al. 2015). The genome database for Rosaceae, which hosts a 

genome browser as well as QTL and marker databases for apple, was also developed 

through the RosBREED project (Jung et al. 2010). The outputs and ongoing research of 

RosBREED member and partner scientists have enabled the rapid development and 

deployment of high quality, robust DNA tools for breeding in Rosaceous crops (Iezzoni 

et al. 2016; Peace 2017).  

 

1.4 Apple germplasm resources 

 

1.4.1 Diverse germplasm 

 The germplasm resources available to current apple breeding programs are 

plentiful and diverse. National and international clonal gene banks provide a primary 

source of diverse apple germplasm (Volk et al. 2015). The largest germplasm orchard in 

North America is the United States Department of Agriculture Apple Collection in 

Geneva, New York (USDA ARS 2016). The USDA Apple Collection maintains more 

than 5000 duplicate accessions of apple collected from around the world (Volk et al. 

2015). Among these accessions are strains of high value apple cultivars, heritage 

cultivars that are no longer in wide commercial cultivation, unnamed apples with unique 
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traits, and wild species (Volk et al. 2015; Brown 2017). The USDA apples have been 

studied to understand the genetic basis for fruit and tree traits (Migicovsky et al. 2016). 

Apples from this collection have also been used by several breeding programs to 

develop cultivars with improved traits and increased genetic diversity (Volk et al. 2015; 

Brown 2017). A smaller collection of 900 Malus accessions is maintained in the 

Canadian Clonal Gene Bank in Harrow, Ontario (AAFC 2016). This apple population 

contains many cultivars developed in Canada, and represents an available germplasm 

resource for future Canadian apple breeding. 

 Smaller diversity collections than those maintained by federal gene banks are 

also important sources of germplasm for apple breeding (Volk et al. 2015). Small 

diversity collections of 1000 or fewer trees are maintained by breeders, propagators and 

growers throughout North America. Similar to the large international collections, these 

small germplasm resources consist of heritage and commercial cultivars, unnamed 

selections and chance seedlings. The collections may be specially curated to include 

apples with tolerance to regional abiotic and biotic stresses, and with unique fruit quality 

traits (Volk et al. 2015). The Vineland Heritage Apple Orchard is a small local 

germplasm resource that contains 100 apple cultivars of either past or present 

significance to the Canadian apple industry (Somers 2016). Since the initiation of the 

Vineland apple breeding program in 2011, the Heritage Orchard has been a key source 

of parental genotypes (Somers 2016).  

 

1.4.2 Integration of diverse germplasm 

 Apple breeders seek to balance the use of elite cultivars, which have proven 

market success, with the use of diverse accessions, which are the source of important 

agronomic traits such as genetic disease resistance. Apples are highly heterozygous 

and readily hybridize with most Malus species (Janick et al. 1996; Hancock et al. 2008). 

Genetic sources of resistance to the diseases scab and fire blight have been 

introgressed from the North American M. floribunda and the Chinese M. robusta (Lamb 

et al. 1978; 1983). Quantitative sources of disease resistance from these wild species 

are present in a small number of cultivars such as ‘Freedom’ and ‘Liberty’ (Lamb et 

al.1978; Lamb et al. 1983), but are absent from many of the widely grown commercial 
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cultivars such as ‘Gala’ and ‘Fuji’ (McKenzie 1973; USDA ARS 2016). Despite the 

potential for significant improvements in abiotic and biotic stress resistance, the use of 

wild species in apple breeding is infrequent due to the penalty of significantly decreased 

fruit quality. Wild apples are small, bitter and highly acidic compared with M. x 

domestica (Janick et al. 1996; Brown 2012). The cultivars ‘GoldRush’ and ‘Co-op 39’ 

(‘CrimsonCrispTM’) are new highly disease resistant apples derived from the M. 

floribunda clone 821, which required six generations of intercrossing with elite cultivars 

or numbered selections after the initial wide cross (Janick et al. 1994; Janick et al. 

1995). This method of trait introgression could require the duration of a breeding career 

before a marketable product is obtained. Thus, breeders often choose to build upon the 

achievements of their predecessors by crossing with germplasm in which resistance 

traits are accompanied by acceptable fruit quality (Brown 2017).  

 

1.4.3 Application of elite germplasm 

 The majority of new breeding seedlings are derived from elite cultivars (Brown 

and Maloney 2013). Continued improvement in fruit quality is a primary objective of 

apple breeders, therefore it is common for crosses to be made between the highest 

quality commercial cultivars (Hampson et al. 2000; Gallardo et al. 2012; Hancock et al. 

2008). ‘Golden Delicious’ and ‘Honeycrisp’ have been used extensively in the 

development of modern cultivars (Noiton and Alspach 1996; Brown and Maloney 2013). 

Three of the most recent major releases from American breeding programs, ‘Minneiska’ 

(‘SweeTangoTM’), ‘NY 1’ (‘SnapdragonTM’) and ‘WA 38’ (‘Cosmic CrispTM’), are all 

offspring of ‘Honeycrisp’, which itself is derived from ‘Golden Delicious’ (Bedford and 

Luby 2008; Brown and Maloney 2011a; Barritt 2014; Howard et al. 2017). Numbered 

selections within a breeding program are also commonly intercrossed for additional 

generations (Hancock et al. 2008; Brown and Maloney 2013).  

 The continued narrowing of elite germplasm within a breeding program presents 

a risk since apples are sensitive to inbreeding depression and may experience 

diminished improvements if they are crossed with selections derived from the same 

parental genotypes (Janick et al. 1996; Hancock et al. 2008). Breeders should therefore 

consider the long-term adoption of diverse material into their genetic pools, in addition 



13 

to the creation of elite x elite crosses. Options include obtaining M. x domestica 

accessions from gene banks, exchanging germplasm between breeding programs and 

conducting wide crosses with Malus species. A genomic comparison of M. x domestica 

accessions with four wild species has suggested that cultivated apples have not been 

subjected to a domestication bottleneck and retain a high level of diversity that could be 

exploited in apple breeding (Cornille et al. 2012). Molecular testing of apple family 

relationships has been conducted using microsatellite and single nucleotide 

polymorphism (SNP) markers, which could be used to ensure that future crosses are 

made between parents derived from unrelated pedigree lineages (Cabe et al. 2005; 

Evans et al. 2011; Howard et al. 2017). 

 

1.5 Apple genetic resources 

 

1.5.1 Genetic linkage mapping 

 The genetic inheritance of most apple traits of interest to breeders is quantitative 

(Hancock et al. 2008). Therefore, the development of genetic maps and the 

identification of quantitative trait loci has been a central priority in apple genetics and 

breeding research. Initial mapping efforts focused on traits that could be expressed on a 

binary scale such as high vs. low acid or red vs. yellow fruit, and were controlled by 

major gene effects (Weeden et al. 1994; Conner et al. 1997). 

 One of the first apple linkage maps designed to detect genetic regions 

associated with fruit quality was developed by Weeden et al. (1994). The ‘Rome Beauty’ 

x ‘White Angel’ map was constructed using a double pseudo-testcross mapping strategy 

with 250 random amplified polymorphic DNA (RAPD) markers (Weeden et al. 1994). 

Double pseudo-testcross mapping considers the loci which segregate as 1:1 Aa:aa or 

aa:Aa and can be assigned to one of the two parents; each parental map is constructed 

separately (Weeden et al. 1994). The Weeden et al. (1994) map was used to detect the 

genetic position for an isozyme marker of apple skin colour, which was named the Rf 

locus. Subsequent RAPD-based genetic maps were constructed to identify the positions 

of the Rf locus controlling fruit colour and the Ma locus controlling fruit acidity, in 

germplasm relevant to apple breeding (Conner et al. 1997). 
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1.5.2 Mapping with microsatellites 

 Following the first RAPD marker maps, many apple linkage maps were 

constructed using microsatellite markers, also known as simple sequence repeats 

(SSRs). SSRs presented an advantage over RAPDs since they were a dominant, highly 

polymorphic and highly reproducible marker system that permitted direct comparisons 

between linkage maps (Gianfranceshi et al. 1998; Liebhard et al. 2002; Hemmat et al. 

2003). One of the first major linkage maps constructed using SSRs was based on the 

cross of ‘Prima’ x ‘Fiesta’, which included 10 SSRs along with several other marker 

types (Maliepaard et al. 1998). The SSRs and other multi-allelic markers permitted the 

alignment of parental maps into 17 homologous linkage groups, which were consistent 

with the 17 apple chromosomes (Maliepaard et al. 1998). The ‘Prima’ x ‘Fiesta’ 

population was also used to detect quantitative trait loci (QTL) for apple firmness, 

crispness and juiciness on Chr10 and Chr16 (King et al. 2000; King et al. 2001).  

 Until recently, SSRs have been the marker of choice for the development of 

apple linkage maps. A map of ‘Fiesta’ x ‘Discovery’ was constructed using 100 SSRs 

(Liebhard et al. 2002). The ‘Fiesta’ x ‘Discovery’ population was used to detect major 

QTL for apple acidity on Chr8 and Chr16, while other quality traits such as sugar 

content and firmness were found to be controlled by a larger number of small effects 

QTL distributed across the genome (Liebhard et al. 2003). Liebhard et al. (2003) 

recognized the potential for SSRs to be used not only in monogenic trait and QTL 

mapping, but also in MAS of breeding populations. A large reference map was 

subsequently constructed using 150 SSRs in the progeny of ‘Fiesta’ x ‘Discovery’ for 

use in general mapping and selection (Silverberg-Dilworth et al. 2006). Some example 

populations in which these and additional SSRs have permitted the detection of QTL for 

quality traits include ‘Telamon’ x ‘Braeburn’ (Kenis et al. 2008), ‘Prima’ x ‘Discovery’ 

(Dunemann et al. 2009), ‘Fuji’ x ‘Mondial Gala’ (Costa et al. 2010) and ‘Orin’ x ‘Akane’ 

(Kunihasa et al. 2014). 
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1.5.3 Mapping with single nucleotide polymorphisms 

 Apple genetic and QTL mapping studies have increasingly made use of single 

nucleotide polymorphism (SNP) markers. The use of SNPs for apple genetic mapping 

was proposed by Chagne et al. (2008) who highlighted the improved genomic coverage 

and ease of genotyping conferred by SNPs relative to SSRs. The wide application of 

SNPs in apple mapping was made possible by the publication of the apple reference 

genome (Velasco et al. 2010) and the rapid advances in cost effective next generation 

sequencing (Chagne et al. 2008). The first SNP genotyping array, the 8K array, was 

designed based on genic SNPs detected in 27 apple cultivars and was used to 

construct a dense linkage map of almost 1000 markers for ‘Royal Gala’ x ‘Granny 

Smith’ (Chagne et al. 2012). Two updated apple genotyping arrays, the 20K and 480K 

arrays, were subsequently developed to provide improvements in the SNP density 

available for genetic mapping studies (Bianco et al. 2014; Bianco et al. 2016). The apple 

genotyping arrays were anchored to the apple reference genome in order to permit the 

identification of genomic regions underlying QTL, which may contain candidate genes 

(Chagne et al. 2012; Bianco et al. 2014; Bianco 2016). In addition to the availability of 

genotyping arrays, SNP mapping has been achieved through reduced representation 

genome sequencing methods, which permit simultaneous marker discovery and 

population genotyping (Eshire et al. 2011; Gardner et al. 2014; Sun et al. 2015). 

 Some of the first QTL studies to include SNP markers have used a combination 

of both SNPs and SSRs. The progeny of ‘Fuji’ x ‘Delearly’ and ‘Fuji’ x ‘Cripps Pink’ (Pink 

LadyTM) were mapped with 60 SSRs and 670 SNPs, which provided saturated genetic 

maps and permitted the detection of QTL for apple texture properties on Chr10 and 

Chr16 (Longhi et al. 2012). The progeny of two numbered selections, ‘X3259’ x ‘X3263’, 

were mapped with 102 SSRs and 384 SNPs, which permitted the detection of QTL for 

several apple quality traits, distributed across 13 chromosomes (Ben Sadok et al. 2015). 

Some example populations in which SNPs were exclusively used to detect QTL for fruit 

quality include ‘Golden Delicious’ x ‘Scarlet Spur’, ‘Renetta Grigia’ x ‘Golden Delicious’ 

and ‘Jonathan’ x ‘Golden Delicious’, which were mapped with 4000, 7000, and 3500 

SNPs, respectively (Gardner et al. 2014; Falginella et al. 2015; Sun et al. 2015). SNP 

markers linked to the major QTL detected in these studies provided attractive potential 
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targets for MAS since they could be genotyped using a number of simple and efficient 

high throughput techniques (reviewed by Chagne et al. 2008; Chagne et al. 2012). 

However, the inconsistencies in the positions and effect sizes of many fruit quality QTL 

suggested a need for further validation prior to their application in MAS (Longhi et al. 

2012; Ben Sadok et al. 2015; Sun et al. 2015). The inconsistencies between QTL 

detected for the same traits reflected differences in the genetic backgrounds of mapping 

populations as well as differences in the phenotyping methods applied to each 

population. 

 

1.5.4 Mapping in complex populations 

 The shift from SSR toward SNP-based genotyping has coincided with a focus on 

mapping in complex apple populations. There has been some consensus between the 

QTL detected in distinct bi-parental populations, such as the Chr16 QTL for apple 

acidity (Maliepaard et al. 1998; Liebhard et al. 2003; Kenis et al. 2008; Kunihasa et al. 

2014) and the Chr10 QTL for apple texture (King et al. 2000; King et al. 2001; Kenis et 

al. 2008; Costa et al. 2010; Longhi et al. 2012; Ben Sadok et al. 2015). However, the 

majority of QTL reported for apple fruit quality traits have shown inconsistencies 

between populations (Peace et al. 2014). Selection based on unstable QTL could permit 

improvement for the populations in which they were discovered, but would not be useful 

for unrelated populations. One strategy proposed to overcome the limitations of QTL 

mapping in bi-parental populations is the use of complex mapping populations that 

represent a majority of the germplasm used in apple breeding (Peace et al. 2014). 

 Peace et al. (2014) proposed the development of a multi-parent representative 

germplasm set that would capture alleles from all of the important apple breeding 

parents in the USA. Such a population would permit QTL to be validated within a broad 

genetic base highly relevant to apple breeding (Peace et al. 2014). The multi-family QTL 

mapping approach has been facilitated by the software FlexQTL, which enables 

pedigree-based QTL detection through Bayesian modeling (Bink et al. 2012). A 

population of 1300 seedlings derived from 27 full-sib families was mapped using 90 

SSRs to validate QTL for apple firmness (Bink et al. 2014). Results from the 1300 

seedlings supported previous reports of a major QTL on Chr10, and also provided 
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evidence for fruit firmness QTL on chromosomes 1, 3, 6, 15 and 16 (Bink et al. 2014). A 

subsequent study of 400 seedlings derived from six full-sib families was conducted 

using a dense SNP map derived from the 20K apple array (Di Guardo et al. 2017). 

Results from the second study had some agreement with previous findings, and 

indicated that apple texture was controlled primarily by QTL on chromosomes 3, 10, 11 

and 15 (Di Guardo et al. 2017). Results from these recent studies of apple firmness 

suggest that including multiple families in a QTL study can improve the detection of 

stable large effect QTL with application to breeding.  

 In addition to providing evidence for known and new apple texture QTL, multi-

family mapping may permit the novel detection of stable QTL for traits that previously 

have been challenging to map. Sugar content and soluble solids content have been 

mapped to multiple chromosomes with inconsistent effects (Liebhard et al. 2003; Kenis 

et al. 2008; Kunihasa et al. 2014). Recently, a stable QTL for sugar content was 

detected on Chr1 through a pedigree-based analysis of 15 breeding families, which 

were mapped using the 8K apple array (Guan et al. 2015). This discovery provided 

some validation for a sugar content QTL detected on Chr1 in the bi-parental population 

‘Jonathan’ x ‘Golden Delicious’ (Sun et al. 2015). 

 

1.5.5 Genome wide association mapping 

 Along with multi-family QTL studies, there has been a recent interest in genome 

wide association mapping (Khan and Korban 2012). Association mapping presents a 

novel method of detecting genomic regions controlling quantitative traits, since it does 

not rely on linkage maps, which are used for traditional QTL mapping (Khan and Korban 

2012). Instead, association maps are assembled by assigning a chromosomal position 

to each marker based on its physical location in the reference genome. This method 

permits the detection of QTL in populations of unrelated individuals since the ordering of 

markers is not based on genetic or recombination map distance estimated within a 

segregating population (Zhu et al. 2008; Khan and Korban 2012). Associations between 

genotype and phenotype are computed individually for each marker across the genome, 

and are corrected for the confounding effects of population structure and cryptic 

relatedness within the population (Myles et al. 2009; Yang et al. 2014). The individual 
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association statistics for each marker-phenotype comparison are then tested for 

significance in an experiment-wise context (Yang et al. 2014). The advantages of 

genome wide association studies (GWAS) include the abilities to capture a larger array 

of genetic diversity and to detect QTL with a much higher resolution than traditional QTL 

mapping (Khan and Korban 2008; Myles et al. 2009). The disadvantages of GWAS 

include a decreased ability to detect the effects of minor frequency alleles and minor 

QTL, as well as the need for higher density marker coverage relative to QTL mapping 

(Myles et al. 2009; Yang et al. 2014).  

 Genome wide association mapping has been conducted using both related and 

unrelated germplasm in apple. One of the first apple GWAS was conducted using a 

population of 1200 seedlings from seven full-sib families, mapped with 2500 SNPs from 

the 8K apple array (Kumar et al. 2013). Results from this study included the detection of 

major loci controlling fruit firmness on Chr10 and skin colour on Chr9, both of which 

were consistent with previous QTL studies (Kumar et al. 2013). The results from this 

study suggested that family based GWAS could be expected to yield similar findings as 

family based QTL mapping. The results from a subsequent GWAS of 200 diverse 

seedlings suggested that the power to detect significant associations was substantially 

decreased in diverse germplasm relative to full-sib families (Kumar et al. 2015). 

However, strong significant associations remained detectible in diverse apple 

populations for traits with major genetic control, such as apple colour on Chr9 (Kumar et 

al. 2014). The results of these studies by Kumar et al. (2013, 2014, 2015) highlighted 

the need for marker coverage in excess of that provided by the 8K array, in order to 

detect QTL with intermediate effects in diverse populations (Bianco et al. 2016).  

 

1.5.6 Linkage disequilibrium 

 The need for dense marker coverage in association mapping stems from the 

effects of linkage disequilibrium, or LD (Zhu et al. 2008; Myles et al. 2009). LD refers to 

the non-random association between markers that results from genetic linkage (Zhu et 

al. 2008). Markers in linkage equilibrium show independent segregation of alleles, 

whereas markers in LD show correlated segregation of alleles. LD is expected to be 

highest between markers which are physically proximal to one another on a 
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chromosome, and lowest between markers which are either distal to one another on the 

same chromosome or are located on different chromosomes (Zhu et al. 2008). The LD 

between markers is derived from linkage of the markers in a common ancestor (Myles 

et al. 2009). Accessions with recent shared ancestry will feature a longer chromosomal 

extent of LD than distantly related accessions, which have undergone more historic 

meiotic recombination events (Myles et al. 2009). LD is an important consideration for 

association mapping since the statistical relationship between a marker genotype and a 

phenotype is dependent on the genetic relationship between the marker and the locus 

controlling the trait (Zhu et al. 2008; Myles et al. 2009). A marker that is proximal to a 

QTL but is in low LD with the QTL will not be significantly associated with the 

phenotype; significant marker-trait associations are only detectable when a marker is 

physically close enough to be in LD with the QTL (Myles et al. 2009). Thus it is critical to 

include a sufficient number and distribution of markers for a least one SNP to be in LD 

with each QTL (Zhu et al. 2008; Myles et al. 2009).  

 The extent of LD is dependent on the species and the relatedness between 

individuals within the population (Zhu et al. 2008; Myles et al. 2009; Yang et al. 2014). 

In general, inbreeding plant species have been found to carry longer extents of LD than 

outcrossing species, which have increased opportunities for recombination (Myles et al. 

2009). For example, LD in rice (Oryza sativa) was reported to extend an average of 100 

kb, whereas LD in poplar (Populus trichocarpa) was found to decay after less than 500 

bp (Myles et al. 2009; Khan and Korban 2012). LD in temperate fruit trees such as 

apple and related species has also been found to vary substantially. For example, LD in 

peach (Prunus persica) was estimated to extend an average of 800 kb whereas LD in 

grape (Vitis vinifera) was reported to decay after only 300 bp (Myles et al. 2009; 

Micheletti et al. 2015). 

 Estimates of the extent of LD in apple have varied widely between study 

populations. LD was observed to decay after approximately 750 kb in a population of 

1200 seedlings derived from seven full-sib families (Kumar et al. 2013). The 2500 SNPs 

included in this GWAS provided a genome wide coverage of 1 SNP per 300 kb of the 

742 Mb apple genome, assuming an even distributions of SNPs from the 8K apple array 

(Velasco et al. 2010; Chagne et al. 2012; Kumar et al. 2013). Therefore, there would 
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have been sufficient coverage to ensure that at least one SNP would be in LD with each 

QTL. This estimate was considered to be reasonable since the marker coverage 

permitted the detection of major QTL for six fruit quality traits (Kumar et al. 2013). LD 

was observed to decay after less than half the distance of the family GWAS when 

estimated in a population of 200 diverse seedlings (Kumar et al. 2015). The diversity 

GWAS was conducted with 1 SNP per 200 kb, which would also have provided 

saturating marker coverage. Although QTL for apple flavour components were 

detectible in the diverse population, the strength of marker-trait associations was 

decreased due to background population effects (Kumar et al. 2015). 

 Other GWAS have reported LD to decay within 2.5 Mb for 160 Malus accessions 

(Khan et al. 2014), within 200 kb for 96 apple cultivars (Leforestier et al. 2015) and 

within 100 bp for 700 apple accessions (Migicovsky et al. 2016). The results from these 

studies demonstrate the variability in estimates of LD decay. With further study, a 

consensus estimate for the extent of LD in diverse apple populations may be found to 

lie near the intermediate estimates of 200 to 375 kb (Kumar et al. 2015; Leforestier et al. 

2015). However, until such a consensus can be obtained, it would be cautious to 

consider an extent of LD closer to the conservative 100 bp estimate (Migicovsky et al. 

2016), and to perform future GWAS with an increased marker density relative to 

previous studies. An increase of genome wide marker density would be beneficial to 

QTL detection since the extent of LD is not consistent across the genome, and QTL 

may be location in regions with lower than average LD (Migicovsky et al. 2016). Dense 

SNP coverage for diverse populations may both permit the detection of additional QTL 

and provide supporting evidence for statistically weak associations. 

 The results of a recent GWAS of apple texture illustrate the value of increased 

marker density for QTL detection. The apple texture validation study conducted by Di 

Guardo et al. (2017) included a GWAS of 387 diverse accessions mapped with 10,600 

genome wide SNPs. The extent of LD in this population was estimated to be 400 kb. 

The study used 10,600 SNPs, which provided one marker per 71 kb, a higher density 

than required to saturate the genome. This marker coverage permitted the detection of 

strong associations for the major texture QTL on Chr10 and moderate associations for 

the intermediate texture QTL on Chr2, Chr14 and Chr15 (Di Guardo et al. 2017). 
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However, the extent of LD was variable across the genome, and certain regions 

displayed very low LD between adjacent markers (Di Guardo et al. 2017). These results 

suggest that marker coverage above the estimated level of saturation may be 

necessary to permit the detection of all QTL with moderate to large effects. 

 It is important to note that some QTL may not be detectible through GWAS, even 

given saturating marker coverage (Myles et al. 2009; Bush and Moore 2012; Yang et al. 

2014). GWAS in plants have very low power to detect QTL with small effects or QTL 

with effects that are correlated to population structure (Myles et al. 2009; Yang et al. 

2014). The detection of moderate QTL requires markers with intermediate allele 

frequencies and primarily additive effects (Myles et al. 2009; Bush and Moore 2012). A 

simulation study of 1000 genotypes showed that a minor allele frequency range of 0.1 to 

0.5 permitted the consistent detection of QTL with effect sizes of 20 % and above 

(Myles et al. 2009). Future GWAS should therefore also include populations of sufficient 

size to ensure that markers in LD with the QTL of interest have intermediate allele 

frequencies (Zhu et al. 2008; Myles et al. 2009). 

 

1.5.7 QTL validation and marker development 

 The detection of multiple QTL for quality traits has provided encouraging 

prospects for the application of MAS in apple (Luby and Shaw 2001; Iezzoni et al. 2010; 

Edge-Garza et al. 2015; Ru et al. 2015; Peace 2017). However, the detection of a 

statistical relationship between genotypic and phenotypic variation in a small number of 

apple trees grown in a single environment does not constitute convincing evidence that 

the relationship should be used to predict the phenotypes of a large number of 

genetically distinct trees grown in multiple environments (Bernardo 2004). Therefore, 

extensive research has been devoted to QTL validation, in order to support the 

application of major QTL in apple breeding programs. 

 Fruit colour was one of the first quality traits to be genetically mapped in apple 

(Weeden et al. 1994; Cheng et al. 1996; Conner et al. 1997). The Chr9 position of the 

red fruit marker Rf was assigned based on the integrated apple linkage map 

(Maliepaard et al. 1998), and the locus was subsequently found to contain the QTL for 

red apple fresh and leaf colour (Chagne et al. 2007). Parallel to this discovery, the 



22 

expression of a MYB transcription factor, which mapped to the Rf locus, was found to 

be associated with anthocyanin accumulation in apple fruit (Takos et al. 2006; Espley et 

al. 2006; Ban et al. 2007). Allelic variation in the promoter of this candidate gene, 

MdMyb1 (also known as MdMyb10), was also shown to be associated with red apple 

skin colour in twenty apple cultivars and three seedling populations (Takos et al. 2006; 

Zhu et al. 2011). Recent GWAS have detected QTL for red skin on Chr9 in both 

segregating populations and diverse apple collections, providing additional support for 

the genetic role of MdMyb1 in the determination of apple colour (Kumar et al. 2013; 

Gardner et al. 2014; Kumar et al. 2014; Migicovsky et al. 2016). A SNP marker linked to 

MdMyb1 was developed to be used in apple breeding, and explained 45 to 76 % of the 

variation in skin colour for five full-sib populations (Chagne et al. 2016).  

 Fruit acidity was also among the first quality traits to be mapped in apple (Conner 

et al. 1997). The acidity marker Ma was positioned on Chr16 on the integrated apple 

linkage map (Maliepaard et al. 1998). QTL for titratable acidity and pH have consistently 

been detected on Chr16 in segregating families (Liebhard et al. 2003; Kenis et al. 2008; 

Kunihasa et al. 2014) and in association populations (Kumar et al. 2013). A fine 

mapping study was conducted to narrow the Ma locus to a 150 kb genomic region, 

which was subsequently found to contain the aluminum-activated malate transporter-

like candidate gene MdMa1 (Xu et al. 2011; Bai et al. 2012). A SNP mutation leading to 

a premature stop codon in MdMa1 was shown to be associated with very low acidity in 

29 apples, and a CAPS marker was developed for application in MAS (Bai et al. 2012). 

 Fruit texture was mapped shortly thereafter, following colour and acidity in apple 

(King et al. 2000; King et al. 2001). The QTL most consistently detected for apple 

firmness and related texture traits was located on Chr10 (King et al. 2000; King et al. 

2001; Kenis et al. 2008; Costa et al. 2010; Longhi et al. 2012; Kumar et al. 2013; Bink et 

al. 2014; Ben Sadok et al. 2015; Di Guardo et al. 2017). Two candidate genes were 

found to underlie the Chr10 apple texture QTL, the polygalacturonase gene MdPG1 and 

the ethylene biosynthesis gene MdACO1 (Costa et al. 2005; Costa et al. 2010). A SNP 

mutation in MdPG1 was shown to be associated with low PG1 expression and high fruit 

firmness in a segregating population (Costa et al. 2010). An SSR marker was designed 

to conduct MAS for the MdPG1 functional mutation, and was demonstrated to be 
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predictive of fruit firmness in 38 apple cultivars (Longhi et al. 2013). An indel mutation in 

MdACO1 was found to be associated with reduced ethylene biosynthesis and extended 

shelf life in three full-sib families and 15 cultivars (Costa et al. 2005). An indel mutation 

in the gene MdACS1, which encodes the ethylene biosynthetic enzyme preceding ACO, 

was also found to be associated with low ethylene (Costa et al. 2005). The MdACS1 

gene is located on Chr15, and underlies a second highly stable apple texture QTL (King 

et al. 2001; Longhi et al. 2012; Bink et al. 2014; Kunihasa et al. 2014; Ben Sadok et al. 

2015; Di Guardo et al. 2017). Two markers were designed to detect the MdACO1 and 

MdACS1 indels, and were shown to be associated with lasting firmness in 95 cultivars 

and selections (Zhu and Barritt 2008). 

  

1.5.8 Marker assisted selection 

 The candidate genes underlying major QTL for apple quality present attractive 

targets for use in MAS. Consumer preference studies have suggested that red colour, 

balanced acidity and high firmness are favoured traits (Harker et al. 2008; Cliff et al. 

2015). Markers developed to detect functional mutations in MdMyb1, MdMa1, MdPG1, 

MdACO1 and MdACS1 have been demonstrated to explain a large proportion of the 

variation in fruit quality traits for apple cultivars and seedlings (Zhu and Barritt 2008; Bai 

et al. 2012; Longhi et al. 2013; Chagne et al. 2016). Apples are amenable to MAS due 

to their long juvenile period during which time the trees with low cultivar potential are 

costly to maintain (Iezzoni et al. 2010; Edge-Garza et al. 2015). Early MAS for fruit 

colour, acidity, texture and storability has already been applied in American and 

European apple breeding programs, to enrich seedling populations for trees with 

improved potential to bear high quality fruit (Ru et al. 2015; Baumgartner et al. 2016).  

 The potential for additional fruit quality markers to be applied in apple breeding 

remains significant. The continued discovery of QTL with large effects in diverse 

germplasm suggests that the genes MdMyb1, MdMa1, MdPG1, MdACO1 and MdACS1 

do not represent an exhaustive list of the useful genetic variation for apple MAS. Recent 

studies have highlighted the importance of the ester biosynthesis gene MdAAT1 in the 

control of apple flavour (Souleyre et al. 2014). MdAAT1 is located within a QTL on Chr2, 

and functional variants have been detected that are associated with changes in flavour 
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volatile production (Dunemann et al. 2009; Souleyre et al. 2014; Kumar et al. 2015). 

Another recent study detected a QTL for sugar content on Chr1, which captured a large 

proportion of the variation in multiple accessions and seedling families (Guan et al. 

2015; Sun et al. 2015). Finally, recent studies of apple texture in diverse germplasm 

have identified a QTL for firmness on Chr3, which contains a candidate gene for a NAC 

transcription factor (Bink et al. 2014; Migicovsky et al. 2016; Di Guardo et al. 2017). 

Further studies are required to determine whether the recent QTL and candidate genes 

discovered on Chr1 and Chr3 can be used to predict apple sweetness, flavour and 

firmness in breeding populations. Additional validation studies will also be necessary to 

assess the applicability of other fruit quality QTL that remain to be discovered. 

 

1.6 Breeding challenges and opportunities 

 

1.6.1 Phenotyping 

 The phenotypic characterization of complex quality traits has presented an 

ongoing challenge to QTL discovery. Fruit texture has been the most extensively 

studied quantitative fruit quality trait in apple. The first QTL studies of apple texture 

considered both instrumental and sensory measurements of texture traits (King et al. 

2000; King et al. 2001). The instrumental texture traits included fruit firmness measured 

by penetrometry, fruit stiffness measured by acoustic resonance, wedge fracture 

measured as the force required to snap an apple slice, and compression measured as 

the force required to crush a whole apple (King et al. 2001). The sensory texture traits 

included the perception of hardness, crispness, granularity and juiciness (King et al. 

2000; King et al. 2001). The mechanical traits were only weakly correlated with the 

sensory perception of fruit texture; the highest correlations were observed between fruit 

firmness and hardness (r = 0.63), wedge fracture and crispness (r = 0.57), and fruit 

firmness and crispness (r = 0.55) (King et al. 2001). These correlations were not 

consistently reflected in the QTL detected for each trait. A QTL on Chr16 was found to 

be significant for the correlated traits wedge fracture and crispness (King et al. 2001). 

The Chr16 QTL was also significant for sensory juiciness, which was not correlated with 

wedge fracture (King et al. 2001). A QTL on Chr10 QTL was found to be significant for 
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mechanical fruit firmness, but was not significant for the sensory texture traits (King et 

al. 2000; King et al. 2001). The results from this initial investigation into the genetic 

control of apple texture suggested that the detection of QTL was dependent on the 

choice of measurement for a quantitative phenotype.  

 Subsequent studies have included a variety of methods to measure apple 

texture. A small number of QTL and association studies have included sensory texture 

traits (Kunihasa et al. 2014; Ben Sadok et al. 2015; Migicovsky et al. 2016). The 

sensory evaluation of apple hardness, crispness and juiciness has been shown to 

provide an accurate estimate of texture traits that are directly relevant to human 

consumers (Hampson et al. 2000; Harker et al. 2002a,b; Corollaro et al. 2013; Cliff et al. 

2015). The apple texture QTL studies were consistent in their detection of QTL for 

mechanical firmness on Chr10, but the QTL detected for sensory traits varied 

considerably (Kunihasa et al. 2014; Ben Sadok et al. 2015; Migicovsky et al. 2016). QTL 

for sensory firmness were reported on Chr10 (Ben Sadok et al. 2015) and on Chr3 

(Migicovsky et al. 2016). Similar discrepancies were observed for sensory juiciness, 

with QTL detected on Chr15 (Kunihasa et al. 2014), Chr1 (Ben Sadok et al. 2015) and 

Chr6 (Migicovsky et al. 2016). The sensory texture QTL detected in these studies were 

not consistent with the findings of King et al. (2000). The differences in QTL reported for 

sensory texture suggest that the methods of phenotypic assessment have been 

inconsistent between studies. 

 Consistent phenotyping is critical to the detection of stable QTL, therefore 

standardized sensory evaluation methods have been developed for phenotyping fruit 

texture (Hampson et al. 2000; Oraguzie et al. 2009; Evans et al. 2012). Fruits should 

ideally be evaluated by multiple sensory analysts using controlled sensory techniques, 

in order to avoid biases and fatigue (King et al. 2000; Hampson et al. 2000). The 

employment of trained analysts to taste hundreds of fruits in a mapping study can be 

cost prohibitive (Oraguzie et al. 2009), therefore the majority of apple texture QTL 

studies have been conducted using instrumental measurements. Mehinagic et al. 

(2004) tested the relationship between seven instrumental compression measurements 

and the sensory traits crunchiness, chewiness, juiciness and mealiness in three apple 

cultivars. Results from this study suggested that all four texture traits were moderately 
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to highly correlated with the maximum compressive force needed to penetrate an 

unpeeled apple with a blunt cylindrical probe (r = 0.65 to 0.90) (Mehinagic et al. 2004). 

This mechanical measurement was similar to the standard penetrometry measurements 

used to detect the major texture QTL on Chr10, with the exception that apples were not 

peeled before the puncture force was measured (Mehinagic et al. 2004). Other 

comparative studies of mechanical versus sensory texture have reported similar 

findings, with standard penetrometry measurements of firmness being positively 

correlated with sensory crispness (r = 0.82) and juiciness (r = 0.72) in seven apple 

cultivars (Harker et al. 2002a). Evans et al. (2010) found that firmness measured in the 

middle apple cortex was correlated with sensory crispness (r = 0.72) but not with 

juiciness (r = 0.36) in 33 seedlings and cultivars. These data were included in a large 

study of 370 cultivars and seedlings, which found some variation in the rank correlation 

estimates for instrumental versus sensory texture traits between locations, years, and 

postharvest assessment dates (Schmitz et al. 2013). In general, penetrometry readings 

were positively correlated with sensory texture traits, although mechanical firmness was 

more strongly correlated with perceived crispness than juiciness (Schmitz et al. 2013).  

 Results from the comparative analyses of sensory versus instrumental texture 

have suggested that penetrometry is an appropriate but not comprehensive method for 

apple texture phenotyping and QTL detection (Mehinagic et al. 2004; Harker et al. 

2002a; Evans et al. 2010; Schmitz et al. 2013). In addition to the major QTL on Chr10, 

penetrometry has been used to detect moderate to large effect QTL for mechanical 

apple firmness on Chr1 (Kenis et al. 2008; Bink et al. 2014; Ben Sadok et al. 2015), 

Chr3 (Bink et al. 2014; Di Guardo et al. 2017), Chr6 (Liebhard et al. 2003; Bink et al. 

2014; Costa et al. 2015); Chr11 (Kunihasa et al. 2014; Di Guardo et al. 2017), Chr15 

(Bink et al. 2014; Costa et al. 2015) and Chr16 (Longhi et al. 2012; Bink et al. 2014; Di 

Guardo et al. 2017). Within these studies, the mechanical compression and acoustic 

resonance parameters of apple texture were also measured and found to have largely 

consistent QTL. The exception was the Chr16 QTL which was significant for 

compression but not for acoustic texture (Longhi et al. 2012; Di Guardo et al. 2017). The 

detection of QTL for instrumental texture on chromosomes 1, 3, 6, 15 and 16 in multiple 

genetic backgrounds provided support for the sensory texture QTL detected on the 
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same chromosomes (King et al. 2001; Kunihasa et al. 2014; Ben Sadok et al. 2015; 

Migicovsky et al. 2016). Together, the results from nearly two decades of investigation 

into the genetic architecture of apple texture demonstrate that there is merit to the use 

of diverse phenotyping methods in the evaluation of a complex trait. The five QTL found 

to be significant for both sensory and instrumental traits are strong candidates for use in 

MAS as they were stable across years, locations and populations, and could be used to 

select for traits that are highly valued by human consumers (Harker et al. 2008; Cliff et 

al. 2015). While the MdACS1 gene underlying the Chr15 QTL has been well 

characterized and applied in MAS (Costa et al. 2005; Zhu and Barritt 2008), the 

remaining four loci present an opportunity for the validation and application of new 

breeding markers. 

 The challenge of phenotyping extends to additional apple quality traits. 

Sweetness has primarily been measured as soluble solids content (SSC) in QTL studies 

(Liebhard et al. 2003; Kenis et al. 2008; Kumar et al. 2013; Kumar et al. 2014; Kunihasa 

et al. 2014; Costa et al. 2015). A comparative study of instrumental versus sensory 

taste traits showed SSC to be poorly correlated with perceived sweetness (r = 0.41) in 

the progenies of ‘Fuji’ x ‘Alkmene’ and ‘Fuji’ x ‘Jonathan’ (Harker et al. 2002b). The QTL 

detected for SSC have been highly inconsistent between study populations, with most 

studies reporting a large number of small effects loci on different chromosomes 

(Liebhard et al. 2003; Kenis et al. 2008; Kumar et al. 2013; Kumar et al. 2014; Kunihasa 

et al. 2014). These small effects loci do not present strong candidates for MAS since 

they do not capture a large proportion of the phenotypic variation in apple SSC. Further, 

the use of even large effects QTL to select for increased SSC would not permit 

improvements in apple sweetness due to the poor correlation between the instrumental 

and sensory traits (Harker et al. 2002b). The perception of sweet fruit is thought to be 

influenced by the concentration of soluble sugars such as fructose, sucrose, glucose 

and sorbitol, as well as by the relative acidity of the fruit and the presence of flavour 

volatiles (Corollaro et al. 2014). Recent studies have detected stable QTL for apple 

sugar content on Chr1, which may present a more favourable target for MAS (Guan et 

al. 2015; Sun et al. 2015). However, this strategy should be met with some caution 

since the concentration of individual sugars has also been shown to be poorly 
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correlated with perceived sweetness (Harker et al. 2002b). Further investigation into the 

genetic control of apple sweetness nevertheless remains an important research 

endeavor since the trait is strongly associated with consumer liking (Hampson et al. 

2000; Cliff et al. 2015). 

 In contrast to sweetness, acidity has been a fairly simple and consistent trait to 

phenotype in apples. Acidity is instrumentally measured as the pH of the fruit juice, or 

the amount of titratable acidity (TA) within a standardized volume of juice (Harker et al. 

2002b; Xu et al. 2012). Malic acid makes up more than 95 % of the total acid content in 

apple, therefore TA is often reported as the ratio of malic acid content to juice volume 

(Harker et al. 2002b; Xu et al. 2012; Sun et al. 2015). A comparison of instrumental and 

sensory acidity in two seedling populations showed a high correlation for perceived 

acidity with both pH (r = -0.80) and TA (r = 0.86) (Harker et al. 2002b). This result 

corresponded with a study of 130 apples from a six-parent diallel population, in which 

the correlation between TA and sensory acidity was also very high (r = 0.78) (Oraguzie 

et al. 2009). Given these strong correlations, the consistent detection of QTL for pH and 

TA on Chr8 (Liebhard et al. 2003; Kenis et al. 2008; Kumar et al. 2013; Kunihasa et al. 

2014; Sun et al. 2015) and Chr16 (Liebhard et al. 2003; Kenis et al. 2008; Xu et al. 

2012; Kumar et al. 2014; Kunihasa et al. 2014) suggests that MAS based on these loci 

could ensure a favourable level of perceived acidity within breeding populations. 

Further, TA has been found to have a moderate inverse correlation with sensory 

sweetness (r = -0.49) (Oraguzie et al. 2009). MAS for acidity may therefore also permit 

some increases in sweetness through the selection of low to moderate acidity apples, 

which are preferred by consumers (Hampson et al. 2000; Cliff et al. 2015). The MdMa1 

marker permits the selection of apples with sufficient acidity to balance out high 

sweetness and prevent a bland apple taste (Bai et al. 2012). However the MdMa1 

marker does not permit the deselection of apples with extremely high acidity, which is 

also unfavourable (Hampson et al. 2000; Bai et al. 2012; Cliff et al. 2015). Therefore, 

further study is needed to identify markers within, or in addition to, the Chr8 or Chr16 

QTL, which may be used alongside MdMa1 to select for apples with sufficient but not 

overwhelming acidity. 
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 Apple flavour and aroma is considered to have even greater complexity than 

sweetness. The perception of apple flavour is influenced by the relative concentrations 

of many volatile compounds, as well as by the fruit taste and texture (Corollaro et al. 

2014). In a study of ‘Fuji’, the volatile esters ethyl-2-methylbutanoate, 2-methylbutyl 

acetate and hexyl acetate were found to be important compounds influencing flavour 

and aroma (Echeverria et al. 2003). A study of flavour volatiles in the progeny of ‘Fiesta’ 

x ‘Discovery’ identified a QTL on Chr9, which explained a major proportion of the 

variation in 2-methylbutyl acetate content, as well as the content of other volatile esters 

(Dunemann et al. 2009). Many additional QTL were detected in this study, highlighting 

several candidate genes potentially involved in the complex control of apple flavour 

(Dunemann et al. 2009). A more recent GWAS of aroma volatiles in 200 seedlings 

found that apple flavour intensity was associated with QTL containing the genes 

MdLAR1 and MdAAT1 involved in anthocyanin and ester biosynthesis, respectively 

(Kumar et al. 2015). There were many additional QTL detected for individual flavour 

volatiles including 2-methylbutyl acetate and hexyl acetate, which may have significant 

effects on the different types of perceivable aromas and flavours (Kumar et al. 2015). 

These QTL have good potential for use in future MAS since apple flavour and aroma 

are important components of consumer preference, following crispness and sweetness 

(Hampson et al. 2000; Harker et al. 2008; Cliff et al. 2015). Future investigations into the 

genetics of apple sweetness and flavour would benefit from the inclusion of trained 

sensory evaluation in order to measure these complex quantitative traits directly as they 

are perceived by human consumers. 

 

1.6.2 Marker implementation 

 One of the most compelling justifications for continued research into QTL 

discovery and marker development is the potential for the current markers to lose 

informational value. The primary sources of germplasm within apple breeding programs 

are the elite cultivars and advanced selections considered to carry the best fruit quality 

and agronomic traits (Hancock et al. 2008). Genotyping parental material is a common 

practice that permits crosses to be designed with an optimal combination of favourable 

alleles (Edge-Garza et al. 2015; Ru et al. 2015; Peace 2017). It is feasible that through 
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the genotyping of elite germplasm, crosses could be designed to pyramid the favourable 

fruit quality alleles of the five fruit quality genes MdMyb1, MdMa1, MdPG1, MdACO1 

and MdACS1. MAS could then be used to select seedlings fixed for all five fruit quality 

markers. Intercrossing of seedlings with fixed favourable genotypes in subsequent 

generations would not require MAS for the five fruit quality markers since there would 

no longer be segregation. A recent pilot study of MAS in apple has shown the potential 

for seedlings to be selected with an optimal complement of favourable alleles for 

MdPG1, MdACO1, MdACS1 and three disease resistance markers within one breeding 

cycle (Baumgartner et al. 2016). The potential for breeding germplasm to be rapidly 

fixed for the favourable alleles of major fruit quality genes suggests that the 

identification and characterization of new fruit quality QTL could provide additional 

opportunities for the enrichment of future seedling populations through MAS. 

 

1.7 Thesis introduction 

 

1.7.1 Background  

 Apples are one of the most important fruit crops in the world, and their continued 

success depends upon the development of new cultivars through breeding (Janick et al. 

1996; Hancock et al. 2008; Brown 2012). Apple breeding consists of crossing parental 

germplasm and selecting hybrid seedlings that carry the genetic potential for reliable 

agronomic performance and outstanding fruit quality. The practical aspects of apple 

breeding have benefitted from hundreds of recent studies investigating the inheritance 

and genetic architecture of tree and fruit traits (Janick et al. 1996; Hancock et al. 2008; 

Brown 2012). Several key findings from these studies are discussed in the preceding 

literature review, including the identification of genes controlling both qualitative and 

quantitative components of apple colour, texture, taste and flavour. Research into 

additional genetic factors controlling quality traits in modern germplasm is ongoing. A 

major objective of current research is to identify genetic sources of variation that could 

be applied in MAS for apple breeding (Janick et al. 1996; Hancock et al. 2008; Brown 

2012). 
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 The study of apple fruit quality genetics has faced several challenges, a number 

of which are discussed in the preceding literature review. One major challenge concerns 

the inconsistency of QTL reported in bi-parental populations. Many reported QTL for 

apple quality traits do not correspond with QTL detected for the same traits in unrelated 

populations (Peace et al. 2014). The design of complex genetic mapping populations 

has been proposed as a method to overcome this problem and enable the detection of 

QTL across multiple genetic backgrounds (Peace et al. 2014). However, the 

establishment of such populations requires extensive planning and long-term 

investment due to the extended juvenility of apple trees (Janick et al. 1996). A second 

major challenge concerns the inconsistency of phenotyping methods used to measure 

fruit quality traits between QTL studies (Evans et al. 2012). Recent efforts have been 

made to overcome this problem by developing standardized phenotyping protocols for 

use across research programs (Evans et al. 2012). However, comparative studies have 

suggested that some common fruit quality phenotyping methods may not be 

representative of the fresh apple eating experience (Harker et al. 2003). These two 

major challenges highlight an opportunity for future research to address the questions of 

which apple quality QTL are stable across genetic backgrounds, and which QTL 

correspond to the traits most important to consumers. 

 

1.7.2 Rationale 

 New innovations in apple genetics and breeding research, including advances in 

population design, genotyping and phenotyping, could be applied to address the 

challenges of previous fruit quality QTL studies. GWAS provide a framework for QTL 

discovery in genetically diverse germplasm without the requirement of a designed 

population (Myles et al. 2009; Khan and Korban 2012). GWAS can be complemented 

by next generation sequencing technologies, which provide a platform for continual 

increases in genetic marker coverage and the construction of dense genome wide maps 

(Elshire et al. 2011; Chagne et al. 2012; Bianco et al. 2014). GWAS can also be 

complemented by trained sensory evaluation, which provides a method to accurately 

phenotype fruit quality traits as they are perceived by humans (Corollaro et al. 2014). 

Recent reports of novel QTL for taste, flavour and texture demonstrate the value of 
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using diverse germplasm, innovative phenotyping and advanced mapping strategies in 

apple genetics research (Guan et al. 2015; Migicovsky et al. 2016; Di Guardo et al. 

2017). Since quality remains the first priority of apple breeders, growers and consumers 

(Hancock et al. 2008; Brown 2012), it is valuable to conduct additional investigations 

into the genetics of apple quality using relevant phenotyping methods, advanced 

genotyping technologies and modern mapping techniques. This thesis presents a new 

investigation of apple taste, texture and flavour that builds upon previous findings while 

applying the modern tools of high density genotyping, sensory evaluation and genome 

wide association mapping. 

 

1.7.3 Implications  

 This thesis pursues adding to the rich existing framework of apple genetics and 

breeding resources by the development of novel genomic tools to breed for consumer 

preference. The three research chapters describe the use of a diverse germplasm 

resource with multiple sources of genotypic variability. The germplasm was genotyped 

using reduced representation resequencing and mapped using genome wide 

association analyses, which together permitted the unbiased identification of novel 

genetic targets for crop improvement. The inclusion of quantitative fruit quality traits 

derived from trained sensory evaluation presents a new approach to phenotyping for 

association studies in horticulture species. The novel associations detected through this 

research project had significant effects on the sensory perception of apple fruit quality, 

and could be applied to select directly for the quality attributes most critical to consumer 

preference. The findings of this thesis research indicate that the choice of phenotypic 

measurement for fruit quality traits is critical to the detection and validation of practical 

QTL for apple breeding. 

  



33 

1.7.4 Objectives and Hypotheses 

 

Hypotheses 

 

Chapter 2 

Pedigrees and historical relationships among diverse apple cultivars can be 

characterized using genetic population structure analyses. 

 

Chapter 3 

The human perception of apple taste, flavour and texture can be mapped onto the apple 

genome using a GWAS. 

 

Chapter 4  

The significant associations detected in a GWAS of apple quality can be used to 

improve the human sensory perception of fruit quality through marker assisted breeding. 

 

 

Objectives 

 

Chapter 2 

To conduct a population structure analysis of a diverse apple population using historical 

cultivar descriptions and genotyping by sequencing (GBS) data.  

 

Chapter 3  

To conduct a GWAS of diverse apples using phenotypic data derived from trained 

sensory evaluation of apple quality traits, along with genotypic data derived from GBS.  

 

Chapter 4  

To conduct a candidate marker study testing the effects of newly discovered SNPs 

associated with the human perception of fruit quality, compared with existing MAS 

markers, on quantitative fruit quality traits in two large populations of diverse apples.  
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CHAPTER 2 

 

 

 

GENOMIC EVALUATION OF POPULATION STRUCTURE 

 

 

 

2.1 Abstract 
 

 A Canadian apple germplasm collection was evaluated to detect signatures of 

selection for apple fruit quality and adaptation. Historical data including pedigree, 

cultivar origins and fruit quality descriptions were obtained for 100 cultivars. Genotyping 

by sequencing data were collected for 66 cultivars, which had diverse fruit traits and 

cultivar origins. A principal component analysis of population structure indicated that the 

modern apples were more varied on a genomic level than apple cultivars developed 

before the nineteenth century. A genome wide association study detected a significant 

association for cultivar century of origin at Chr13:1,233,600. The Chr13 locus collocated 

with a region of high genomic diversity and a potential genomic signature of selection, 

indicated by a peak value of Tajima’s D statistic. The Chr13 locus was also positioned 

within a genomic hotspot of putative Myb transcription factors and resistance gene 

analogs, which suggested a role for this locus in historical adaptation and stress 

response. A significant association for fruit quality was detected at Chr12:15,324,301. 

The Chr12 locus was proximal to a Tajima’s D peak and to previously reported QTL for 

apple texture and sugar content, which suggested a role for this locus in the control of 

multiple fruit quality component traits. The correspondence of potential genomic 

signatures of selection with previously reported QTL and stress response genes 

supports the importance of these loci in apple breeding and selection. 

  



35 

2.2 Introduction 
 

 Apples are the most widely grown temperate fruit crop, with 76 Mt produced 

annually for global fresh consumption (FAO 2014). Although apples are a highly diverse 

species, many modern commercial cultivars are descendants of only five founding 

parents (Noiton and Alspach 1996). Founding parents such as ‘Golden Delicious’, ‘Red 

Delicious’ and ‘McIntosh’ have been primary genetic sources for heritable fruit quality 

traits such as apple size, colour and taste (Janick et al. 1996; Hancock et al. 2008). 

Characterizing the genetic structure of modern apple populations as well as the 

important traits thereof would permit informed parental and seedling selections in the 

development of new apple cultivars. 

 Apple breeding research has focused extensively on the identification and 

characterization of genetic loci with significant effects on productivity and marketability 

(Hancock et al. 2008). More than a thousand QTL for fruit quality, disease resistance 

and other agronomic traits have been reported in apple (www.rosaceae.org/search/qtl). 

Several QTL have been applied in MAS, which permits the genetic enrichment of 

seedling populations several years before fruits are produced (Edge-Garza et al. 2015; 

Ru et al. 2015; Baumgartner et al. 2016). GWAS are an alternative to traditional QTL 

mapping that may permit the discovery of new genetic targets for MAS (Myles et al. 

2009; Khan and Korban 2012). While QTL studies are designed to detect the genetic 

architecture of phenotypic differences within segregating families, GWAS can capture 

multiple sources of genotypic variation within a population of diverse, unrelated 

accessions (Zhu et al. 2008; Kumar et al. 2014; Migicovsky et al. 2016). Novel markers 

for important agronomic and quality traits derived from GWAS could be applied in MAS 

to further enrich breeding populations for trees with strong cultivar potential. 

 The identification of useful genetic variation in a GWAS is dependent on the 

mapping population (Myles et al. 2009). GWAS can be conducted in populations of 

accessions that are completely unrelated, are derived from multiple families of related 

individuals, or have a combination of unrelated and related individuals (Zhu et al. 2008; 

Kumar et al. 2013; Kumar et al. 2014; Kumar et al. 2015). A population designed to 

detect breeding targets should include elite germplasm. Elite cultivars represent the 
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most desirable range of phenotypes for important breeding traits including quality and 

agronomic performance, and are primary sources of germplasm within apple breeding 

programs (Noiton and Alspach 1996; Hancock et al. 2008; Evans et al. 2011). A GWAS 

mapping population should also include diverse, unrelated accessions. Including 

diverse germplasm reduces the physical extent of LD and increases the likelihood that 

significant loci will be proximal to causal genomic variants (Zhu et al. 2008; Myles et al. 

2009). 

 The characterization of population structure within a GWAS population can 

provide important insight into subpopulations that carry unique traits. Apple GWAS have 

been used to evaluate population structure based on genotype, and subpopulations 

have been found to correspond with distinct Malus species and M. x domestica market 

classes (Cornille et al. 2012; Khan et al. 2014; Migicovsky et al. 2016). Temporal and 

regional differences may also be a significant source of population structure in apple. 

Population structure based on harvest dates and geographic origins had previously 

been reported (Migicovsky et al. 2016). Genetic signatures of selection in the apple 

genome have been found at loci controlling quality and adaptation traits, which differ 

between subpopulations (Khan et al. 2014; Leforestier et al. 2015; Migicovsky et al. 

2016). Genetic structure analyses of GWAS populations could therefore permit the 

identification of subpopulations carrying unique phenotypes and genotypes that 

correspond to their time, location and purpose of origin. 

 The characterization of kinship structure within a GWAS mapping population can 

provide insight into historic pedigrees and relatedness. An apple GWAS population that 

includes elite germplasm is likely to feature several family relationships since modern 

apples are derived from a small number of parental cultivars (Noiton and Alspach 1996; 

Evans et al. 2011). Cultivars derived from these founding parents may carry specific 

quality phenotypes for which genotypic associations are correlated with family structure. 

The effects of family structure on phenotype may, however, be overestimated since the 

reported pedigrees for apple cultivars are incorrect in 5 % of cases (Evans et al. 2011). 

Genetic kinship analyses have been shown to provide more accurate estimates of 

family structure and relatedness than plant names, pedigrees or phenotypic similarities 

(Myles et al. 2009; Migicovsky et al. 2016). Kinship analyses could therefore enable the 
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accurate characterization of relatedness between apple cultivars, which would inform 

parental selection in apple breeding. 

 The purpose of the present study was to evaluate the genetic structure of a 

Canadian apple germplasm collection and conduct a GWAS of historical cultivar data. 

The study made use of a collection of 100 cultivars with past or present significance to 

the Canadian apple industry. The cultivar origins, pedigrees and population structure 

were examined to identify potential subpopulations and families with unique phenotypic 

characteristics. The genome was surveyed for potential signatures of selection that 

could correspond with loci controlling fruit quality and adaptation. A GWAS was 

conducted using trait data mined from historical cultivar descriptions. The results of the 

GWAS are discussed in light of previous apple QTL studies. 

 

2.3 Materials and Methods 
 

2.3.1 Orchard composition and cultivar data 

 The Vineland Heritage Apple Orchard was established in 2006 as a collection of 

100 diverse apple cultivars. An effort was made to select apples that appeared to hold 

past or present significance to the Canadian apple industry. Three trees of each cultivar 

were grown at the Vineland Research and Innovation Centre in Vineland, Ontario, 

Canada. 

 Historical records for each cultivar were obtained from germplasm information 

databases in Canada (AAFC 2016), the USA (USDA ARS 2016) and the United 

Kingdom (UK DEFRA 2016). Additional records were obtained from the apple reference 

guides: The Apples of New York (Beach 1905) and The New Book of Apples (Morgan 

and Richards 2002). The historical data sought for each cultivar included date and 

location of origin, pedigree, ploidy and ten fruit quality traits (Table 2.1, Appendices 1-2). 

Reported pedigrees were visualized using the software Helium 1.16 (Shaw et al. 2014). 
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Table 2.1: Vineland Heritage Apple Orchard cultivars and origins. 
Table 1 

CultivarA CodeB Seed ParentC Pollen Parent 
Century of 
Origin 

Location of 
Origin 

Akane AKA Jonathan Worcester Pearmain 1900s Japan 

Alexander       1700s Russia 

Antonovka ANT     1800s Russia 

Baldwin (3x) BAL     1700s USA 

Baxter       1800s Canada 

Ben Davis       1800s USA 

Blenheim Orange (3x) BLE     1700s UK 

Blue Pearmain BLU     1800s USA 

Bottle Greening BOT     1800s USA 

Britegold   Sandel Ottawa-522 1900s Canada 

Cabashea       1800s USA 

Canada Red CAN     1800s USA 

Chenango Strawberry CHE     1800s USA 

Colvert COL     1800s USA 

Cortland COR Ben Davis McIntosh 1800s USA 

Cox's Orange Pippin COX Ribston Pippin   1800s UK 

Cranberry Pippin       1800s USA 

Dawn Mac DAW McIntosh Red Delicious 1900s Canada 

Duchess       1700s Russia 

Early Joe EAR     1800s USA 

Elstar ELS Golden Delicious Ingrid Marie 1900s Netherlands 

Empire EMP McIntosh Red Delicious 1900s USA 

Esopus Spitzenburg SPI     1700s USA 

Fallawater       1800s USA 

Fameuse FAM     1700s Canada 

Freedom FRE NY18492 NY49821-46 1900s USA 

Fuji FUJ Red Delicious Ralls Janet 1900s Japan 

Gala (Heritage) GAH Golden Delicious Kidd's Orange Red 1900s New Zealand 

Gala (Royal)* GAL Gala (Heritage)   1900s New Zealand 

Gano*   Ben Davis   1800s USA 

Golden Delicious GOD Grimes Golden Golden Reinette 1800s USA 

Golden Russet GOL Russet   1700s UK 

Granny Smith GRA Malus sylvestris Rome Beauty 1800s Australia 

Gravenstein       1600s Denmark 

Grimes Golden GRI     1800s USA 

Haas HAA     1800s USA 

Hubbardston       1800s USA 

Hume HUM McIntosh   1900s Canada 

Idared IDA Jonathan Wagener 1900s USA 

Irish Peach IRI     1800s UK 

Jersey Mac (3x) JER NJ24  Julyred 1900s USA 

Jonagold (3x) JON Jonathan Golden Delicious 1900s USA 

Jonathan   Esopus Spitzenburg   1800s USA 

Joyce   McIntosh   1900s Canada 

Kennedy's Pearshaped           

Kentish Fillbasket       1800s UK 

King (3x) KIN     1800s USA 

Lady       1600s France 

Leder Borsdorf LED         

Liberty LIB Macoun PRI 54-12 1900s USA 

Lobo LOB McIntosh   1900s Canada 

Lodi (3x) LOD Montgomery Yellow Transparent 1900s USA 
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CultivarA CodeB Seed ParentC Pollen Parent 
Century of 
Origin 

Location of 
Origin 

Lubsk Queen LUB     1800s Russia 

Macoun MAC McIntosh Jersey Black 1900s USA 

Maiden Blush       1800s USA 

Mann       1800s USA 

Margaret Pratt       1900s Canada 

McIntosh MCI Fameuse   1800s Canada 

McMahon MCM Alexander   1800s USA 

Milwaukee   Duchess    1800s USA 

Moscow Pear MOS     1800s Russia 

Mutsu (3x) MUT Golden Delicious Indo 1900s Japan 

Newtown Pippin NEW     1700s USA 

North Star NOR     1800s USA 

Northern Spy NOS Duchess of Oldenburg   1800s USA 

Northwestern Greening   Russet Alexander 1800s USA 

Oldenburg   Minister von Hammerstein Baumann's Reinette 1800s Germany 

Ontario ONT Wagener Northern Spy 1800s Canada 

Pear Gold PEA     1900s Canada 

Pomme Grise POM     1700s Canada 

Primate       1800s USA 

Princess Louise   Fameuse   1800s Canada 

Quaker Beauty       1800s Canada 

Quinte QUI Red Melba Crimson Beauty 1900s Canada 

Red Astrachan       1800s Russia 

Red Atlas REA St Lawrence   1900s Canada 

Red Delicious RED Yellow Bellflower   1800s USA 

Rescue   Blushed Calville   1900s Canada 

Rome Beauty ROM     1800s USA 

Roxbury Russet ROX     1600s USA 

Russet RUS         

Scarlet Pippin       1800s Canada 

Seek-no-Further       1700s USA 

Snow* SNO Fameuse   1700s Canada 

Spartan SPA McIntosh Newtown Pippin 1900s Canada 

St Lawrence STL     1800s Canada 

Stark       1800s USA 

Summer Rambo (3x) RAM     1500s France 

Sweet Bough       1800s USA 

Tolman Sweet TOL Sweet Greening Russet 1800s USA 

Twenty Ounce       1800s USA 

Tydeman's Red   McIntosh Worcester Pearmain 1900s UK 

Vinebrite* VIN Red Delicious   1900s Canada 

Vista Bella VIS NJ77349  Julyred 1900s USA 

Wagener       1700s USA 

Wealthy WEA Malus x robusta Sops of Wine 1800s USA 

Wealthy Double Red*   Wealthy   1800s USA 

White Winter Calville WHI     1500s France 

Winter Banana WIN     1800s USA 

Wolf River   Alexander    1800s USA 

Yellow Bellflower YEB     1800s USA 

Yellow Transparent YET     1800s Russia 

York Imperial       1800s USA 
A Cultivars with asterisks (*) were derived from spontaneous mutation of the parental genotype. Cultivars with the symbol (3x) are 
reported triploids. 
B Name codes were assigned to genotyped cultivars only.       

C References for historical data: AAFC 2016, USDA ARS 2016, UK DEFRA 2016, Morgan and Richards 2002, Beach 1905 
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 Historical fruit quality data including size, colour, texture, juiciness, acidity, 

sweetness, aroma and quality were transformed to numerical data expressed on three 

levels (1-3) corresponding to low, medium and high intensities of each trait. The 

numerical traits were subjected to a Spearman’s correlation analysis using the rcorr 

procedure of the Hmisc package (Harrell and Dupont 2016) in R 3.2 (R Core Team 

2016). A variance analysis considering the effects of location and century of origin on 

each trait was conducted using the MIXED procedure of SAS 9.2 (SAS Institute Inc., 

Cary, NC). Phenotypic distributions and correlations were plotted using the R package 

ggplot2 (Wickham 2009). 

 

2.3.2 Genotyping by sequencing 

 A subset of 66 apple cultivars from the Vineland Heritage Apple Orchard was 

chosen for further analysis (Table 2.1). Leaf samples were collected from single clones 

of each cultivar and genomic DNA was extracted using a QIAGEN DNeasy 96 Plant Kit 

(QIAGEN Inc., Toronto, ON). Duplicate DNA samples were sent for GBS library 

preparation using the restriction enzyme ApeKI and sequencing using an Illumina HiSeq 

2000 instrument (Illumina Inc., San Diego, CA). Raw sequencing reads were processed 

with the TASSEL-GBS pipeline (Glaubitz et al. 2014) using default parameters and 

calling heterozygous genotypes for SNPs based on the reference genome Malus x 

domestica v3.0.a1 (Velasco et al. 2010; Jung et al. 2013). 

 The apple GBS SNP data were stringently filtered using TASSEL 5.2 (Bradbury 

et al. 2007) to improve the density and distribution of allele calls (Gardner et al. 2014). 

SNPs with greater than 5 % missing data were removed and the remaining missing 

allele calls were imputed using the default parameters of linkage disequilibrium-k 

nearest neighbor imputation (Money et al. 2015). Following imputation, a 10 % MAF 

filter was applied to yield the SNP data set used in all downstream analyses. 

 

2.3.3 Population statistics 

 Population stratification was evaluated using a PCA of genome wide SNP 

variation. The PCA was conducted using the software TASSEL 5.2 (Bradbury et al. 

2007) and visualized in the context of cultivar origin using ggplot2 (Wickham 2009). 
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Population substructure was evaluated using a Centered-IBS kinship analysis 

(Endelman and Jannink 2012) in TASSEL 5.2 (Bradbury et al. 2007). The Centered-IBS 

kinship matrix was subjected to an unweighted pair group method with arithmetic mean 

hierarchical cluster analysis and plotted using the hclust function of R 3.2 (R Core Team 

2016).  

 Genome wide diversity was evaluated using the default parameters of a sliding 

window diversity analysis in TASSEL 5.2 (Bradbury et al. 2007). Genes positioned 

within ± 50 kb of the loci with high values of the Tajima’s D statistic (Tajima 1989) were 

obtained from the Genome Database for Rosaceae (Jung et al. 2013). Gene sequences 

were queried using the default parameters of the tblastn function in NCBI BLAST 

(Johnson et al. 2012). Results from the genomic diversity analysis were also compared 

with historical phenotypes and cultivar origins. A GWAS was conducted for each 

numerical fruit quality trait and for the century of origin. The GLM GWAS was conducted 

in TASSEL 5.2 (Bradbury et al. 2007) using the first five genomic PCs to represent the 

fixed effects of population structure. The MLM GWAS also included the Centered-IBS 

kinship matrix as a random effect. A Benjamini-Hochberg correction was applied to 

determine association significance at a 5 % FDR (Benjamini and Hochberg 1995).  

 Estimates of genome wide IBD were obtained for each pair of cultivars using 

PLINK 1.07 (Purcell et al. 2007). The statistics z0, z1, z2 were estimated as the 

probabilities of genome wide IBD = 0, 1 and 2, respectively. IBD statistics were used to 

test the parent-offspring relationships in reported pedigrees and to identify unreported 

relationships. The following thresholds were applied for each statistic: z0 ≥ 0.75 = 

unrelated, z1 ≥ 0.75 = parent-offspring, and z2: 0 ≥ 0.75 = clones. The statistic �̂� was 

also estimated as the proportion of the two genomes that were identical by descent, and 

was interpreted as �̂� < 0.2 = very low IBD, 0.2 ≤ �̂� < 0.4 = low IBD, 0.4 ≤ �̂� < 0.6 = 

moderate IBD, 0.6 ≤ �̂� < 0.8 = high IBD, �̂� > 0.8 = very high IBD. The estimates of �̂� 

were considered in the context of the expected and observed relationships based on 

pedigree and z, respectively, and only used to reject a relationship in the case of low or 

very low IBD. 

 Pairwise LD between all SNP pairs on each chromosome was estimated as r2 

using PLINK 1.07 (Purcell et al. 2007). The extent of LD was considered to be the 
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distance in base pairs at which the LD decay curve intersected the r2 value of 0.2 

(Marroni et al. 2011). The chromosomal extent of LD was calculated using r2 estimates 

for all SNP pairs on a chromosome, and the average extent of LD was calculated from 

all 17 chromosomes. The chromosome-wise LD decay was plotted using ggplot2 

(Wickham 2009). The LD between SNPs on different chromosomes was not estimated. 

 The SNP data set was pruned to retain SNPs in approximate linkage equilibrium 

with the recommended settings of a 50 SNP sliding window, a 5 SNP step per slide and 

a variance inflation factor of 2 (Purcell et al. 2007). The pruned SNP data set was used 

to estimate the proportion of homozygosity and the coefficient of inbreeding, f, for each 

cultivar (Purcell et al. 2007). A revised pedigree, which included confirmed and 

proposed relationships based on IBD estimates as well as f values for genotyped 

cultivars, was visualized using Helium 1.16 (Shaw et al. 2014). 

 

2.4 Results 
 

2.4.1 Orchard composition 

 Historical records indicated a high degree of diversity within the Vineland 

Heritage Apple Orchard. All cultivars were reported to originate during the 16th to 20th 

centuries, with 17 cultivars released before 1800, 55 released during the 1800s, and 28 

during in the 1900s (Table 2.1). The cultivars had predominantly western geographic 

origins, with 75 cultivars from North America, 19 from Europe and Russia, three from 

Asia and three from the Australian continent (Table 2.1). 

 Pedigree records for the Vineland apple cultivars were sparse (Table 2.1, 

Appendix 1). There were 27 cultivars with both parents known and 15 cultivars with one 

parent known. Five cultivars were reported to be derived from spontaneous mutation of 

an existing cultivar. The cultivars ‘Golden Delicious’, ‘Red Delicious’ and ‘McIntosh’ 

were overrepresented as parents, with contributions to the pedigrees of six, seven and 

15 cultivars, respectively. The pedigrees of both ‘Jersey Mac’ and ‘Vista Bella’ included 

multiple contributions from ‘McIntosh’ and its parent ‘Fameuse’. There were 56 cultivars 

with neither parent known (Table 2.1, Appendix 1). 
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2.4.2 Fruit characteristics 

 Historical records of fruit quality were obtained for 92 cultivars (Appendices 2-3). 

When expressed on a scale of 1-3, the traits size, colour, texture, juiciness, acidity and 

sweetness followed an approximately normal distribution with most apples described as 

having a medium trait value. In contrast, the distributions of both aroma and quality 

were skewed, with a majority of apples described as low in aroma and low in quality. 

There were weak but significant Spearman correlations between aroma and quality (ρ = 

0.39), juiciness and aroma (ρ = 0.41), and juiciness and quality (ρ = 0.46). Neither the 

century nor the location of origin had significant effects on the variation in any of the 

eight fruit quality traits (Appendices 2, 3). 

 

2.4.3 Subpopulation 

 The 66 Heritage apples chosen for genotyping included a combination of 

cultivars with complete and incomplete historical records (Table 2.1, Appendix 2). The 

subset included a balance of apples with reported favourable or interesting fruit quality 

traits and diverse origins. The 66 apple subset was representative of the population 

wide distribution of all fruit traits except quality, for which the subset was distributed 

toward the higher trait values. Texture characteristics were evenly balanced between 

tender, firm and crisp. Most apples were considered juicy to very juicy, and were 

balanced in sweetness and acidity (Table 2.1, Appendix 2). The population subset also 

included ‘Russet’, an apple for which neither cultivar origin records nor fruit quality 

descriptions could be obtained, due to the ambiguous use of the term “russet” within 

many cultivar aliases (AAFC 2016; USDA ARS 2016; UK DEFRA 2016).  

 

2.4.4 Genotyping and linkage disequilibrium 

 The GBS data set for 66 apple cultivars consisted of 191,762 polymorphic SNP 

loci with 16 to 30 % missing data per genotype and 22 % missing data overall (data not 

shown). The GBS data were first filtered to retain 76,492 SNPs with less than 5 % 

missing data per locus. The data set was then imputed (Money et al. 2015) and further 

filtered to a minimum 10 % MAF. The final GBS marker set had 52,440 polymorphic 

SNPs with no missing data. The 52,440 SNPs provided a genome wide coverage of 1 
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SNP per 14 kb of the 742 Mb apple genome, with an average of 3,085 SNPs per 

chromosome (Appendix 4). 

 LD was found to extend an average distance of 58 kb (Appendix 4). There was a 

broad range in the chromosomal extent of LD. The farthest extent of chromosomal LD 

was 128 kb on Chr7, while the shortest was 13 kb on Chr17 (Figure 2.1). The average 

extent of LD at distances of 1 kb or less was only 280 bp, which was much smaller than 

the average genome wide extent of LD. The majority of SNP pairs separated by any 

distance had LD estimates below the r2 value of 0.2 and were considered to be not in 

LD (Figure 2.1, Appendix 4).  
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Figure 2.1: Linkage disequilibrium decay plots. Plots are shown for chromosomes 7 

and 17. The top plots show SNP pairs positioned up to 1 kb apart, and the bottom plots 

show all SNP pairs on each chromosome. LD is estimated to extend to the inter-SNP 

distance at which the LD decay curve falls to an r2 value of 0.2 (Marroni et al. 2011). 

The average extent of LD is 128 kb on chromosome 7 and 13 kb on chromosome 17. 
Figure 1 
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2.4.5 Population structure 

 A PCA was conducted using the 52,440 genome wide SNPs to evaluate 

population stratification (Figure 2.2). Fifty percent of the genomic variation within the 66 

apple cultivars was captured within the first 16 PCs. No clear overall structure was 

evident in a biplot of the first two PCs, which captured 8.0 % and 5.1 % of the genomic 

variation, respectively (Figure 2.2).  

 Some clustering of genotypes was observed based on geographic origin, with the 

four Russian cultivars plotted close together along the second PC (Figure 2.2). Four of 

the seven European cultivars were tightly clustered near the biplot origin, along with 

several North American cultivars. The North American cultivars, which made up a large 

proportion of the population, were scattered throughout the biplot. The three Asian and 

three Australian cultivars were also widely scattered, showing no population 

stratification. The two unknown genotypes were each co-localized with another cultivar, 

one from Asia and one from North America (Figure 2.2). 

 The century of origin did not correspond to a population structure (Figure 2.2). 

However, a radial pattern within the PCA biplot was observed, which indicated a larger 

degree of genomic variation in newer cultivars than in older cultivars. The cultivars with 

earlier centuries of origin were located near the centre of the biplot, while those 

originating in the 1800s and 1900s showed much more differentiation along both PCs. 

There was some separation along PC2 between apples originating before and after 

1900. The two apples with unknown dates of origin were located within the same 

quadrant as several 19th and 20th century cultivars (Figure 2.2).  
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Figure 2.2: Principal component analysis of 66 Vineland apple cultivars. The PCA is 

based on variation in 52,440 genome wide SNPs and is colour coded to indicate (a) 

century of origin or (b) location of origin according to the figure legend. 
Figure 2 
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2.4.6 Kinship structure 

 A Centred-IBS analysis was conducted using the 52,440 genome wide SNPs to 

evaluate population relatedness (Figure 2.3, Table 2.2). This analysis provided a matrix 

of pairwise IBS estimates that was adjusted to account for inbreeding within individuals 

while remaining appropriate for use in mixed model GWAS (Endelman and Jannink 

2012). Inbreeding was expected based on the known pedigrees of some cultivars 

included in the study (Appendix 1). The cultivars ‘Vista Bella’ and ‘Jersey Mac’, which 

were known to be derived from inbreeding within the ‘McIntosh’ family, had high IBS 

estimates of 0.84 and 0.91, respectively (Figure 2.3). The range of IBS estimates for 

individual cultivars (along the matrix diagonal) were 0.60 to 0.98, and the average was 

0.77. The range of IBS estimates between pairs of cultivars (excluding the diagonal) 

was -0.17 to 0.72, and the average was 0.01 (Figure 2.3, Table 2.2). 

 A hierarchical cluster analysis revealed five groups of cultivars with high pairwise 

IBS (Figure 2.3, Table 2.2). The ‘Red Delicious’ cluster had the highest average IBS of 

0.26, while the ‘Cox’s Orange Pippin’ cluster had the lowest average of 0.11. In several 

cases the clustered cultivars represented known families based on pedigree records 

(Table 2.1). For example, the ‘Golden Delicious’ cluster included its reported offspring 

‘Mutsu’, ‘Jonagold’, ‘Royal Gala’ and ‘Elstar’ (Tables 2.1, 2.2). The largest cluster 

included 10 cultivars reportedly related to ‘McIntosh’. Some clusters also included 

relationships that were not expected based on the known pedigrees. For example, the 

cultivar of unknown pedigree ‘Pear Gold’ was included in the ‘Golden Delicious’ cluster. 

The ‘Antonovka’ and ‘Blue Pearmain’ clusters consisted predominantly of cultivars not 

previously known to be related, however, the ‘Antonovka’ cluster included four Russian 

cultivars released during the 1800s (Tables 2.1, 2.2). 

 In addition to the five kinship clusters, several pairs of cultivars showed very 

close similarities with IBS estimates ranging from 0.60 to 0.70 (Figure 2.3). The cultivar 

pairs with high kinship included ‘Golden Delicious’ and ‘Russet’, ‘Cortland’ and ‘Heritage 

Gala’, ‘Fuji’ and ‘Leder Borsdorf’, ‘Red Delicious’ and ‘Vinebrite’, ‘Akane’ and ‘Snow’, 

and ‘Haas’ and ‘Idared’ (Figure 2.3). Among these cultivar pairs, only ‘Red Delicious’ 

and ‘Vinebrite’ were known to be clonally related based on pedigree (Table 2.1).  
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Figure 2.3: Kinship analysis of 66 Vineland apple cultivars. The kinship analysis was 

conducted using a Centered-IBS method (Endelman and Jannink 2012). The 3-letter 

codes represent the cultivars named in Table 2.1. The heat map indicates degree of IBS 

between cultivar pairs by colour intensity, with darker blue squares representing high 

IBS values and lighter blue squares representing low IBS values. The dendrogram 

indicates hierarchical clustering of the apple cultivars by IBS estimates. 
Figure 3 
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Table 2.2: Kinship estimates between Vineland apples for five clusters of cultivars 

which had high pairwise identity by state (IBS). 
Table 2 

 
 IBS estimatesA 

Expected parent-offspring 
relationshipsB Cluster of cultivars Lowest Average Highest 

Elstar 
Gala (Royal) 
Golden Delicious 
Grimes Golden 
Jonagold 
Mutsu 
Pear Gold 
Russet 

0.08 0.25 0.70 

GRI-GOD 
GOD-ELS 
GOD-JON 
GOD-MUT 
GOD-ROY 

Cortland 
Gala (Heritage) 
Hume 
Jersey Mac 
Liberty 
Lobo 
Macoun 
McIntosh 
Quinte 
Red Atlas 
Vista Bella 

0.01 0.15 0.65 

MCI-COR 
MCI-HUM 
MCI-LOB 
MCI-MAC 
MAC-LIB 

Dawn Mac 
Empire 
Fuji 
Leder Borsdorf 
Red Delicious 
Vinebrite 

0.09 0.26 0.64 

RED-FUJ 
RED-VIN* 
FUJ-DAW 
FUJ-EMP 

Antonovka 
Lodi 
Lubsk Queen 
McMahon 
Moscow Pear 
North Star 
Wealthy 
Yellow Transparent 

0.01 0.12 0.39 YET-LOD 

Blue Pearmain 
Cox's Orange Pippin 
Esopus Spitzenburg 
King 
Newtown Pippin 
White Winter Calville 

0.02 0.11 0.40 (none) 

All cultivars -0.17 -0.01 0.72 (see Table 2.1) 

A Genome-wide IBS was estimated using a Centered-IBS kinship analysis (Endelman and Janninck 2012). 
Summary values exclude estimates of IBS within a cultivar (across the matrix diagonal). 

B Expected parent-offspring relationships within each cluster are based on reported pedigrees (see Table 2.1, 
Appendix 1). Asterisks (*) denote cultivars derived from spontaneous mutation of the parental genotype. 



51 

2.4.7 Family relationships and pedigree 

 An IBD analysis was conducted using the 52,440 genome wide SNPs to evaluate 

family relationships between the 66 apple cultivars (Figure 2.4, Appendix 5). The 

distribution of population-wide z and �̂� estimates indicated that most cultivar pairs had 

low to moderate pairwise IBD (Figure 2.4). 

 Revisions to the Vineland apple pedigree were made based on observed IBD 

(Appendix 5). Thirty-six relationships were retained in the pedigree due to moderate IBD 

estimates, which supported the expected parent-offspring and sibling relationships. The 

expected clonal relationship between ‘Red Delicious’ and ‘Vinebrite’ was also supported 

by high IBD based on �̂�. Fourteen relationships were removed from the pedigree due to 

low IBD based on z0 and �̂�, which did not support the expected family relationships. For 

example, ‘Red Delicious’ was found to be unrelated to its reported seed parent ‘Yellow 

Bellflower’ based on z0 (Appendix 5).  

 Seventeen new relationships were added to the pedigree based on IBD 

(Appendix 5). The cultivars in the ‘Golden Delicious’, ‘McIntosh’ and ‘Red Delicious’ 

kinship clusters had IBD estimates that supported family relationships within each 

cluster based on �̂� (Figure 2.3, Table 2.2, Appendix 5). For example, the cultivar ‘Pear 

Gold’, which had no reported pedigree, was proposed to be derived from ‘Golden 

Delicious’ based on IBD estimates and the chronology of cultivar releases (Appendix 5). 

The six cultivar pairs with high IBS in the kinship analysis had IBD estimates that 

supported a clonal relationship between each cultivar pair based on z2 and �̂� (Figure 

2.3, Appendix 5). 

 Eight cultivars were found to have coefficients of inbreeding f of -0.45 or below, 

indicating a much smaller proportion of homozygosity than expected (Appendix 5). 

These cultivars included six known triploids, as well as ‘Spartan’ and ‘Colvert’ (Table 

2.1). Pedigree revisions were not included for the eight cultivars with low f values, as the 

IBD analyses predicted a large number of relationships that were not expected based 

on historical records for these cultivars (Appendix 5). The eight potentially triploid 

cultivars were retained in downstream analyses so as not to further reduce the 

moderate population size. 
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Figure 2.4: Distribution of IBD statistics. IBD estimates are based on pairwise 

comparison of 66 apple cultivars. The statistics z0, z1, z2 represent the probabilities of 

genome wide IBD = 0, 1 and 2, respectively, and �̂� represents the proportion of the two 

genomes that are identical by descent. 
Figure 4 
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2.4.8 Diversity analysis 

 A genome wide diversity analysis was conducted to detect potential genomic 

signatures of selection (Figure 2.5). The average genomic window size considered 

within this analysis was 5.62 Mb, with a step size of 0.63 Mb. Estimates of the Tajima’s 

D statistic (Tajima 1989) ranged from 2.15 to 3.70 within the sliding windows, and had 

an average value of 2.74. Four peak values of Tajima’s D were observed on 

chromosomes 7, 12 and 13 (Figure 2.5). These four peaks represented increased 

values of the diversity statistic relative to the genome wide average, indicating regions 

which may have undergone balancing selection (Tajima 1989; Simonsen et al. 1995). 

 There were 36 putative genes located within 100 kb of the midpoints of the four 

Tajima’s D peak loci (Appendix 6). Fourteen genes were proximal to Chr7:12,626,840 

including one putative transcriptional regulator. Seven genes were proximal to 

Chr7:25,557,786 including a putative kinase and a putative ribosomal protein. Five 

genes were proximal to Chr12:16,500,268 and ten genes were proximal to 

Chr13:1,040,439; these included three genes putatively involved in membrane 

synthesis and transport (Appendix 6).  



54 

 

 

 

 

Figure 2.5: Plot of Tajima’s D statistic across the apple genome. The alternating colours 

indicate alternating chromosomes. Peak positions are indicated by chromosome. The 

four highest peaks of Tajima’s D were detected on chromosomes 7, 12 and 13. 
Figure 5  
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2.4.9 Genome wide association study 

 A GWAS was conducted to determine whether the loci detected through the 

diversity analysis corresponded to loci or functionally annotated genes associated with 

apple historical phenotypes and cultivar origins (Figure 2.6, Table 2.3). The effects of 

population stratification estimated in the PCA were included in the GLM analysis. Seven 

loci were significantly associated with century of origin, including loci on chromosomes 

7, 12 and 13 (Figure 2.6, Table 2.3). The significant SNP detected on Chr13 at position 

Chr13:1,233,600 was located 0.2 Mb from the Tajima’s D peak (Figure 2.5). The 

significant SNPs detected on Chr7 and Chr12 did not co-localize with the Tajima’s D 

peaks on their respective chromosomes (Figures 2.5, 2.6).  

 One significant association was detected for fruit quality on Chr12 at position 

Chr12:15,324,301 (Figure 2.6, Table 2.3). This significant SNP was located 1.2 Mb from 

the Tajima’s D peak on Chr12 (Figure 2.5). There were two significant associations 

detected for apple fruit colour on Chr9 (Table 2.3). These SNPs were located 

approximately 0.1 and 0.5 Mb, respectively, from the expected genomic position of 

MdMyb1 (also known as MdMyb10) at Chr9:29,471,894 (Jung et al. 2013). There were 

no significant associations detected for the traits size, texture, juiciness, sweetness, 

acidity or aroma (data not shown). There were no significant associations detected in 

the MLM analyses (data not shown). 
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Figure 2.6: Manhattan plots for GWAS of apple cultivar origins and fruit quality. Cultivar 

century of origin and fruit quality rating were obtained from historical cultivar 

descriptions and treated as phenotypes in a GLM GWAS. The GWAS was conducted 

using 52,440 genome wide SNPs in 66 apple cultivars. The 5 % FDR is indicated by the 

horizontal line. 
Figure 6 
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Table 2.3: List of SNPs significantly associated with apple cultivar origins and fruit 

quality based on a GLM GWAS.  
Table 3 

Trait Position p-valueA R2 

Century of Origin 

Chr6: 10,698,698 3.2 x 10-7 0.37 

Chr7: 17,365,413 1.8 x 10-6 0.33 

Chr9: 13,825,384 5.5 x 10-6 0.27 

Chr12: 25,150,600 1.1 x 10-6 0.40 

Chr13: 1,233,600 3.0 x 10-6 0.37 

Chr17: 16,143,371 1.1 x 10-8 0.40 

Chr17: 24,268,790 5.6 x 10-8 0.34 

Fruit Quality Chr12: 15,324,301 3.0 x 10-7 0.29 

Fruit Colour 

Chr6: 2,106,520 4.8 x 10-8 0.33 

Chr9: 29,977,056 7.1 x 10-7 0.32 

Chr9: 29,334,543 8.8 x 10-7 0.31 

A P-values are significant according to a 5 % FDR (Benjamini and Hochberg 1995). 
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2.5 Discussion 
 

2.5.1 Apple population 

 A total of 66 apple cultivars chosen from among the 100 apple cultivars in the 

Vineland Heritage Apple Orchard were examined in this study (Table 2.1). Cultivar 

origins did not have a significant effect on fruit quality (Appendix 3), which suggested 

that traits such as firm texture, juiciness and sweetness were selected in multiple 

locations over several centuries.  

 The positive correlations observed between aroma, juiciness, and quality 

(Appendix 3) were consistent with previous reports (Kouassi et al. 2009; Corollaro et al. 

2013; Hardner et al. 2016) and with the prediction that juicy, aromatic apples are 

preferred by consumers (Harker et al. 2003; Cliff et al. 2015). As these traits remain 

critical targets for modern apple breeding (Hancock et al. 2008; Baumgartner et al. 

2016; Hardner et al. 2016), the goal of this study was to investigate how selection for 

these traits may have occurred over time, and to identify genetic loci associated with 

these important components of fruit quality. 

 

2.5.2 Genotyping and linkage disequilibrium 

 The 52,440 SNPs genotyped for the 66 apple cultivars in this study offered 

several insights into the population. The GBS data provided unbiased genome wide 

coverage of 1 SNP per 10 kb (Appendix 4). This was an intermediate coverage 

compared to the 1 SNP per 40 kb and 1 SNP per 2 kb available from the 20K and 480K 

apple SNP arrays, respectively (Bianco et al. 2014; Bianco et al. 2016). At the time of 

this study, the 480K array had not been released, making GBS a higher coverage and 

lower cost alternative to array genotyping (Elshire et al. 2011; Poland and Rife 2012). 

 The GBS SNP density was sufficient to provide saturating coverage of the apple 

genome, based on the 58 kb average extent of LD (Appendix 4). Previous apple GWAS 

have found the average LD to extend between 100 and 250 kb (Kumar et al. 2014; 

Leforestier et al. 2015). These results suggest that apples have an intermediate extent 

of LD between related species such as grape and peach, which show LD decay after an 

average of 300 bp and 800 kb, respectively (Myles et al. 2009; Micheletti et al. 2015). 
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However, the average extent of LD in this study was calculated based on a decay 

curve, which did not provide a strong fit for all SNP pairs (Figure 2.1). The majority of 

SNP pairs were not in LD, including SNP pairs separated by very short distances. The 

extent of LD calculated between SNPs separated by 1 kb or less was only 285 bp 

(Appendix 4). This short extent of LD agreed with a previous study of 690 diverse 

apples wherein LD extended only 100 bp (Migicovsky et al. 2016). The average LD 

estimates of around 100 kb may therefore not accurately represent the pattern of LD in 

diverse apples, which can vary across the genome and can decay after very short 

physical distances (Figure 2.1). 

 With good genome coverage, all SNPs in LD with major fruit quality QTL that are 

independent of population structure should be detectible (Zhu et al. 2008; Myles et al. 

2009). The detection of major QTL also requires an intermediate allele frequency and 

marker effects consistent with the additive GWAS model (Myles et al. 2009; Bush and 

Moore 2012). The 10 % MAF applied in this study was previously shown to be sufficient 

for the detection of QTL with moderate to large effect sizes (Myles et al. 2009). As well, 

the fruit quality traits were expected to be controlled by mostly additive variation (Janick 

et al. 1996), which would be detectible using a GLM or MLM GWAS (Bradbury et al. 

2007; Bush and Moore 2012). 

 Since LD in this study appeared to extend for very short chromosomal distances 

(Figure 2.1), it was not likely that the SNP coverage was adequate to detect all major 

QTL associated with the traits of interest. However, it was possible that SNPs with 

significant effects on fruit quality traits could be proximal to the causative genes. One of 

the first apple GWAS conducted using an 8K genotyping array detected significant 

associations for fruit quality traits within known causal genes such as MdMyb1 for fruit 

colour and MdPG1 for fruit firmness (Kumar et al. 2013). A recent apple GWAS 

conducted using GBS data detected a novel significant association for fruit firmness 

within a known fruit ripening gene, and proposed that the significant SNP actually 

represented the functional mutation (Migicovsky et al. 2016). The significant results of 

previous apple GWAS along with the short extent of LD in the present study suggested 

that a narrow window surrounding any significant SNP was likely to contain the 

causative gene.  
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2.5.3 Genome wide association study: fruit colour 

 No significant associations were detected for six of the eight traits evaluated in 

this study. The GWAS was not expected to yield strong results since the trait values 

were based on historical cultivar descriptions, rather than on replicated evaluation 

(Appendix 2). However, previous studies of historical apple data have found significant 

associations using binary trait values (Migicovsky et al. 2016). For example, apple skin 

colour is known to be primarily controlled by the MdMyb1 gene on Chr9 (Ban et al. 

2007), and a major QTL at this locus has been reported in both bi-parental crosses and 

association populations (Kumar et al. 2013; Gardner et al. 2014; Kumar et al. 2014). 

 The two Chr9 SNPs detected for fruit colour in the present GWAS were 

positioned within 500 kb of the MdMyb1 gene at Chr9:29,471,894 (Table 2.3) (Jung et 

al. 2013). There were two SNPs located more proximally to MdMyb1, but these were 

not significant for fruit colour or in LD with adjacent SNPs (data not shown). The 

problem of reduced localized LD in apple has been previously reported and was 

suggested to result from the incorrect positioning of SNPs based on the reference 

genome (Gardner et al. 2014; Migicovsky et al. 2016). The lack of LD between putative 

adjacent SNPs may have contributed to an underestimation of the extent of LD in this 

study. The two Chr9 significant fruit colour SNPs were located 640 kb apart (Table 2.3) 

but showed significant pairwise LD (data not shown). 

 Since the two significant fruit colour SNPs bordered the known MdMyb1 gene 

(Ban et al. 2007), they were not likely to be false positive associations. Instead, the 

distance between the fruit colour SNPs indicated that LD may have extended further 

than the estimated 58 kb average (Figure 2.1) and was likely closer to the extent 

predicted by Kumar et al. (2014) and Leforestier et al. (2015). The detection of a known 

major locus for fruit colour suggested that the genotypic data and population used in this 

study were appropriate to detect QTL with large effects. This result also suggested that 

there may be a substantial physical distance between significant SNPs and the genomic 

variants controlling their associated traits. 
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2.5.4 Genome wide association study: fruit quality 

 GWAS can be sensitive to spurious associations caused by population structure 

(Zhu et al. 2008). Thus the apple population stratification and family relationships were 

investigated using PCA and kinship analysis, respectively. The PCA showed that some 

stratification could be attributed to cultivar origin (Figure 2.2), but a variance analysis 

indicated that neither location nor century of origin had significant effects on any of the 

fruit quality traits (Appendix 3). Although there were no distinct subpopulations among 

the 66 cultivars, the observation that new cultivars had greater divergence along PCs 1 

and 2 than old cultivars (Figure 2.2) was consistent with the differentiation of cultivated 

apples over time (Cornille et al. 2012; Khan et al. 2014).  

 The clusters of genotypes observed in the PCA coincided with the clusters of 

genotypes detected in the kinship analysis (Figures 2.2, 2.3, Table 2.2). The kinship 

results were consistent to some extent with the family relationships predicted by 

pedigree (Table 2.1, Appendix 1), and indicated that while most cultivars were 

unrelated, there were three families of related cultivars (Figure 2.3, Appendix 5). The 

three cultivar families were derived from ‘Golden Delicious’, ‘McIntosh’ and ‘Red 

Delicious’, which are known to be key founding parents of modern apples (Noiton and 

Alspach 1996). 

 The ‘Golden Delicious’ family contained eight cultivars, including the popular 

commercial cultivar ‘Royal Gala’ and the previously unknown cultivar ‘Pear Gold’ 

(Figure 2.3, Table 2.2, Appendix 5). The cultivars within the ‘Golden Delicious’ kinship 

cluster were reported to be firm, sweet with mild acidity and high in fruit quality 

(Appendix 2). Seven of the eight ‘Golden Delicious’ family cultivars were found to be 

homozygous for the favourable allele of Chr12:15,324,301, the SNP associated with 

fruit quality (Figure 2.6, Table 2.3). This result suggested that the favourable allele may 

be in LD with an important fruit quality QTL within the ‘Golden Delicious’ family.  

 The ‘McIntosh’ family contained 13 cultivars, including the commercial cultivar 

‘Empire’ and the disease resistant cultivar ‘Liberty’ (Figure 2.3, Table 2.2, Appendix 5). 

The fruit quality in the ‘McIntosh’ family was lower than that in the ‘Golden Delicious’ 

family (Appendix 2). The relatively low quality in the ‘McIntosh’ family apples could be 

attributed to their softer fruit texture, since firmness is considered critical to the 



62 

perception of apple quality (Harker et al. 2008; Cliff et al. 2015). The ‘McIntosh’ family 

cultivars were all heterozygous for the Chr12 fruit quality SNP, Chr12:15,324,301 

(Figure 2.6, Table 2.3). The heterozygous genotype at this locus was associated with 

lower fruit quality, which was consistent with the lower quality reported in the ‘McIntosh’ 

family relative to the ‘Golden Delicious’ family. 

  The ‘Red Delicious’ family contained six cultivars, including the commercial 

cultivar ‘Fuji’ and the previously unknown cultivar ‘Leder Borsdorf’ (Figure 2.3, Table 

2.2, Appendix 5). The ‘Red Delicious’ family cultivars were sweet, low in acidity, and 

high in quality (Appendix 2). There were an equal number of homozygous and 

heterozygous genotypes for Chr12:15,324,301 within the ‘Red Delicious’ family (Figure 

2.6, Table 2.3). The cultivars ‘Empire’ and ‘Fuji’ were crisp with an unfavourable 

heterozygous genotype, while ‘Red Delicious’ and ‘Vinebrite’ were soft with a favourable 

homozygous genotype (Figure 2.6, Appendix 2). This result conflicted with the observed 

correspondence between apple texture and the Chr12 SNP genotype in the ‘Golden 

Delicious’ and ‘McIntosh’ families. 

 A perfect correspondence between the Chr12:15,324,301 genotype and apple 

texture was not expected since there was no significant correlation between texture and 

quality in the Vineland apples (Appendix 3). Fruit quality was likely influenced in part by 

texture and in part by factors including sweetness and aroma (Appendix 3), which are 

important parameters of consumer preference (Cliff et al. 2015). The association 

between texture and Chr12 SNP genotype in the ‘Golden Delicious’ and ‘McIntosh’ 

families suggested that texture was a large component of the fruit quality rating. 

However, the independent segregation of texture and Chr12 SNP genotype in the ‘Red 

Delicious’ family supported the hypothesis that fruit quality was a complex trait which 

could not be explained by texture alone. 

 The Chr12:15,324,301 SNP association with fruit quality was detected using a 

GLM GWAS that did not correct for kinship (Figure 2.6). The same association was not 

detected in an MLM GWAS, which included kinship as a random factor (data not 

shown). Thus, the Chr12 SNP could be considered a marker of family structure rather 

than a marker of fruit quality. This hypothesis was supported by the observation that all 

‘McIntosh’ family cultivars were heterozygous and almost all ‘Golden Delicious’ family 
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cultivars were homozygous at this locus. The locus was therefore examined for further 

evidence of a true fruit quality QTL.  

 A diversity analysis showed that the Chr12 fruit quality SNP was near a peak 

value of Tajima’s D (Figures 2.5, 2.6). High values of Tajima’s D indicate a high 

proportion of diverse haplotypes within a genomic region, and may represent loci having 

underwent balancing selection (Tajima 1989; Simonsen et al. 1995). Balancing 

selection refers to the maintenance of two or more alternate alleles or haplotypes at 

high frequencies within a population, due to the selective advantage of each allele or 

haplotype (Simonsen et al. 1995; Gonzalez-Martinez et al. 2006). The observed peaks 

in this study (Figure 2.6) were not considered direct evidence of balancing selection, 

since the Vineland apples did not meet the Tajima’s D assumptions of a constant 

population size with random mating and non-overlapping generations (Tajima 1989; 

Simonsen et al. 1995). Rather, the Tajima’s D peaks were considered suggestive of 

regions with increased haplotype diversity relative to the genome wide average (Figure 

2.6). This interpretation might still be consistent with a selective advantage of diverse 

haplotypes, since the cultivars originated in a variety of years and locations (Table 2.1). 

The presence of multiple haplotypes in balanced frequencies suggests that alternate 

haplotypes of the Chr12 locus may have conferred differential advantages in quality 

traits, depending on the environments in which the individual cultivars were selected.  

 There were four genes proximal to the Chr12 locus that did not have annotations 

and might with further investigation be found to contribute to a fruit quality phenotype 

(Appendix 6). QTL on Chr12 have previously been reported for fruit texture in 

segregating populations (Longhi et al. 2012; Ben Sadok et al. 2015) and for sucrose 

content in diverse germplasm (Guan et al. 2015). Firmness and sweetness have been 

reported to be the major components of fruit quality in apple (Harker et al. 2008; Cliff et 

al. 2015). Both the detection of the Tajima’s D peak and the reports of previous QTL on 

Chr12 suggest that despite its absence from the MLM GWAS, the significant SNP 

detected at Chr12:15,324,301 may represent a real genetic locus controlling apple fruit 

quality. 

 Controlling for both population structure and kinship may be too stringent to 

permit the detection of true QTL in GWAS (Myles et al. 2009). Previous apple GWAS 
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conducted using MLM have failed to detect significant associations for complex traits 

such as fruit size and weight (Kumar et al. 2013; Migicovsky et al. 2016) and even 

simple traits such as fruit colour (Lozano et al. 2014). Kumar et al. (2013) found no 

difference in the results of an apple GWAS when considering the effects of kinship and 

population stratification versus the effects of kinship alone. In this study, the similar 

cultivar clustering observed in both the PCA and kinship analyses (Figures 2.2, 2.3) 

suggested an overlap between the sources of variation captured by each analysis. The 

majority of the Vineland apple population also showed very little relatedness, despite 

the presence of three cultivar families (Figure 2.3). There were two additional kinship 

clusters which did not represent families of related cultivars based on IBD (Figure 2.3, 

Appendix 5). The lack of IBD within these two cultivar clusters and within the remaining 

population suggested that there was very little overall family structure in the Vineland 

apples. The PCA may therefore have captured sufficient population structure to produce 

meaningful GWAS results in the absence of a controlled kinship effect. 

 

2.5.5 Genome wide association study: cultivar origins 

 A significant SNP for apple cultivar century of origin was detected on Chr12, but 

it did not collocate with the fruit quality locus on the same chromosome (Figure 2.6, 

Table 2.3). This result was expected since cultivar origin did not have a significant effect 

on fruit quality (Appendix 3). There was, however, a significant SNP for cultivar origin at 

Chr13:1,233,600, which collocated with a peak value of Tajima’s D (Figures 2.5, 2.6). 

The collocation of a significant SNP for cultivar origin with a genomic region of 

haplotype diversity suggested that it may be a critical locus for the improvement of 

cultivated apples over time (Khan et al. 2014).  

 The genes surrounding the Chr13 locus included MDP0000321302, a putative 

DNA binding protein (Appendix 6) (Jung et al. 2013). The protein sequence for 

MDP0000321302 had an 80 % alignment with the Arabidopsis sequence At1g14600 

(Berardini et al. 2015) at the Myb domain (data not shown). The Myb domain 

(IPR001005) is a conserved DNA binding element in eukaryotic transcription factors 

(Stracke et al. 2001). Myb transcription factors in apple are reported to be induced in 

response to abiotic and biotic stresses (Cao et al. 2013), and may therefore have 



65 

played an important role in the adaptation of apple cultivars to various environments 

over time. MDP0000321302 is located within a Myb gene hotspot at the top of Chr13 

(Cao et al. 2013), which is consistent with the region of genomic diversity at this locus. 

 A number of QTL for development and adaptation have been detected on Chr13, 

including QTL for stem length (Khan et al. 2013) and powdery mildew resistance 

(Calenge and Durel 2006). Both tree architecture and disease resistance are important 

traits in cultivated apples that have been targets for improvement over the past 

centuries (Hancock et al. 2008; Segura et al. 2008; Baumgartner et al. 2016). The 

Chr13:1,233,600 SNP was located within the first intron of MDP0000224209, an un-

annotated gene which had a 60 % alignment with the putative apple disease resistance 

protein Resistance Gene Analog 3 (RGA3) (Velasco et al. 2010) (data not shown). 

Furthermore, MDP0000224209 is positioned within a cluster of four putative RGAs at 

the top of Chr13 (Jung et al. 2013; Perazzolli et al. 2014). The clustering of resistance 

genes is common in plants, and had been previously reported in apple (Velasco et al. 

2010; Perazzolli et al. 2014; Boocock et al. 2015). Together, the RGA and Myb genes 

may represent a significant source of variation in apple tree architecture and disease 

resistance. Alternate haplotype configurations for these genes may have conferred 

differential advantages in disease resistance for diverse apple cultivars, depending on 

the environment in which they were selected. 

 The collocation of the Myb transcription factors, reported QTL and RGAs within a 

narrow genomic region provide indirect evidence that the top of Chr13 represents an 

important locus for abiotic and biotic stress resistance in apple. The significant 

association detected for apple cultivar origin on Chr13 is not likely to be a spurious 

result, given its agreement with several previous findings. Notably, the allele distribution 

at the Chr13 SNP did not correspond with kinship structure, as was observed for the 

Chr12 fruit quality SNP in the ‘Golden Delicious’ and ‘McIntosh’ families (Figure 2.6, 

Table 2.3). This result supported the validity of GWAS results detected through GLM 

analysis, and suggested that population structure could be effectively controlled without 

a kinship effect in the model. 
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2.6 Conclusion 
 

 The GWAS in this report demonstrated that the 66 cultivars from the Vineland 

Heritage Apple Orchard were an appropriate population to permit the detection of 

genetic loci involved in apple fruit quality and adaptation. The significant association 

detected for fruit quality on Chr12 presents a candidate locus for the improvement of 

cultivated apples. Previous reports of QTL on Chr12 provide compelling evidence that 

this locus represents an important source of quantitative variation in apple fruit quality. 

Further investigation into this locus may reveal novel genes controlling critical aspects 

of apple texture, taste and flavour. The significant association detected for apple cultivar 

origin on Chr13, which collocated with a region of genomic diversity, also represents a 

significant finding. The top of Chr13 contains a cluster of Myb genes and RGAs, which 

may play an important role in apple abiotic and biotic stress response. Further 

investigation is needed to determine whether variation in one or more of these putative 

stress response genes is the genetic determinant behind disease resistance QTL 

previously identified on Chr13. 
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3.1 Abstract 
 

 Breeding apples is a long term endeavour and it is imperative that new cultivars 

are selected to have outstanding consumer appeal. This study has taken the approach 

of merging sensory science with genome wide association analyses in order to map the 

human perception of apple flavour and texture onto the apple genome. The goal was to 

identify genomic associations that could be used in breeding apples for improved fruit 

quality. A collection of 85 apple cultivars was examined over two years through 

descriptive sensory evaluation by a trained sensory panel. The trained sensory panel 

scored randomized sliced samples of each apple cultivar for seventeen taste, flavour 

and texture attributes using controlled sensory evaluation practices. In addition, the 

apple collection was subjected to genotyping by sequencing for marker discovery. A 

genome wide association analysis suggested significant genomic associations for 

several sensory traits including juiciness, crispness, mealiness and fresh green apple 

flavour. The findings include previously unreported genomic regions that could be used 

in apple breeding and suggest that similar sensory association mapping methods could 

be applied in other plants. 

 

3.2 Introduction 
 

 Apples (Malus x domestica) are one of the most economically important 

temperate fruit crops in the world and one of the most diverse (Velasco et al. 2010; FAO 

2014). Breeders have been eager to exploit the broad genetic and phenotypic diversity 

of this species in order to meet consumer demands for new and delicious apples 

(Hancock et al. 2008). Research on existing cultivars suggest there is a strong 

consumer preference for outstanding sweetness, crispness and juiciness (Hampson et 

al. 2000; Harker et al. 2008; Cliff et al. 2015). These sensory fruit quality attributes 

present primary targets for consumer-focused plant breeding in apples.  

 Genomics approaches have been employed to define apple fruit quality at a 

genetic level, and some major causative genes have been found. For example, the 

control of fruit acidity by the Ma locus on Chr16 was first mapped to a 150 kb region and 

then to a SNP within the malate transporter-like gene Ma1 (Maliepaard et al. 1998; Xu 
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et al. 2011; Bai et al. 2012). Similarly, the control of apple fruit firmness (FF) measured 

by mechanical force was mapped to three QTL on Chr1, Chr10 and Chr15 (King et al. 

2000; Maliepaard et al. 2001; Kenis et al. 2008). Subsequently, the genes MdACO1 and 

MdACS1 controlling climacteric ripening in apple fruit were found to lie within the texture 

QTL on Chr10 and Chr15, respectively (Costa et al. 2005), and the expansin gene 

MdExp7 involved in early fruit softening was positioned within the Chr1 QTL (Costa et 

al. 2008). A polygalacturonase gene MdPG1 also located on Chr10 was found to 

contain a SNP associated with FF (Costa et al. 2010). These examples of confirmed 

fruit quality QTL represent a few of several loci for which MAS is now routinely 

employed in apple breeding programs (Ru et al. 2015). 

 Conducting MAS for fruit quality traits promises to dramatically improve the 

efficiency of breeding apples (Ru et al. 2015). Early selection for favourable alleles of 

the above-mentioned genes controlling apple acidity and firmness can enable breeders 

to rapidly enrich their programs for seedlings with favourable taste and texture. Both 

traits are critical targets for selection, as it is known that consumers prefer apples with 

firm, crisp texture and with a balance of sweet to acid taste (Hampson et al. 2000; 

Harker et al. 2008; Cliff et al. 2015). Improvement in these and other quantitative fruit 

quality traits could be further achieved by the discovery and application of additional 

genetic markers for MAS. Given the decreasing cost of MAS and the relatively large 

cost of maintaining trees, ongoing investigations into the genetics of apple fruit quality 

are critical to continued gains in breeding efficiency (Luby and Shaw 2001; Baumgartner 

et al. 2016). 

 New sources of variation for previously characterized traits including taste and 

texture may be uncovered by analysing diverse apple germplasm in further QTL or 

association studies. A popular alternative to QTL mapping in simple or complex crosses 

is the GWAS, which does not require a designed mapping population (Myles et al. 2009; 

Khan and Korban 2012). Standard fruit quality traits were mapped in a six-parent family 

of 1200 apple seedlings as well as in a diverse collection of 115 apple accessions using 

GWAS (Kumar et al. 2013; Kumar et al. 2014). Results from the two populations 

differed in terms of significant associations: TA was mapped to Chr8 in the seedling 

population versus Chr16 in the diversity collection. While both significant loci mapped to 
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chromosomes at which QTL for TA had previously been reported (Kenis et al. 2008; 

Liebhard et al. 2003), the results of these studies demonstrate that mapping in diverse 

germplasm can reveal distinct loci from those found in segregating populations. The loci 

detected through both multi-family and diverse germplasm mapping studies have broad 

practical application for breeding, as they capture QTL present in numerous potential 

breeding parents. A specific advantage to GWAS of diverse germplasm is that it permits 

finer resolution of QTL than traditional QTL mapping. Historical recombination events 

have reduced the extent of LD within diverse germplasm, therefore significant markers 

are likely to be physically proximal to the true genetic regions controlling variation in fruit 

quality (Myles et al. 2009). 

 New sources of variation in fruit quality may also be revealed by using alternative 

phenotyping approaches. For example, significant efforts have been made to 

characterize the genetic components of apple texture through instrumental analyses. 

Crisp apple texture results from the breaking of apple cell walls through biting and 

mastication, while mealy apple texture results from the separation of cells at the middle 

lamella without breaking (Harker et al. 1992). Texture phenotyping has predominantly 

consisted of measuring fruit firmness as the mechanical force required to penetrate an 

apple with a blunt probe (King et al. 2000). However, when the components of apple 

texture were broken down into four acoustic and eight mechanical parameters, 

significant QTL were discovered on all but four of the 17 apple chromosomes, including 

both new and previously reported loci (Longhi et al. 2012). A similarly large number of 

texture QTL were detected in a separate study when mechanical compression and 

penetration parameters were mapped to 14 chromosomes alongside sensory 

descriptors of apple texture (Ben Sadok et al. 2015). These studies illustrate the genetic 

complexity of apple texture and the potential for new QTL to be discovered by mapping 

fruit quality traits with alternative phenotyping approaches. 

 Descriptive sensory evaluation of apples by a trained sensory panel is yet 

another means by which phenotypic fruit quality data can be generated for QTL 

discovery. Descriptive sensory evaluation involves the use of an independent panel of 

highly trained sensory analysts who are able to consistently quantify unique taste, 

texture and flavour attributes in apple fruits (Murray et al. 2001; Corollaro et al. 2013). 
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Each member of the sensory panel defines the intensity of pre-determined fruit quality 

traits in samples of apple, while blind to the types of apple and the sampling order 

(Corollaro et al. 2013; Cliff et al. 2015).  

 The potential advantage of descriptive sensory evaluation for QTL discovery lies 

in its applicability to consumer focused plant breeding (Hampson et al. 2000). Most 

apple genetic mapping studies for fruit quality use instrumental measures to model the 

human perception of fruit taste, flavour and texture. However, some traits evaluated by 

trained sensory analysts can differ significantly from instrumental predictions (Hoehn et 

al. 2003; Harker et al. 2006). Instrumental fruit firmness was found to be weakly 

correlated with sensory crispness (r = 0.5) and uncorrelated with juiciness (r = -0.2) in 

115 segregating seedlings of ‘Prima’ x ‘Fiesta’ (King et al. 2000). Similar weak 

correlations were observed between the same instrumental and sensory traits (r < 0.3) 

in 33 advanced selections and cultivars (Evans et al. 2010). TA was found to be highly 

correlated with acid taste in 15 segregating seedlings and parental cultivars assessed 

by sensory panelists (r = 0.9), but sweet taste could not be predicted by either sugar 

concentration (r = 0) or SSC (r = 0.4) (Harker et al. 2002b). Thus, using trained sensory 

measures to map fruit quality traits may provide insight into important additional QTL 

that are not captured by standard instrumental analyses. 

 Despite its potential, descriptive sensory evaluation for QTL discovery in apple is 

limited by high cost and low throughput. Both the cost of employing the panel and the 

length of time required for the evaluation considerably restrict the number of apple 

genotypes that can be included in such a study. A sensory panel is ideally composed of 

ten to twenty independent analysts who are able to precisely and repeatedly detect and 

describe taste, flavour and texture attributes of food products (Murray et al. 2001; 

Corollaro et al. 2013). The panel must be trained over several weeks to develop a list of 

descriptors and define intensity ranges for each quality attribute of the food product. 

During the formal evaluation period, analysts must evaluate each sample for every 

attribute previously defined by the panel (Murray et al. 2001; Corollaro et al. 2013). 

Controlled methods are applied to avoid common confounding effects in fruit tasting 

including name recognition bias, sample order bias, trait interaction and panelist fatigue 

(Murray et al. 2001; Stone et al. 2012). The results are quantitative and repeatable 
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measures of fruit quality traits as perceived by human consumers (Cliff et al. 2015; 

Corollaro et al. 2013). 

 Continued advancement in apple breeding relies critically upon the discovery of 

new genomic targets for MAS; such advancement can be sought both through the 

assessment of distinct apple populations as well as through alternative approaches to 

phenotypic data collection. In this study a trained sensory panel was employed to 

evaluate a moderately sized and diverse collection of apple cultivars over two years. 

GBS (Elshire et al. 2011) data was then used to conduct a GWAS of apple sensory 

taste, flavour and texture. The results show that fruit quality loci can be identified 

through descriptive sensory evaluation, which may have direct application in breeding 

fruit for consumer preference. This study demonstrates the applicability of combining 

sensory science with genomic analysis to define quality in horticulture products. 

 

3.3 Materials and Methods 
 

3.3.1 Apple germplasm 

 The germplasm used in this study consisted of 85 apple cultivars, which included 

57 heritage cultivars and 28 commercial cultivars (Table 3.1). This population was 

chosen to best capture the available variation in apple breeding germplasm while 

maintaining a feasible population size for descriptive sensory evaluation. The heritage 

cultivars were selected from a collection at the Vineland Research and Innovation in 

Vineland, Ontario, Canada, based on reports of their distinct fruit quality attributes and 

diverse origins (Beach 1905; Morgan and Richards 2002). The commercial cultivars 

were selected based on their availability from Canadian commercial apple growers and 

retailers. 

  



73 

Table 3.1: A list of 85 apple cultivars used in the study. Each apple is designated either 

commercial or heritage and a three-letter cultivar code is given. 
Table 4 

Apple Cultivar Designation Code  Apple Cultivar Designation Code 

8S6923 (Aurora Golden GalaTM) Commercial AUR    Freedom Heritage FRE  

Ambrosia Commercial AMB    Golden Russet Heritage GOL  

Co-op 39 (CrimsonCrispTM) Commercial CRI    Gala (Heritage) Heritage GAH  

Cortland Commercial COR    Grimes Golden Heritage GRI  

Creston Commercial CRE    Haas Heritage HAAA  

Cripps Pink (Pink LadyTM) Commercial PIN    Hume Heritage HUM  

Delblush (TentationTM) Commercial TEN    Irish Peach Heritage IRI  

Delfloki (DivineTM) Commercial DIV    Jersey Mac Heritage JER  

Elstar (Commercial) Commercial ELC    Jonagold Heritage JONA  

Empire Commercial EMP    King Heritage KIN  

Fuji Commercial FUJ    Leder Borsdorf Heritage LED  

Ginger Gold Commercial GIN    Liberty Heritage LIB  

Golden Delicious Commercial GODA    Lobo Heritage LOB  

Granny Smith Commercial GRA    Lodi Heritage LOD  

Honeycrisp Commercial HON    Lubsk Queen Heritage LUB  

Idared Commercial IDA    Macoun Heritage MAC  

Jonaprince (Red PrinceTM) Commercial REP    McMahon Heritage MCM  

McIntosh Commercial MCI    Moscow Pear Heritage MOS  

Minneiska (SweeTangoTM) Commercial SWE    Moyer Heritage Heritage MOY  

Mutsu Commercial MUTA    Newtown Pippin Heritage NEW  

Northern Spy Commercial NOSA    North Star Heritage NOR  

PremA17 (SmittenTM) Commercial SMI    NovaSpy Heritage NOVA  

Red Delicious Commercial RED    Ontario Heritage ONT  

Gala (Royal) Commercial ROY    Pear Gold Heritage PEA  

Scifresh (JazzTM) Commercial JAZ    Pomme Grise Heritage POM  

Silken Commercial SIL    Quinte Heritage QUI  

SPA440 (NicolaTM) Commercial NIC    Red Atlas Heritage REA  

SPA493 (SalishTM) Commercial SAL    Red Delicious (Vinebrite) Heritage VIN  

Akane Heritage AKA    Rome Beauty Heritage ROM  

Antonovka Heritage ANT    Roxbury Russet Heritage ROXA  

Baldwin Heritage BAL    Russet Heritage RUS  

Blenheim Orange Heritage BLE    Snow Heritage SNO  

Blue Pearmain Heritage BLU    Spartan Heritage SPA  

Bottle Greening Heritage BOT    St Lawrence Heritage STL  

Canada Red Heritage CAN    Summer Rambo Heritage RAM  

Chenango Strawberry Heritage CHE    Tolman Sweet Heritage TOL  

Colvert Heritage COL    Vista Bella Heritage VIS  

Cox's Orange Pippin Heritage COX    Wealthy Heritage WEA  

Dawn Mac Heritage DAW    White Winter Calville Heritage WHI  

Early Joe Heritage EAR    Winter Banana Heritage WIN   

Elstar (Heritage) Heritage ELH    Yellow Bellflower Heritage YEB   

Esopus Spitzenburg Heritage SPI    Yellow Transparent Heritage YET   

Fameuse Heritage FAM            

A Cultivars used only for SNP discovery (not phenotyped). 
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3.3.2 Apple genotyping 

 Genomic DNA was extracted from individual clones of each apple cultivar and 

subjected to GBS (Elshire et al. 2011). DNA samples were sent in duplicate to the 

Genomic Diversity Service at Cornell University for GBS library preparation using the 

restriction enzyme ApeKI and sequencing using an Illumina HiSeq 2000 instrument 

(Illumina Inc., San Diego, CA). Raw sequencing reads were processed with the 

TASSEL-GBS pipeline (Glaubitz et al. 2014) using default parameters and calling 

heterozygous genotypes based on the reference genome Malus x domestica v3.0.a1 

(Velasco et al. 2010; Jung et al. 2013).  

 The apple SNP data were stringently filtered using TASSEL 5.2 (Bradbury et al. 

2007) to improve the density and distribution of allele calls (Gardner et al. 2014). SNP 

loci with greater than 5 % missing data were removed and the remaining missing allele 

calls were imputed using the default parameters of linkage disequilibrium-k nearest 

neighbor imputation (Money et al. 2015). Following imputation, a stringent 10 % MAF 

filter was applied to yield the SNP data set used in all downstream analyses. 

 

3.3.3 Apple population statistics 

 Population structure and LD were evaluated based on variation in all SNP 

markers. Kinship and population stratification were evaluated in TASSEL 5.2 (Bradbury 

et al. 2007) using the Centered-IBS (Endelman and Jannink 2012) and PCA methods, 

respectively. Pairwise LD between all SNP pairs on a chromosome was estimated as r2 

using the software PLINK 1.07 (Purcell et al. 2007) and the chromosome-wise LD decay 

was estimated at an r2 value of 0.2 (Marroni et al. 2011). 

 

3.3.4 Apple sensory and instrumental evaluation 

 Phenotypic evaluations were conducted in 2012 and 2013. Each genotype from 

the apple population used in this study was designated as “heritage” or “commercial” 

based on the source of fruit (Table 3.1). The heritage apples were harvested from a 

small orchard located onsite at the Vineland Research and Innovation Centre. Heritage 

apple maturity was determined by visual inspection, tasting and a SI rating of five or 

higher according to the Cornell scale (Blanpied and Silsby 1992). The commercial 
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apples were sourced directly from Canadian apple growers or purchased from 

Canadian grocery retailers.  

 Both heritage and commercial apples were placed in cold storage (2°C; high 

humidity; normal atmosphere) for 10 to 20 days prior to phenotypic evaluation. This 

range of storage times was chosen to best fit the sensory panel schedule, which could 

accommodate up to six apple cultivars per weekly session. The heritage apple cultivars 

were evaluated as close as possible to their harvest SI indices while commercial apple 

cultivars were evaluated at SI indices of five or higher. Apples were removed from cold 

storage and placed at room temperature for 24 hours prior to evaluation. Due to 

challenges in fruit production and timing, seven apple cultivars were not included in the 

phenotypic evaluation (Table 3.1). 

 Descriptive sensory evaluation of the apple cultivars was conducted using a 

panel of 20 trained sensory analysts. Each analyst had previously been selected from a 

pool of 100 applicants screened for their ability to precisely discern and describe 

sensory attributes in food products (Murray et al. 2001). For this study, the sensory 

panel first developed a set of sensory descriptors for apple taste, flavour and texture 

attributes using a consensus method previously applied in descriptive sensory 

evaluation of apple (Harker et al. 2008; Corollaro et al. 2013).  

 The formal descriptive sensory evaluations were conducted in a dedicated 

sensory laboratory equipped with isolation booths, red lights to disguise apple skin 

colour and physical separation from the sample preparation area (Murray et al. 2001; 

Corollaro et al. 2013). The sensory panel examined four to six apple cultivars per 

session, which included two replicates of each cultivar, presented in a randomized 

order. The number of cultivars per session was limited to avoid panel fatigue and to 

ensure continued accuracy over time (Stone et al. 2012). The panel was blind to both 

the purpose of the study and the component apple cultivars. The sensory panel scored 

each apple sample for seven texture traits, seven flavour traits and three taste traits. 

Each sensory trait was scored on a scale of zero to 100, from no perceived intensity to 

the highest perceivable intensity. A short definition of each sensory attribute is given in 

Table 3.2. 
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Table 3.2: Description of quantitative apple fruit quality traits. Instrumental traits were 

defined and measured using standard methods as indicated. Sensory traits were 

defined and measured using descriptive sensory evaluation by a trained panel of 20 

sensory analysts. 
Table 5 

Trait Type TraitA Definition 

Instrumental 

Flesh Firmness mechanical force required to penetrate peeled apple flesh 

Soluble Solids Content soluble solids content in apple juice 

Titratable Acidity titratable acidity in apple juice 

Sensory 
Taste 

Acid acidic taste in apple flesh and juice 

Bitter bitter taste in apple flesh and juice 

Sweet sweet taste in apple flesh and juice 

Sensory 
Flavour 

Earthy earthy, musty aroma 

Floral floral aroma 

Fresh Green Apple grassy, vegetal aroma 

Fresh Red Apple apple aroma 

Honey honey aroma 

Lemony lemony aroma 

Oxidized Red Apple oxidized apple aroma 

Sensory 
Texture 

Astringent sensation of dry, puckering mouthfeel in apple flesh and juice 

Chewy amount and duration of chewing movements needed to rend apple flesh 

Crisp sound and sensation of breaking apart apple flesh in a single bite 

Juicy amount of liquid released from apple flesh by chewing 

Mealy sensation of soft, granular apple flesh 

Rate of Melt amount of apple flesh melted after a certain number of chews 

Skin Thickness amount of force needed to bite through apple skin 

A Traits were recorded in the following units: Flesh Firmness (kg), Titratable Acidity (g malic acid L-1), Soluble 
Solids Content (% Brix), Sensory Traits (perceived intensity: 0 to 100).  
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 Standard instrumental fruit quality data were collected on the same day as 

sensory evaluations for each cultivar (Table 3.2). Skin colour was recorded as presence 

or absence of red colouration (Gardner et al. 2014). FF was evaluated for five apples of 

each cultivar using a TA-XT Plus texture analyzer (Texture Technologies, Hamilton, 

MA). Texture analysis was conducted on two opposite, peeled sides of each apple, and 

FF was recorded as the maximum force (kg) applied by a blunt 11 mm diameter probe 

at 4.5 mm s-1 with an 8 mm penetration depth (Harker et al. 2002a). SSC and TA were 

measured in duplicate from three independent juice samples of each cultivar. SSC (% 

Brix) of each juice sample was measured using a digital refractometer. TA (g malic acid 

L-1 juice) was measured by titrating 2 mL of each juice sample to pH 8.1 with 0.1 N 

sodium hydroxide (Xu et al. 2011). 

 

3.3.5 Apple genome wide association study 

 BLUPs of apple cultivar (genotype) effects were estimated for each of the 

phenotypic fruit quality traits. Genotypic BLUPs were estimated through a reml variance 

analysis (Merk et al. 2012) using the lmer procedure of the lme4 package (Bates et al. 

2015) in R 3.2 (R Core Team 2016). Details of the variance components estimated for 

each trait are presented in Bowen et al. (2017). Broad sense trait heritabilities were 

estimated from the reml variance components (Merk 2014). Genotypes were also 

extracted as BLUPs for single and combined years to evaluate year-to-year consistency 

for associations. All trait BLUPs were adjusted with their trait means in order to be 

expressed on a practical scale for downstream analyses. Pearson correlations between 

years and Spearman rank correlations between traits were estimated from adjusted 

BLUPs using the rcorr procedure of the Hmisc package (Harrell and Dupont 2016) in R 

3.2 (R Core Team 2016).  

 Associations between the apple GBS data and trait BLUP values were evaluated 

in TASSEL 5.2 (Bradbury et al. 2007). Six PCs were included based on a scree test 

(Cattell 1966) to account for effects of population structure in both GLM and MLM 

analyses. The Centered-IBS matrix (Endelman and Jannink 2012) was included to 

account for kinship effects in the MLM and default parameters were used for both 

compression and variance component estimation. A 5% FDR significance threshold for 
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each association study was assigned using the Benjamini-Hochberg FDR correction 

(Benjamini and Hochberg 1995). In addition to conducting association studies for all 

quantitative fruit quality traits, the bimodal skin colour trait (red vs. yellow or green) was 

included as a reference phenotype to test the integrity of the SNP data and association 

models. Manhattan plots for association mapping results were visualized using the 

qqman package (Turner 2014) in R 3.2 (R Core Team 2016).  

 Loci with consistent effects for fruit quality traits across GWAS models were 

examined individually for segregation of SNP haplotypes and associated phenotypes. 

The effects of SNP allele on trait value were evaluated using a simple variance analysis 

in SAS 9.3 (SAS Institute, Cary, NC) for loci with mostly balanced haplotype 

distributions. Potential gains from selection were estimated as the difference between 

the mean of the favourable allele classes and the trait mean, and reported as a percent 

of the trait mean.  

 Genomic regions with significant SNPs were queried for putative candidate 

genes associated with apple fruit quality. Localized LD within the 0.5 Mb surrounding 

the locus of interest was estimated in PLINK1.07 (Purcell et al. 2007) and plotted using 

the ggplot2 (Wickham 2009) package in R 3.2 (R Core Team 2016). A list of genes 

positioned within 0.5 Mb of the locus of interest was obtained for the Malus x domestica 

v3.0.a1 reference genome (Velasco et al. 2010) from the Genome Database for 

Rosaceae (Jung et al. 2013) with gene ontology annotations and the first alignment of a 

protein BLAST (Johnson et al. 2012). The gene list was filtered to retain genes with 

non-redundant names, sequences and approximate positions. Filtered gene locations 

were plotted based on approximate start positions without scaling. 

 

3.4 Results 
 

3.4.1 Genotyping by sequencing 

 The GBS data set for 85 apple genotypes was generated from 490,753,997 raw 

Illumina sequencing reads. These data yielded 191,762 polymorphic SNP loci with 15 to 

75 % missing data per genotype and 20 % missing data overall. The SNP data were 

first filtered to retain 76,492 SNPs with less than 5 % missing data per locus. The data 
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set was then imputed (Money et al. 2015) and further filtered to a minimum 10 % MAF. 

The final SNP set had 0.35 % missing data overall. 

 The final GBS marker set had 52,440 polymorphic SNPs with an average of 

3,085 SNPs per chromosome (Appendix 7). The 52,440 SNPs provided a genome wide 

coverage of 1 SNP per 14.2 kb of the 742.3 Mb apple genome, and saturating coverage 

for all chromosomes based on the extent of LD. The extent of LD across each 

chromosome was estimated at an r2 value of 0.2 (Marroni et al. 2011) and found to 

extend an average distance of 58.4 kb (Appendix 7).  

 

3.4.2 Population structure 

 The 85 apple cultivars analyzed in this study showed a high level of genetic 

diversity with little population structure (Figure 3.1, Table 3.1). A PCA revealed a low 

degree of population stratification, with the first three PCs accounting for 18 % of the 

population wide SNP variation. No genomic distinctions between apples of red and 

yellow or green skin colour were observed, however, there was some separation across 

the first two PCs between the commercial and heritage apple cultivars. The Centered-

IBS kinship analysis (Endelman and Jannink 2012) also revealed an overall low level of 

relatedness (average IBS < 0) with very few pairs of closely related genotypes within the 

apple population (Figure 3.1). 
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Figure 3.1: Population structure of 85 apple cultivars based on genotypic variation. 

Principal component analysis biplots show (a,b) red apple cultivars represented by red 

circles and green/yellow cultivars represented with green squares, or (c) commercial 

apple cultivars represented by yellow triangles and heritage apple cultivars represented 

by blue squares. (d) Centered identity-by-state kinship heat map show close pairwise 

relatedness represented by dark values and distant relatedness represented by light 

values. Cultivar codes are defined in Table 3.1. 
Figure 7  
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3.4.3 Phenotypic variation 

 The phenotypic variation in 20 sensory and instrumental fruit quality traits was 

evaluated in 2012 and 2013 (Appendix 8). Since adequate fruits could not be obtained 

for seven cultivars, phenotyping was conducted for 78 of the 85 apple cultivars (Table 

3.1). The year to year Pearson correlations were moderate and the broad sense trait 

heritabilities were high for the three instrumental traits, which included FF, SSC and TA 

(Figure 3.2). Both ryear and H2 were more variable for the 17 sensory traits, which 

included three taste attributes, seven flavour attributes and seven texture attributes. The 

sensory traits with the highest ryear and H2 values included acid and sweet taste, fresh 

green apple flavour, and crisp, juicy and mealy texture (Figure 3.2).  

 Pairwise Spearman rank correlations were very weak between the instrumental 

fruit quality traits and their related sensory traits, except in the case of TA (Figure 3.2, 

Appendix 9). TA was positively correlated with acid (ρ = 0.85) and negatively correlated 

with sweet taste (ρ = -0.76). Several sensory traits were positively correlated with TA 

and acid taste including bitter taste, fresh green apple and lemony flavour, and 

astringent texture. As well, several sensory traits were negatively correlated with TA and 

acid taste, but positively correlated with sweet taste including floral, fresh red apple and 

honey flavour. SSC was poorly correlated with sweet taste (ρ = 0.18) (Figure 3.2). 

 Sensory texture was weakly correlated with FF, with the absolute value of ρ 

below 0.5 for FF compared with astringent, chewy, crisp, juicy, mealy and skin thickness 

attributes (Figure 2, Appendix 9). Among sensory texture traits there was a positive 

correlation between juicy and crisp (ρ = 0.79). Both juicy and crisp were also negatively 

correlated with mealy texture (ρ < -0.80). The remaining sensory texture traits including 

skin thickness and rate of melt were poorly correlated with juicy, crisp and mealy texture 

(Figure 3.2). 
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Figure 3.2: Year to year correlations, heritabilities and pairwise correlations for apple 

fruit quality traits. “Designation” refers to apple cultivars as either commercial or 

heritage, “ryear” is the Pearson correlation between years for each trait (green colour 

intensity corresponds to ryear magnitude), and “H2” is the broad sense trait heritability 

(violet colour intensity corresponds to H2 magnitude). Spearman rank correlations 

between traits range from highly positive (dark gold) to highly negative (dark blue). 
Figure 8 
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3.4.4 Genome wide association study 

 The SNP data were tested for reliability in GWAS using a trait with a known 

genomic position prior to analysis of quantitative fruit quality traits. Apple skin colour 

(red vs. yellow or green) was mapped to Chr9 with the most significant SNP at position 

Chr9:29,904,993 (Figure 3.3). This apple skin colour locus corresponded with the 

physical position of the MdMyb1 (also known as MdMyb10) gene controlling red skin 

colour (Ban et al. 2007; Jung et al. 2013). The Chr9 skin colour locus was significant in 

the GLM analysis, which included the fixed effects of population stratification but not the 

random effects of kinship (Bradbury et al. 2007; Yang et al. 2014). Although it did not 

reach the 5 % FDR threshold of significance, the Manhattan plot showed a clear 

association for the Chr9 locus in the MLM analysis, which included both population 

stratification and kinship effects (Bradbury et al. 2007; Yang et al. 2014). The apple skin 

colour SNP peaks observed in the MLM analysis were coincident with those detected in 

the GLM analysis (Figure 3.3). 

 The same SNP data and analysis methods were used to conduct a GWAS of 20 

quantitative fruit quality traits with genotypic BLUPs estimated from 2012, 2013 and 

combined year data. Significant marker effects were found for nine of the 20 traits 

evaluated using GLM analyses. However, only six traits had markers with repeated 

effects over two years (Figure 3.4, Table 3.3). These traits included instrumental SSC, 

the sensory flavour attribute fresh green apple, and the sensory texture attributes crisp, 

juicy, mealy and skin thickness. The SNPs with the highest significance in GLM were 

reported for all loci with repeated effects. The MLM analysis did not detect significant 

SNP effects for any of the quantitative fruit quality traits (Figure 3.4, Table 3.3). 

 A significant locus for SSC was detected on Chr8 for 2013 and combined year 

data (Figure 3.4, Table 3.3). The range of values for SSC within the population was 12 

to 17 % Brix (Appendix 8). The GLM GWAS results indicated that the Chr8 locus 

(Chr8:24,235,959) explained 43 % (R2 = 0.43) of variation in SSC for combined years 

(Table 3.3). No significant marker effects were detected for sensory sweet taste, which 

was poorly correlated with SSC (Figure 3.2). 
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Figure 3.3: Manhattan plots for the apple reference trait ‘skin colour’. The GWAS was 

conducted in 78 apple cultivars using GLM and MLM analyses. The most significant 

SNPs are indicated with black arrows; the 5 % FDR is indicated by the horizontal line. 
Figure 9 
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Figure 3.4: Manhattan plots for six fruit quality traits in 78 apple cultivars using GLM. 

Instrumental traits include SSC. Sensory traits include fresh green apple, skin thickness, 

juicy, crisp and mealy. The most significant SNPs with repeated effects are indicated 

with black arrows; the 5 % FDR is indicated by the horizontal line in each panel. 
Figure 10 
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Table 3.3: Association statistics of loci most significantly associated with apple fruit 

quality traits in combined years. GLM statistics are given for single and combined year 

data; MLM statistics are given for combined year data. 
Table 6 

Trait SNP Position 

2012 
(GLM) 

2013 
(GLM) 

Combined Years 
(GLM) 

Combined Years 
(MLM) 

p-value   R2 p-value   R2 p-value   R2 p-value R2 

SSC  Chr8:24,235,959  2.6 x 10-4   0.24 1.4 x 10-8 * 0.35 3.1 x 10-10 * 0.43 5.5 x 10-4 0.22 

Fresh Green Apple 

 Chr9:4,092,040  4.9 x 10-6   0.24 8.3 x 10-5 * 0.20 1.8 x 10-7 * 0.26 1.2 x 10-4 0.26 

 Chr12:10,115,943  3.0 x 10-7 * 0.28 1.2 x 10-5 * 0.23 4.0 x 10-8 * 0.28 6.4 x 10-4 0.22 

Crisp 

 Chr5:11,526,314  1.0 x 10-6 * 0.23 2.1 x 10-6   0.24 1.0 x 10-6 * 0.23 5.2 x 10-5 0.31 

 Chr13:6,049,060  3.8 x 10-4   0.17 6.8 x 10-6   0.22 1.3 x 10-6 * 0.23 1.0 x 10-5 0.37 

Juicy  Chr13:6,049,060  4.2 x 10-4   0.15 7.0 x 10-7 * 0.25 3.7 x 10-7 * 0.25 8.5 x 10-5 0.27 

Mealy 

 Chr5:11,526,314  2.0 x 10-9 * 0.34 3.7 x 10-4   0.16 3.0 x 10-6 * 0.23 9.3 x 10-5 0.29 

 Chr10:24,387,143  1.5 x 10-4   0.19 1.2 x 10-5 * 0.19 4.7 x 10-6 * 0.26 1.5 x 10-3 0.19 

Skin Thickness  Chr10:28,123,441  1.7 x 10-2   0.10 3.5 x 10-7 * 0.29 9.6 x 10-7 * 0.25 1.0 x 10-4 0.28 

*Marker-trait associations are significant based on a 5 % Benjamini-Hochberg FDR (Benjamini and Hochberg 1995) 
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 Two significant loci for fresh green apple flavour were detected on Chr9 and 

Chr12 for 2012 and combined year data (Figure 3.4, Table 3.3). The range of values for 

fresh green apple flavour intensity within the population was 12 to 22 points (Appendix 

8). The intensity of fresh green apple flavour did not correspond to the colour of the 

apple cultivars (ρ = -0.26) (Figure 3.2). The GLM GWAS indicated that the Chr9 

(Chr9:4,092,040) and Chr12 (Chr12:10,115,943) loci respectively explained 26 % and 

28 % of the variation in fresh green apple flavour for combined years (Table 3.3). No 

significant marker effects were detected through GWAS for TA or for the sensory taste 

attribute acid, both of which were positively correlated with fresh green apple flavour 

(Figure 3.2). 

 Two significant loci were shared by the correlated texture traits crisp, juicy and 

mealy (Figure 3.4, Table 3.3). The range of texture intensity values was 16 to 59 points 

for crisp, 22 to 57 points for juicy and 14 to 53 points for mealy (Appendix 8). A 

significant locus on Chr5 was found for both crisp and mealy texture in 2012 and 

combined years. GLM GWAS results indicated that the Chr5 locus (Chr5: 11,115,943) 

explained 23 % of the variation in both crisp and mealy texture for combined years. A 

second significant locus was detected on Chr13 for crisp texture in combined years and 

for juicy texture in 2013 and combined years. GLM GWAS results showed that the 

Chr13 locus (Chr13:6,049,060) explained 23 % of the variation in crisp and 25 % of the 

variation in juicy texture for combined year data (Table 3.3).  

 Two additional significant loci for apple sensory texture were detected on Chr10 

(Figure 3.4, Table 3.3). A significant locus on Chr10 was found for mealy texture in 2013 

and combined years. GLM GWAS results indicated that this locus (Chr10:24,387,143) 

explained 26 % of the variation in mealy texture for combined years. Another significant 

locus on Chr10 was also identified for skin thickness for 2013 and combined years 

(Figure 3.4, Table 3.3). Skin thickness was poorly correlated with mealy texture (ρ = 

0.26, Fig 2). The range of intensity values for skin thickness within the population was 

38 to 52 points (Appendix 8). The GLM GWAS estimated that this locus 

(Chr10:28,123,441) explained 25 % of the variation in skin thickness for combined year 

data (Table 3.3). No additional significant loci were detected for apple texture traits, 

including instrumental FF.  
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3.4.5 Candidate sensory trait loci 

 The significant associations detected in GLM GWAS were compared against 

MLM analyses. SNP peaks corresponding with the significant GLM loci were not 

observed in the MLM Manhattan plots for the traits SSC, fresh green apple, mealy or 

skin thickness (Table 3.3). However, the MLM analyses for crisp and juicy texture did 

show a peak of SNP markers on Chr13 that were coincident with the significant locus 

detected in GLM analyses (Table 3.3, Figure 3.5). 

 The Chr13:6,049,060 sensory texture locus was examined in a simple variance 

analysis, which considered the effects of allele class on apple texture (Figure 3.6, S3 

Table). The results of this analysis indicated that allele class at Chr13:6,049,060 

explained 34 % of the variation in crisp and 40 % of the variation in juicy texture. The 

mean difference in texture intensity between homozygous allele classes was 13.4 points 

for crisp and 11.5 points for juicy (Figure 3.6). A significant effect of allele class at 

Chr13:6,049,060 was also detected for mealy texture (p < 0.0001), which explained 29 

% of the trait variation (Appendix 10). Mealy texture was strongly correlated with crisp 

and juicy attributes (Figure 3.2). The allele class at this locus had a small effect on the 

instrumental texture trait FF (p < 0.05), but FF was poorly correlated with crisp, juicy and 

mealy sensory texture (Figure 3.2, Appendix 10).  

 The Chr13:6,049,060 sensory texture locus had a balanced distribution of alleles 

with 15 homozygous unfavourable, 38 heterozygous and 25 homozygous favourable 

individuals (Figure 3.6). The homozygous unfavourable allele class represented low 

crisp, low juicy and high mealy trait values. There were no significant differences 

between the homozygous favourable and heterozygous allele classes, which together 

represented high crisp, high juicy and low mealy trait values (Figure 3.6, Appendix 10). 

The homozygous favourable allele class included commercial cultivars such as 

‘Ambrosia,’ ‘Honeycrisp’ and ‘Scifresh’ (‘JazzTM’). The heterozygous allele class 

included commercial cultivars such as ‘Fuji,’ ‘Silken’ and ‘Minneiska’ (‘SweeTangoTM’). 

The homozygous unfavourable allele class included the commercial cultivar ‘McIntosh’ 

as well as the heritage cultivars ‘Blue Pearmain’ and ‘Lodi’. 

 The genomic region surrounding Chr13:6,049,060 was examined for candidate 

genes associated with textural fruit quality. The average LD on Chr13 extended 122 kb, 
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and a region of high localized LD was observed from 5.8 to 6.1 Mb (Figure 3.7, 

Appendix 7). There were 68 putative non-redundant genes within the 500 kb bordering 

the significant texture locus. The approximate locations for each of these genes based 

on start position are presented (Figure 3.7). The nine genes most proximal to the 

texture locus (within 50 kb) included one putative cytochrome p450, one vacuolar 

membrane protein and seven genes of unknown function. A putative PME gene 

(MDP000021997) potentially involved in regulating the structure and breakdown of 

apple fruit cell walls was located at Chr13:6,262,833, approximately 214 kb from the 

sensory texture locus (Figure 3.7) (Jung et al. 2013; Micheli 2001; Segonne et al. 2014). 
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Figure 3.5: Manhattan plots for crisp and juicy sensory texture in 78 apple cultivars 

using MLM. The locus of interest is indicated with open arrows; all SNPs are below the 

5 % FDR threshold. 
Figure 11 
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Figure 3.6: Stacked frequency distribution of 78 apple cultivars for crisp and juicy 

sensory texture based on allele class at Chr13:6,049,060. The mean trait values of the 

favourable AA (green) and AC (yellow) alleles are indicated with open arrows and the 

means of the non-favourable CC (orange) alleles are indicated with closed arrows. 

Sensory intensity values are scored on a scale of zero to 100. 
Figure 12  
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Figure 3.7: Detailed view of the apple sensory texture locus on Chr13. (a) Manhattan 

plot for juicy texture with (b) a detailed view of Chr13: 5.8 Mb to 6.3 Mb showing the 

significant association at Chr13:6,040,960. (c) Non-redundant Malus x domestica gene 

positions (not to scale) with MDP000021997 circled. (d) Physical positions and LD for 

the 122 SNPs in the 0.5 Mb region (colour intensity corresponds with r2 magnitude). 
Figure 13  
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3.5 Discussion 
 

 The present GWAS made use of a moderately sized, diverse population of 85 

commercial and heritage apple cultivars with a wide range of fruit quality attributes 

(Figure 3.1, Appendix 8). The population size was limited in order to accommodate the 

high cost and low throughput nature of descriptive sensory evaluation (Hampson et al. 

2000; Oraguzie et al. 2009; Corollaro et al. 2013) and facilitated the detection of large 

marker effects with sufficient statistical power (Figures 3.3, 3.4) (Myles et al. 2009; Khan 

and Korban 2012). The GBS SNP data showed a high level of population diversity with 

very little structure (Figure 3.1). The use of descriptive sensory phenotyping combined 

with the diverse population and robust GBS data enabled the discovery of previously 

unreported apple fruit quality loci including one novel locus associated with juiciness 

and crispness, which are both primary drivers of consumer preference (Figures 3.4 to 

3.7) (Hampson et al. 2000; Harker et al. 2008; Cliff et al. 2015). 

 

3.5.1 Apple population 

 The apple population featured a high level of genotypic diversity (Figure 3.1). 

Previous apple GWAS have reported genomic population structure with subpopulations 

arising from distinct geographical origins (Kumar et al. 2014) or from distinct market 

classes (Leforestier et al. 2015). A large GWAS of 1200 diverse peach accessions also 

reported a clustering of subpopulations according to geographical origin, with more than 

20 % of the population structure captured in the first two PCs (Micheletti et al. 2015). In 

our study, the first three PCs captured only 18 % of the genomic population structure 

and did not show any sub-clusters of genotypes (Figure 3.1). This low level of structure 

in our population reflected the diverse geographic origins of the apple cultivars included 

and strengthened the association analyses (Table 3.1) (Beach 1905; Morgan and 

Richards 2002).  

 While all apple cultivars were considered to fall within the “dessert apple” market 

class (Beach 1905; Morgan and Richards 2002), there was some separation of cultivars 

based on designation (heritage vs. commercial) along PC1 (Figure 3.1). This separation 

could reflect some differences in temporal origins. The heritage cultivars were mostly 
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released before the 20th century while the commercial cultivars were mostly released 

during the 20th century and in some cases share common ancestors (Table 3.1) (Beach 

1905; Morgan and Richards 2002). The shared ancestry of some commercial cultivars 

was reflected in the kinship analysis (Figure 3.1). The kinship analysis revealed the 

population to be otherwise highly unrelated with a few pairs of closely related genotypes 

(Figure 3.1). The potential confounding effects of population stratification were included 

as fixed effects in both GLM and MLM analyses to avoid the detection of spurious 

associations (Bradbury et al. 2007; Yang et al. 2014). 

 

3.5.2 Apple genome wide association study 

 The reference trait apple skin colour was mapped prior to GWAS of the fruit 

quality traits (Figure 3.3). The GLM analysis provided more statistical power to detect 

significant associations than MLM. A clear association signal on Chr9 was observed for 

skin colour using the MLM analysis, but this association fell below the 5 % FDR 

threshold. The most significant locus for both analyses corresponded to the expected 

gene position of MdMyb1 on Chr9 (Figure 3.3) (Jung et al. 2013; Ban et al. 2007). 

 While MLM is known to be a more robust tool for GWAS in populations for which 

familial relationships may cause spurious results (Yang et al. 2014), it is clear from the 

apple skin colour analysis that the increase in stringency of MLM can be an impediment 

to the detection of important sources of variation (Figure 3.3). The reduced power of 

detection has been discussed as a drawback of MLM GWAS (Yang et al. 2014), which 

is further affected by smaller population sizes. A recent MLM GWAS conducted using 

115 diverse apple accessions was unable to detect any significant associations for the 

sensory traits “crispness,” “juiciness” or “flavour intensity” (Kumar et al. 2014).  

 For the present study, which made use of a moderate population size, the 

significant findings of GLM GWAS are reported. The apple skin colour mapping results 

indicated that the apple population, GBS data set and GLM GWAS approach were 

sufficiently robust to detect known associations and were therefore appropriate to use in 

mapping fruit quality traits (Figures 3.3, 3.4). Once significant associations were 

detected in GLM analyses, the results were compared with MLM plots to determine 

whether associations were still evident when kinship effects were taken into account 
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(Figures 3.3, 3.5). The reported sensory fruit quality loci are QTL that show evidence of 

coincident association in GLM and MLM GWAS, or are consistent with previous findings 

(Table 3.3). 

 

3.5.3 Apple taste and flavour 

 The sensory approach to apple phenotyping was chosen for its direct 

measurement of taste, flavour and texture traits as they will ultimately be perceived by 

consumers (Table 3.2). For example, sweet taste is known to be a preferred trait for 

consumers (Harker et al. 2008), but few MAS targets for sweetness have been 

proposed (Guan et al. 2015). SSC is an instrumental measure commonly used to 

approximate the sugar content and predict the sweetness of apple fruits (Harker et al. 

2002b). Many apple quality mapping studies have used SSC data for QTL discovery 

(Guan et al. 2015).  

 Previous studies of SSC and sugar content in apple have suggested that these 

traits are controlled by a large number of small effects loci (Guan et al. 2015). Our 

results were not consistent with these previous studies, as a large percentage of 

variation (R2 = 0.43) was explained by the single significant locus we detected for SSC 

at Chr8:24,235,959 (Figure 3.4, Table 3.3). This result supported a QTL previously 

reported on Chr8 in the progeny of ‘Fiesta’ x ‘Discovery,’ which explained 11 % of the 

SSC variation (Liebhard et al. 2003). Although most studies of SSC including that by 

Liebhard et al. (2003) have reported multiple QTL, a recent GWAS of 115 apple 

accessions did not find any significant SNPs (Kumar et al. 2014). Our result could be 

considered consistent with that of Kumar et al. (2014) in that the vast majority of SNP 

effects were scattered below the 5% FDR threshold (Figure 3.4). Further, we did not 

detect any significant associations for sensory sweet taste.  

 Since no direct associations were detected for sweet taste in this study, we 

examined the correlations between sweet and other fruit quality traits. Sweet taste was 

poorly correlated with SSC (ρ = 0.18, Figure 3.2), a result which has previously been 

reported (Harker et al. 2002b; Oraguzie et al. 2009; Cliff et al. 2015). Thus the 

Chr8:24,235,959 SSC locus was determined to be of little benefit to consumer focused 

apple breeding. However, sweet taste was found to be negatively correlated with fresh 
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green apple flavour (ρ = -0.62, Figure 3.2). Fresh green apple flavour was defined by 

the sensory panel as ‘grassy, vegetal aroma’ (Table 3.2). Apple flavour and aroma have 

previously been shown to influence the perception of sweetness and consumer 

preference (Mehinagic et al. 2006; Cliff et al. 2015). This relationship between taste and 

flavour was particularly compelling to this study since two significant loci were detected 

for fresh green apple flavour (Figure 3.4, Table 3.3).  

 Previous studies of apple sensory flavour have detected significant associations 

with the major apple acidity loci on Chr8 and Chr16 (Kumar et al. 2015). Although fresh 

green apple was positively correlated with TA (ρ = 0.58), neither acidity locus was 

significant in this study (Figures 3.2, 3.4). Rather, the Chr9:4,092,040 and 

Chr12:10,115,943 fresh green apple flavour loci were both proximal to QTL for apple 

volatile compounds known to contribute to fruity apple aroma (Table 3.3) (Mehinagic et 

al. 2006; Dunemann et al. 2009; Kumar et al. 2015). The co-localization of the fresh 

green apple loci with QTL for several apple aroma volatiles was consistent with previous 

suggestions that apple sensory flavour arises from the interaction of multiple volatile 

compounds detected simultaneously by the olfactory system (Mehinagic et al. 2006). 

 The Chr9:4,092,040 and Chr12:10,115,943 fresh green apple loci present good 

potential targets for MAS. The loci each captured a moderate proportion of the variation 

in fresh green apple flavour, with 26 % of the trait variation explained by Chr9:4,092,040 

and 28 % explained by Chr12:10,115,943 (Table 3.3). Both loci also had significant 

effects on apple sensory acid and sweet taste (Appendix 10). Apple cultivars 

homozygous for unfavourable alleles of both loci such as ‘Granny Smith’ and ‘Ontario’ 

had high acidity and low sweetness phenotypes, and may therefore represent a 

candidate haplotype for deselection. The potential partially additive interaction between 

the Chr9:4,092,040 and Chr12:10,115,943 fresh green apple loci merits further 

investigation in a larger diverse population or segregating germplasm. If they can be 

validated in a large population, then applying these fresh green apple loci in MAS would 

permit overall improvement in sweet taste as well as in a number of apple fruit quality 

traits for which significant associations were not detectible, due partly to poor 

correlations between years and low heritabilities (Figure 3.2). 
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3.5.4 Apple texture 

 The GLM GWAS revealed four significant loci for sensory texture (Figure 3.4, 

Table 3.3). Three of these significant loci were positioned on the same chromosomes as 

previously reported QTL for apple texture, while the fourth was positioned on a 

chromosome for which no previous QTL have been reported (Table 3.3).  

 Chr10 has been widely reported to contain a major QTL for apple texture, which 

explains between 20 and 49 % of the variation in acoustic-mechanical texture 

parameters (Longhi et al. 2012; Bink et al. 2014). In this study, one significant locus for 

mealy texture and one significant locus for skin thickness were detected on Chr10 

(Figure 3.4, Table 3.3). These loci were separated by 3.7 Mb and were located toward 

the bottom of Chr10. Both loci captured a moderate proportion of the variation in their 

respective sensory texture traits, with Chr10:24,387,143 explaining 26 % of the variation 

in mealy and Chr10:28,123,441 explaining 25 % of the variation in skin thickness (Table 

3.3). These results suggest an important role for Chr10 in the texture properties of apple 

fruit, which include both instrumental traits that can be precisely and systematically 

measured, as well as sensory traits that can be critical to predicting consumer 

preference (Harker et al. 2002a; Longhi et al. 2012; Cliff et al. 2015). 

 The detection of significant sensory texture loci on Chr10 was also consistent 

with the findings of previous apple sensory QTL studies (King et al. 2000; Ben Sadok et 

al. 2015). A moderate effect QTL was reported on Chr10 for the traits “slow breakdown” 

and “hardness” in a descriptive sensory evaluation study (King et al. 2000). A large 

effect QTL on Chr10 was also reported for the trait “firmness” in a sensory texture study 

(Ben Sadok et al. 2015). The trait “slow breakdown” was described similarly to mealy 

texture, which our sensory panel defined as ‘the sensation of soft, granular flesh’ (Table 

3.2) (King et al. 2000). The traits “hardness” and “firmness” were described similarly to 

skin thickness, which our panel defined as ‘the amount of force needed to bite through 

apple skin’ (Table 3.2) (King et al. 2000; Ben Sadok et al. 2015). While the study by 

King et al. (2000) used 11 trained sensory panelists and the study by Ben Sadok et al. 

(2015) used four expert tasters, both studies reported an important Chr10 QTL for 

sensory apple texture, which our results support. Together, these results indicate that 

sensory phenotypic data can be used to validate QTL first detected in instrumental 
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analyses, and that the Chr10 apple texture QTL is robust to different methods of 

sensory evaluation. 

 The genes MdPG1 and MdACO1, which are located toward the centre and 

bottom of Chr10, respectively, are candidate genes controlling apple firmness and 

storability (Costa et al. 2005; Costa et al. 2010). Although distal to the significant loci for 

mealy and skin thickness (Table 3.3) (Jung et al. 2013), these two genes may have 

contributed to textural variation in the apple population. The commercial cultivars 

included in this study were enriched for favourable alleles of both genes, and had 

phenotypes with low mealy and skin thickness values (Appendix 11). While the effects 

of Chr10 on sensory texture were moderate in this study, it is possible that large effects 

would be detected after two or more months, which is the common storage period 

employed in apple texture mapping studies (Longhi et al. 2012; Bink et al. 2014; Ben 

Sadok et al. 2015). Conducting MAS for apple texture based on Chr10 would likely 

benefit more from using the well-characterized genomic variation in MdPG1 and 

MdACO1 than from the two Chr10 loci presented on this study. Neither 

Chr10:24,387,143 nor Chr10:28,123,441 had significant effects on instrumental FF, a 

trait for which no significant loci were detected (Appendix 10). 

 Previous studies of apple texture have detected QTL for fruit firmness and 

crispness on Chr5. A moderate effect QTL was reported on Chr5 for sensory crispness 

and hardness in the ‘Prima’ x ‘Fiesta’ population (King et al. 2000). QTL on Chr5 were 

also reported for several mechanical texture parameters in the cross of ‘Fuji’ x ‘Deleary’, 

explaining approximately 20 % of the trait variation (Longhi et al. 2012). Our detection of 

a significant locus at Chr5:11,526,314, which explained 23 % of the variation in each 

crisp and mealy texture, was consistent with these findings (Figure 3.4, Table 3.3) but 

was inconsistent with a study of 27 pedigreed apple families in which Chr5 did not 

contribute to fruit texture (Bink et al. 2014). As well, no strong candidate apple texture 

genes have been proposed on Chr5 (Longhi et al. 2012). The MLM analyses also did 

not indicate strong associations for crisp and mealy sensory texture at Chr5:11,526,314 

(Table 3.3). The absence of a candidate gene and the weak MLM associations 

suggested that Chr5:11,529,314 should not be investigated further as a potential locus 

for MAS.  
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 To our knowledge, QTL for apple texture have not previously been reported on 

Chr13. Manhattan plots derived from MLM analyses in a recent GWAS showed 

evidence of an association with sensory juiciness on Chr13, however, this association 

was not significant and was therefore not discussed by the authors (Kumar et al. 2014). 

The study by Kumar et al. (2014) was conducted in an apple germplasm collection that 

represented more genotypic and phenotypic diversity than the bi-parental mapping 

populations in which most apple texture QTL have been discovered. Two previous 

studies of apple sensory crisp and juicy texture in bi-parental populations did not find 

QTL for either trait on Chr13 (King et al. 2000; Ben Sadok et al. 2015). Both QTL 

studies used similar descriptions as our sensory panel, which defined crisp texture as 

the ‘sound and sensation of breaking apart apple flesh in a single bite,’ and juicy texture 

as the ‘amount of liquid released from apple flesh by chewing’ (Table 3.2), but the QTL 

reported were not consistent between studies (King et al. 2000; Ben Sadok et al. 2015). 

The difference in crisp and juicy QTL detected by each study suggests that mapping 

sensory texture can be sensitive to the population under investigation.  

 In our study a significant sensory texture locus at Chr13:6,049,060 explained 23 

% of the variation in crisp and 25 % of the variation in juicy texture (Table 3.3). Our 

results support the association between sensory juiciness and Chr13 observed in 

diverse germplasm (Kumar et al. 2014). The associations we detected using GLM 

analyses for both crisp and juicy at Chr13:6,040,060 were coincident in MLM analyses, 

which supports the validity of this texture locus (Figure 3.5). We consider 

Chr13:6,049,060 to represent an important new candidate texture QTL that was derived 

from robust descriptive sensory evaluation and that captures the variation in diverse 

apple germplasm. 

 A putative apple PME gene (MDP000021997) was identified 214 kb downstream 

of the Chr13:6,049,060 locus (Figure 3.7) (Jung et al. 2013). Although located slightly 

beyond the large region of localized LD on Chr13 (Figure 3.7), this PME gene could be 

considered a candidate gene for control of apple sensory texture. PME genes are 

conserved in multicellular plants and function predominantly in the de-

methylesterfication of cell wall polygalacturonans (Micheli 2001). Other apple 

pectinesterase genes have been found to collocate with previously reported texture QTL 
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(Longhi et al. 2012), and a recent study of apple PME expression during fruit maturation 

suggested a major role for this protein family in determining mealy fruit texture 

(Segonne et al. 2014).  

 Mealy texture in apple is the result of cells separating from one another at the 

middle lamella without breaking (Harker and Hallett 1992). In contrast, crisp and juicy 

texture results from breaking open tightly adhered cells by mastication (Harker and 

Hallett 1992). The putative function of MDP000021997 would be consistent with this 

cellular model of apple sensory texture, given that PMEs have been proposed to control 

the breakdown of intercellular adhesions both through the direct depolymerisation of 

middle lamella pectins and through the regulation of polygalacturonase activity 

(Brummell 2006). While the MDP000021997 mRNA was found to be constitutively 

expressed in six sibling mealy and non-mealy apples (Segonne et al. 2014), this finding 

does not exclude the possibility that allelic variation in this PME gene could confer 

differential fruit texture phenotypes. 

 The large proportion of variation in sensory texture explained by allele class at 

the Chr13:6,049,060 sensory texture locus makes it an attractive tool for MAS 

regardless of whether MDP000021997 is the causative gene (Figure 3.6). Seven 

putative genes of unknown function were detected within 50 kb of Chr13:6,049,060, any 

of which might also underlie the observed association with apple sensory texture 

(Figure 3.7). Significant improvements to breeding populations could be made through 

the deployment of a single marker for the Chr13:6,049,060 SNP, which would capture 

the relevant genetic variation.  

 Selection for the homozygous favourable and heterozygous alleles would have 

the potential to increase average crispness by 10 % (R2 = 0.34), increase juiciness by 7 

% (R2 = 0.40) and decrease mealiness by 4 % (R2 = 0.29) (Figure 3.6, Appendix 10). 

Many high quality commercial apples including ‘Ambrosia,’ ‘Honeycrisp’ and ‘Scifresh’ 

(‘JazzTM’) are fixed for the homozygous favourable allele, but the marker would be very 

useful in culling progeny derived from intercrossing heterozygotes such as ‘Fuji,’ ‘Silken’ 

and ‘Minneiska’ (‘SweeTangoTM’). Apple cultivars fixed for the homozygous 

unfavourable allele are uncommon due to their high mealiness, which is an undesirable 

trait in modern apples (Harker et al. 2008). For example, ‘McIntosh’ was the only 
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commercial cultivar of this study to fall into the homozygous unfavourable allele class. 

Deploying the Chr13:6,049,060 SNP marker to identify and cull mealy seedlings from 

new breeding populations would permit significant and efficient gains from selection for 

three critical attributes of sensory texture.  

 

3.6 Conclusion 
 

 In summary, MAS for fruit quality based on human sensory perception removes 

the ambiguity of modeling perceived fruit quality as a function of analytical traits and 

directly selects the quality attributes themselves. Here we have shown the discovery of 

new loci controlling critical components of apple sensory flavour and texture with direct 

relevance to breeding selection. The results of this study in apple demonstrate that such 

an approach is practical, and we believe that it can be broadly applied in horticulture 

plant breeding. 
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CHAPTER 4 

 

 

 

TESTING A CANDIDATE MARKER FOR FRUIT QUALITY 

 

 

 

4.1 Abstract 
 

 A new genetic marker of apple sensory texture was tested for association with 

texture and quality traits in three diversity collections. The SNP marker, located at 

position Chr13:6,049,060, was previously shown to be associated with juiciness in the 

85 diverse cultivars of the Vineland Apple Collection (VAC). The Chr13 marker was 

compared with three reference markers for the known apple texture genes MdACO1, 

MdACS1 and MdPG1, and linear variance analyses were used to test the associations 

between marker genotypes and texture phenotypes. The Chr13 marker was found to 

have a larger effect on sensory juiciness in the VAC than the three reference markers. 

The Chr13 marker was also found to have small but significant effects on fruit firmness 

and harvest date in the Apple Biodiversity Collection (ABC), a collection of 600 cultivars 

and accessions maintained in Kentville, Nova Scotia. The Chr13 marker did not have a 

significant effect on the mechanical measurement of juiciness in the ABC, but did have 

a small significant effect on the perception of juiciness in the Geneva Apple Collection 

(GAC), a collection of 570 cultivars and accessions maintained in Geneva, New York. 

The reference markers for MdACS1 and MdPG1 also had small significant effects on 

harvest date, firmness and juiciness in the ABC and GAC. With the exception of 

juiciness in the VAC, the effects of the Chr13 and reference markers on harvest and 

fruit quality traits were not significant when evaluated in a genome wide context. The 

results of this validation study suggest that further investigation into the effects of the 

Chr13:6,049,060 marker on the human perception of apple texture is needed before the 

SNP can be applied in marker assisted apple breeding.  



103 

4.2 Introduction 
 

 Texture is the most important factor in the quality of fresh apples. Consumers 

value apple crispness and juiciness above all other quality traits (Hampson et al. 2000; 

Harker et al. 2008, Cliff et al. 2015; Bowen et al. 2017). Apple producers and 

downstream processors have invested heavily in controlled atmosphere storage, which 

delays apple ripening and extends the crisp, firm texture of apples long past the harvest 

season (Johnston et al. 2002; Thompson 2010). The most successful apple cultivars 

are those with a genetic predisposition for crisp and juicy texture, which persists 

throughout the storage and marketing cycle (Harker et al. 2003; Harker et al. 2008). 

One of the top priorities for apple breeders is designing crosses and selecting seedlings 

that have strong genetic potential to produce crisp and juicy apples which retain their 

texture for at least six months after harvest (Ru et al. 2015; Baumgartner et al. 2016). 

 The genetic architecture of apple texture is highly complex, however, several 

major texture genes have been detected. The genes MdACS1 and MdACO1 encode 

ACC synthase and ACC oxidase, respectively, the two primary ethylene production 

enzymes in apple fruit (Costa et al. 2005). Ethylene is the principal hormone involved in 

climacteric fruit ripening (Yang et al. 1985; reviewed by Busatto et al. 2017). The 

binding of ethylene to its receptor triggers a signal cascade, which activates the 

expression of fruit ripening genes including cell wall metabolic proteins (Tadiello et al. 

2016). The gene MdPG1 encodes a polygalacturonase, which is expressed in response 

to ethylene and is proposed to control the breakdown of cell wall polysaccharides during 

fruit ripening (Costa et al. 2010; Tadiello et al. 2016). Weakened cell walls are 

associated with soft apple texture (Harker and Hallet 1992; Costa et al. 2012). 

 Suppression of the ethylene signal in harvested apples can decrease the rate of 

fruit ripening and promote prolonged firmness in storage (Watkins 2006). Genetic 

variation that inhibits the activity of genes involved in the ethylene-mediated fruit 

ripening pathway is therefore favourable for the development of apple cultivars which 

retain firm, crisp texture after harvest. Polymorphisms which decrease the functionality 

of each MdACS1, MdACO1 and MdPG1 are associated with persistent firm texture (Zhu 

and Barritt 2008; Longhi et al. 2013). These polymorphisms are proposed to represent 
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the causal variation underlying the major apple texture QTL on Chr10 and Chr15 (King 

et al. 2001; Kenis et al. 2008; Longhi et al. 2012; Kumar et al. 2013; Bink et al. 2014; 

Ben Sadok et al. 2015; Costa 2015; Di Guardo et al. 2017). Selecting for the favourable 

alleles of these texture genes is one of the primary objectives of MAS for apple breeding 

(Ru et al. 2015; Baumgartner et al. 2016). 

 Several apple texture QTL have been detected for which breeding markers have 

not yet been applied (Bink et al. 2014; Costa 2015). Bernardo (2004) proposed that the 

majority of QTL detected in plants are not statistically significant sources of variation 

outside of the specific germplasm and precise conditions in which they were discovered. 

Therefore, the candidate genes MdACS1, MdACO1 and MdPG1 may represent the only 

practical sources of genetic variation in apple texture for MAS. However, recent studies 

have proposed that apple texture may be significantly influenced by additional genetic 

loci (Bink et al. 2014; Costa 2015). Proposed candidate genes include the expansin 

MdExp7 and the NAC transcription factor MdNAC18.1 on Chr1 and Chr3, respectively 

(Costa et al. 2008; Migicovsky et al. 2016). NAC transcription factors may promote the 

expression of cell wall metabolic proteins such as expansins, which are involved in the 

maintenance of cell wall structure prior to fruit ripening (Tadiello et al. 2016). 

Polymorphisms in both MdExp7 and MdNAC18.1 have been detected, which are 

associated with firm apple texture (Costa et al. 2008; Migicovsky et al. 2016). 

 A new candidate apple texture QTL was recently discovered on Chr13 (Chapter 

3). This QTL represents a previously unreported genetic locus controlling sensory 

crispness, which is only weakly associated with instrumental apple firmness (Chapter 

3). The candidate gene underlying the Chr13 texture QTL, MDP000021997, encodes a 

putative PME (Jung et al. 2013). Apple PMEs are cell wall metabolic proteins, 

expressed in response to ethylene, which promote the breakdown of intercellular 

adhesions (Micheli 2001; Tadiello et al. 2016). This function is consistent with a role in 

sensory texture since crisp apples have tightly adhered cell walls whereas mealy apple 

have loosely adhered cell walls that can be separated by mastication (Harker and Hallet 

1992). A yet-undetected functional polymorphism within MDP000021997 could be the 

causative genetic variation underlying the Chr13 sensory texture QTL. The theoretical 
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favourable allele for this polymorphism would decrease the PME functionality and 

therefore reduce the mealiness of apple fruits after harvest.  

 Although the causative genetic variation underlying the new Chr13 QTL has not 

yet been characterized, the locus presents an ideal target for marker assisted selection 

since it captures a large proportion of the variation in apple sensory texture (Chapter 3). 

The presence of a candidate cell wall metabolism gene within this genomic region 

provides further evidence that the Chr13 QTL is a true source of quantitative genetic 

variation. In the present research chapter, a SNP marker targeting the Chr13 apple 

texture QTL is tested for use in MAS. The marker will be referred to herein as ‘Juicy13’ 

since its strongest association was with sensory juiciness (Chapter 3). The Juicy13 

marker was tested for association with the texture phenotypes of two large apple 

diversity collections. Juicy13 was compared with three markers detecting functional 

variation in the genes MdACS1, MdACO1 and MdPG1, which are current targets of 

MAS. The associations between the SNP alleles of each marker and several texture 

traits are reported, and the implications for MAS are discussed. 

 

4.3 Materials and Methods 
 

4.3.1 Study populations 

 Three apple populations were included in the present study: the Vineland Apple 

Collection (VAC), the Apple Biodiversity Collection (ABC) and the Geneva Apple 

Collection (GAC).  

 The VAC consisted of the 85 apple cultivars that were initially used to detect the 

association between sensory apple texture and the Chr13:6,040,060 SNP 

(Chapter 3). The VAC included 57 apple cultivars maintained at the Vineland 

Research and Innovation Centre in Vineland, Ontario, as well as 28 apple 

cultivars sourced from commercial apple growers and retailers (Chapter 3). 

 The ABC consisted of 1300 diverse apple cultivars and accessions maintained at 

the Kentville Research and Development Centre in Kentville, Nova Scotia 

(www.cultivatingdiversity.org/). 
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 The GAC consisted of approximately 8000 Malus accessions including cultivars, 

numbered selections and plant introductions maintained at the USDA ARS 

research station in Geneva, New York (USDA ARS 2016). The present study 

considered only the 1520 M. x domestica accessions for which juiciness 

phenotypes could be obtained through a GRIN descriptor query (USDA ARS 

2016). 

 Apples from the three populations were categorized as either commercial 

cultivars, heritage cultivars or numbered accessions. The commercial apples included 

named cultivars considered to be in current production. The heritage apples included 

named cultivars that were not considered to be produced on a significant scale. The 

numbered apples included accessions that did not have a cultivar name. 

 

4.3.2 Phenotyping 

 Phenotypic data for the 85 VAC apples were collected in 2012 and 2013 (Table 

4.1). Flowering and harvest dates were recorded for the 57 cultivars grown on site but 

not for the 28 cultivars obtained from commercial sources. Flowering dates were 

recorded in the field based on a visual observation of three clones per cultivar. The 

flowering date for each cultivar was recorded as the day on which the king blossom was 

fully opened on more than 50 % of flower clusters, and was reported in calendar days 

(the cumulative number of days after January 1 of each calendar year). Harvest dates 

were recorded as the first day on which fruits were considered mature according to 

visual observation, fruit taste and SI (Blanpied and Silsby 1992). Harvest dates were 

also reported in calendar days. Fruit quality data were collected for 78 of the 85 VAC 

apples, with three to six fruits evaluated per cultivar as reported previously (Chapter 3). 

The traits FF, SSC and TA were measured instrumentally while perceived juiciness was 

measured by trained sensory evaluation. A reml variance analysis was performed to 

estimate two-year cultivar means for each trait (Chapter 3).  

 Phenotypic data for the 1300 ABC apples were collected in 2016 (Table 4.1). 

Flowering data were collected for the full population of 1300 accessions while harvest 

and fruit quality data were collected for a subset of 600 accessions. Flowering date and 
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harvest date were recorded in the field for three clones per accession. Flowering date 

was recorded as the day on which the king blossom was fully opened on more than 80 

% of flower clusters (McClure 2017). Harvest dates were recorded as the first day on 

which fruits were considered mature according to seed colour, fruit colour, presence of 

fruit drop, and SI (Blanpied and Silsby 1992; McClure 2017). Flowering and harvest 

dates were reported in calendar days. Five fruits per clone were harvested for fruit 

quality evaluation. Fruit quality data were collected one week postharvest using the 

Pimprenelle instrument (Setop Giraud Technology, France) which measured FF, SSC, 

TA and juice content. A reml variance analysis was conducted to estimate the 

accession means for each trait (McClure 2017). 

 Phenotypic data from the 1520 GAC apples were collected between 2000 and 

2014 (Table 4.1) (USDA ARS 2016). All available phenotypic data for SSC, FF and 

juiciness in M. x domestica were downloaded from GRIN (USDA ARS 2016). SSC was 

measured instrumentally using a handheld refractometer while FF and juiciness were 

measured using sensory scales of 1 to 4 (soft to hard) and 1 to 5 (very dry to very juicy), 

respectively (USDA ARS 2016). Most accessions had only one observation per trait. 

Arithmetic trait means were estimated for accessions with multiple observations per 

phenotype. Phenotypic data for flowering date and harvest date were only available as 

categorical traits (i.e. early, mid-season, late), which were not an appropriate format for 

this study and therefore were not obtained for the GAC. 
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Table 4.1: Trait phenotypes from three apple collections maintained in Vineland, 

Ontario (VAC), Kentville, Nova Scotia (ABC) and Geneva, New York (GAC). 
Table 7 

Trait VAC ABC GAC 

Flowering Date 
Calendar Days 
(2 year average) 

Calendar Days 
(by week) 

- 

Firmness 
Penetrometry 
(kg) 

Penetrometry 
(kg) 

Scoring 
(1 to 4) 

Soluble Solids 
Content 

Refractometry 
(% Brix) 

Refractometry 
(% Brix) 

Refractometry 
(% Brix) 

Titratable Acidity 
Titration 
(g malic acid / L) 

Titration 
(g malic acid / mL) 

- 

Juiciness 
Sensory Rating 
(0 to 100) 

Juice Content 
(g juice / g fruit) 

Scoring 
(1 to 5) 

Harvest Date 
Calendar Days 
(2 year average) 

Calendar Days 
(by week) 

- 
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4.3.3 Marker design 

 Four genotyping markers were designed to detect variation in loci associated 

with apple fruit texture (Table 4.2). Three reference genotyping markers were designed 

to detect polymorphisms in the genes MdACO1, MdACS1 and MdPG1. The ACO1 

marker was designed to detect a 62 bp indel in the third intron of MdACO1 (Costa et al. 

2005). The ACS1 marker was designed to detect a 166 bp indel in the promoter of 

MdACS1 (Costa et al. 2005). The PG1 marker was designed to detect a T/G 

transversion in the first exon of MdPG1 (Costa et al. 2010). All three polymorphisms 

targeted by the reference markers were previously shown to be associated with apple 

fruit texture (Costa et al. 2005; Costa et al. 2010; Longhi et al. 2013). A new genotyping 

marker named Juicy13 was designed to detect an A/C transversion located at position 

Chr13:6,049,060 on the apple reference genome Malus x domestica v3.0.a1 (Velasco 

et al. 2010; Jung et al. 2013). The non-genic SNP was previously found to be 

significantly associated with sensory crisp and juicy texture in apple (Chapter 3). The 

alleles for the four apple texture markers were designated as either homozygous 

favourable (F), heterozygous (H) or homozygous non-favourable (N), with the 

favourable alleles being those associated with greater firmness and crispness. 

 

4.3.4 Genotyping 

 The four apple texture markers were tested by genotyping the 85 VAC apples. 

Genomic DNA samples were prepared from single clones of each cultivar using a 

DNeasy 96 Plant Kit (QIAGEN, Toronto, Canada). PCR fragments were amplified using 

the primers and thermocycling program presented in Table 4.2. Indel alleles for ACO1 

and ACS1 and SNP alleles for PG1 and Juicy13 were detected using HRM analysis 

(Wittwer et al. 2003) on a LightScanner instrument (Idaho Technology, Salt Lake City, 

USA). Genotyping was performed in triplicate. The ACO1 and ACS1 alleles for VAC 

apples were compared with expected genotypes based on RosBREED haplotype data 

(Iezzoni et al. 2016). The PG1 alleles were compared with expected genotypes based 

on a previous marker validation study (Costa et al. 2010). The Juicy13 genotypes were 

compared with expected genotypes based on GBS data (Chapter 3). 
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 The four texture markers were subsequently used to genotype the 1300 ABC 

apples. Genomic DNA samples for the ABC apples were prepared by a Tecan Evo150 

liquid handler (Tecan, Morrisville, USA) using a MagAttract DNA extraction kit 

(QIAGEN, Toronto, Canada). The PCR amplification and allele detection were 

performed as above (Table 4.2). Genotyping was performed in duplicate, and 

accessions that showed allele discrepancies between the replicates were removed from 

the analysis. ABC apples which had the same cultivar name as VAC apples but did not 

have the expected genotypes were also removed from the analysis. 

 The 1520 GAC apples were not directly genotyped. Instead, marker alleles were 

obtained from the 601 ABC apples which had the same accession names as GAC 

apples, as they were assumed to be effectively genetically identical. This assumption 

was considered to be appropriate as the ABC was established using germplasm derived 

predominantly from the GAC (McClure 2017). The remaining GAC apples were not 

genotyped. 
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Table 4.2: Primers and PCR program for amplification of DNA texture markers.  

 
Table 8 

a. Primer design for apple texture DNA markers. Primer sequences are 5’ to 3’. 

Marker name Forward primer Reverse primer Genetic target Polymorphism 

ACO1 
GCTATCAAGTT
TACTGAATCGT 

CGGTGCATCA
CACTTTTGTA 

MdACO1 Indel 

ACS1 
AGGGTGGGTC
GCTCTTG 

CCTACAAACTT
GCGTGGGGAT
TATAAGTGT 

MdACS1 Indel 

PG1 
TCCTTCATACA
CGGACACCA 

CTTGGCCTGA
TCAATTCCAT 

MdPG1 SNP 

Juicy13 
CCCCCACATA
TGGAACAGAA 

GTTTGGATGA
GGGACGGTAA 

Chr13:6,049,060 SNP 

 

 

b. Amplification program for apple texture marker PCR. 

  32 Cycles  

Marker 
name 

Initial 
denature 

Denature Anneal Extend 
Final 
extension 

ACO1 
95°C 

3 min 30 sec 

95°C 

30 sec 

60°C 

30 sec 

72°C 

30 sec 

72°C 

5 min 

ACS1 
95°C 

3 min 30 sec 

95°C 

30 sec 

60°C 

30 sec 

72°C 

30 sec 

72°C 

5 min 

PG1 
95°C 

3 min 30 sec 

95°C 

30 sec 

60°C 

30 sec 

72°C 

30 sec 

72°C 

5 min 

Juicy13 
95°C 

3 min 30 sec 

95°C 

30 sec 

60°C 

30 sec 

72°C 

30 sec 

72°C 

5 min 
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4.3.5 Association analyses 

 Phenotypic data were compared between the three populations. Trait 

distributions were tested for normality using a Shapiro-Wilk’s test (α = 0.05) and a visual 

examination of histogram plots (Bowley 2008). A pairwise correlation analysis was 

conducted for all traits from the VAC, ABC and GAC. Pearson and Spearman 

correlation coefficients were estimated using the rcorr procedure of the Hmisc package 

(Harrell and Dupont 2016) in R 3.2 (R Core Team 2016).  

 A variance analysis was conducted to evaluate the effects of marker allele on 

trait phenotype. Each marker was considered as a fixed effect in a single factor variance 

analysis for each of the 15 traits included in the study. The variance analyses were 

conducted using the MIXED procedure of SAS University Edition (SAS Institute, Cary, 

USA). A Benjamini-Hochberg correction was applied to adjust the experiment-wise error 

to a 5 % FDR (Benjamini and Hochberg 1995). Additive interaction effects were tested 

for traits that had multiple significant markers. The interactions were tested using a 

mixed variance analysis, which considered the fixed effects of each marker 

independently and the fixed effects of marker interaction. Tukey’s multiple means 

comparisons were used to detect significant differences between allele means (Bowley 

2008). Markers with significant allele effects were visualized as violin plots using the 

geom_boxplot and geom_violin functions of ggplot2 (Hintze and Nelson 1998; Wickham 

2009).  

 Marker effects were tested in the context of genome wide variation using a 

GWAS. The GWAS was conducted using the 52,440 SNPs that were previously 

obtained through GBS (Chapter 3). GBS data were available for the 85 VAC apples, as 

well as for the subset of ABC and GAC apples which overlapped with the VAC. The 

SNP data set included genomic SNPs located proximally to the reference texture 

markers ACO1 and ACS1 on Chr10 and ACS1 Chr15 (Appendix 15). The genomic SNP 

targeted by the Juicy13 marker, located at position Chr13:6,049,060, was also included. 

The GLM GWAS was conducted in TASSEL 5.2 (Bradbury et al. 2007) and included the 

first six genomic PCs as a fixed effect. The MLM GWAS also included a Centered-IBS 

kinship matrix (Endelman and Jannink 2012) as a random effect. Marker effects were 

corrected to determine significance at a 5 % FDR (Benjamini and Hochberg 1995).  
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4.4 Results 
 

4.4.1 Marker development 

 The 85 VAC apples were genotyped using the newly designed Juicy13 marker 

(Appendix 12). The SNP genotypes were consistent with the genotypes expected based 

on GBS data, except for three cultivars. The genotypes for the cultivars ‘Northern Spy’, 

‘Red Atlas’ and ‘Summer Rambo’ were corrected to reflect the alleles detected by the 

Juicy13 marker since the GBS genotypes could have been incorrectly assigned during 

imputation (Money et al. 2015) (Appendix 12).  

 The VAC apples were also genotyped for the reference markers ACO1, ACS1 

and PG1 (Appendix 12). The majority of the population did not have available reference 

genotypes for the three markers. However, there were 30 and 36 cultivars that had 

previously been genotyped for ACO1 and ACS1, and were included in the RosBREED 

reference functional genotypes dataset (Iezzoni et al. 2016). The VAC genotypes were 

consistent with the RosBREED reference genotypes, except in the cases of three 

cultivars for ACO1 and five cultivars for ACS1 (Appendix 12). The cultivars were re-

genotyped and the new genotypes were confirmed to be accurate for the clones 

included in the VAC. The new cultivar genotypes were retained since they 

corresponded to the trees from which the phenotypic data were obtained in this study. 

There were 14 cultivars that had published reference genotypes for PG1 (Longhi et al. 

2013) and all were consistent with the observed VAC genotypes at this marker 

(Appendix 12). 

 The 1300 ABC apples were genotyped for the four texture markers (data not 

shown). The SNP genotypes were consistent between replicates, except in the case of 

16 accessions for which the genotypes were removed from the analysis (Appendix 12). 

There were also four accessions for which the genotype observed in the VAC apples 

did not correspond to the ABC genotype. The ABC marker data for these accessions 

were therefore removed from the analysis (Appendix 12) along with missing data. The 

resulting ABC genotypic data set consisted of 1037 accessions genotyped for the four 

markers with 0 to 12 % missing data per marker (Figure 4.1a). There were 601 

genotyped accessions in the ABC which shared accession names with the GAC. These 
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genotypic data, which had 0 to 13 % missing data per marker, were applied to the GAC 

apples (Figure 4.1a). 

 The distribution of alleles for each marker was mostly consistent between study 

populations (Figure 4.1a). There was a relatively low proportion of homozygous 

favourable (F) alleles for the reference markers ACO1, ACS1 and PG1 in all three 

populations. The VAC had the most balanced distribution of alleles for all four markers, 

with ACS1, PG1 and Juicy13 showing no difference from the allele ratios of 1:2:1 

expected for a random, unselected population. The ABC and GAC apples had mostly 

homozygous non-favourable (N) genotypes for ACO1 and ACS1, and heterozygous (H) 

genotypes for PG1. In contrast to the reference markers, all three study populations had 

a higher proportion of F than N alleles for Juicy13 (Figure 4.1a).  

 There were more noticeable differences in the distribution of alleles between 

apple types (Figure 4.1b). The combined study populations included 94 commercial 

cultivars, 971 heritage cultivars and 339 numbered accessions. The heritage and 

numbered apples had similar allele distributions, with the majority having N genotypes 

for ACS1 and ACO1, and H genotypes for PG1 and Juicy13 (Figure 4.1b). The 

commercial apples had a comparatively high proportion of F genotypes for all four 

markers. The commercial apples were enriched for favourable alleles of ACS1, PG1 

and Juicy13, with 34 %, 29 % and 48 % having F genotypes for each respective marker. 

The commercial apples had 14 % F genotypes for ACO1, while the other apple types 

had only 2 % F (Figure 4.1b). 
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Figure 4.1: Allele ratios for four apple texture markers based on (a) apple population 

and (b) apple type. Alleles are designated as homozygous favourable (F), heterozygous 

(H), homozygous non-favourable (N) or not available (NA). The apple populations refer 

to the Vineland Apple Collection (VAC, n = 85), the Apple Biodiversity Collection (ABC, 

n = 1037) and the Geneva Apple Collection (GAC, n = 601). The apple types refer to 

commercial cultivars (n = 94), heritage cultivars (n = 971) or numbered accessions (n = 

339). 
Figure 14  
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4.4.2 Phenotypic correlations 

 Fruit quality phenotypes were collected in the three study populations. A Pearson 

correlation analysis indicated that the juiciness in the VAC was significantly correlated 

with juiciness in the ABC (r = 0.51), but that neither trait was correlated with juiciness in 

the GAC (Figure 4.2). An evaluation of pairwise scatterplots confirmed the linear 

relationship between juiciness in the VAC and ABC, and revealed no higher order 

relationships of either trait with juiciness in the GAC (Figure 4.2). 

 The fruit quality phenotypes for TA, SSC and FF were compared using a 

Spearman correlation analysis since the trait distributions showed some deviations from 

normality (Figure 4.3). The analysis revealed significant correlations for corresponding 

traits between study populations (Figure 4.3, Appendix 13). Significant pairwise 

correlations were detected for TA between the ABC and VAC, and for SSC between the 

ABC and GAC. FF was significantly correlated between the ABC and VAC (ρ = 0.46), 

as well as between the ABC and GAC (ρ = 0.27). FF was also significantly correlated 

with juiciness in the ABC (ρ = 0.14) and the GAC (ρ = 0.29), but not in the VAC (ρ = 

0.07). There were no significant correlations between fruit quality traits in the VAC and 

GAC (Figure 4.3). 

 In addition to the fruit quality phenotypes, apple flowering dates and harvest 

dates were collected in the VAC and ABC (Table 4.1). There was some skewedness in 

harvest dates for both study populations, with a large number of apples having been 

harvested at once to finish the season (Figure 4.3). Flowering dates were significantly 

correlated between the VAC and ABC (ρ = 0.34), but there was no significant 

correlation between harvest dates (ρ = 0.46). Harvest dates were, however, significantly 

correlated with juiciness and FF in both study populations (Figure 4.3). 
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Figure 4.2: Comparison of juiciness phenotypes measured in three apple populations. 

The apple populations refer to the Vineland Apple Collection (VAC), the Apple 

Biodiversity Collection (ABC) and the Geneva Apple Collection (GAC). The juiciness 

phenotypes were measured as indicated in Table 4.1. The Pearson correlation 

coefficients, the correlation significance and the number of accessions are indicated for 

each pairwise comparison. 
Figure 15  
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Figure 4.3: Correlations, distributions and scatterplots of all apple phenotypes in three 

populations. The apple populations refer to the Vineland Apple Collection (VAC), the 

Apple Biodiversity Collection (ABC) and the Geneva Apple Collection (GAC). Spearman 

correlations are presented above the diagonal; bolded correlations are significant (α = 

0.05). Trait distributions are presented along the diagonal and scatterplots of 

relationships between phenotypes are presented below. The p-values and number of 

accessions for each pairwise comparison are presented in Appendix 15. 
Figure 16 
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4.4.3 Marker-trait associations 

 The effects of marker alleles on apple phenotypes were tested for ACO1, ACS1, 

PG1 and Juicy13 in each of the study populations (Table 4.3, Appendix 14). Genotypic 

and phenotypic data were obtained to test the marker effects on fruit quality traits for 

600 ABC cultivars, 570 GAC cultivars and 78 VAC cultivars (data not shown). Genotypic 

and phenotypic data were also obtained to test the marker effects on flowering date in 

600 ABC and 57 VAC cultivars, and on harvest date in 1000 ABC and 57 VAC cultivars 

(data not shown). Among the 60 associations tested between 15 traits and four 

markers, twenty-three marker-trait associations were found to be significant after 

correction for multiple hypothesis testing (Appendix 14). The proportion of variation 

explained by the marker allele was in most cases quite low, and there were only ten 

associations for which the R2 values were ≥ 0.05 (Table 4.3). 

 The Juicy13 marker showed significant effects on TA, FF, harvest date and 

juiciness (Table 4.3, Appendix 14). The largest marker effects for Juicy13 were detected 

for TA (R2 = 0.24) and juiciness (R2 = 0.40) in the VAC (Table 4.3), two traits which had 

a negative pairwise correlation (Figure 4.3). Small but significant Juicy13 effects were 

also detected for FF in the ABC (R2 = 0.01) and juiciness in the GAC (R2 = 0.02) 

(Appendix 14). There was no significant effect of Juicy13 on juiciness in the ABC, 

despite the correlation between juiciness in the ABC and the VAC (Figure 4.3). 

 The reference markers ACO1, ACS1 and PG1 showed significant effects on 

apple TA, SSC, FF, harvest date and juiciness (Table 4.3). The largest marker effects 

for ACO1 were detected for TA (R2 = 0.20) and juiciness (R2 = 0.19) in the VAC. The 

marker ACS1 also had a large effect on juiciness in the VAC (R2 = 0.28). Both ACO1 

and ACS1 had significant effects on harvest date in the ABC, however, there was no 

significant interaction effect between the markers (data not shown). The marker PG1 

showed significant effects on juiciness in the VAC and on FF in the ABC (Table 4.3), 

two traits that were not significantly correlated (Figure 4.3). The reference marker 

effects for the ABC were much smaller than those for the VAC, and there were no 

marker-trait interactions with R2 ≥ 0.05 in the GAC (Table 4.3, Appendix 14).  

 Sensory juiciness in the VAC was significantly associated with all four texture 

markers (Figure 4.4, Table 4.3). The favourable alleles of all four markers were 
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associated with increased perceived juiciness, and there were no significant differences 

between the F and H allele classes of each marker. The marker effects of ACO1 (R2 = 

0.19) were smaller than those of ACS1 (R2 = 0.28), but the juiciness values were much 

more narrowly distributed around the F and H allele means of ACO1 than those of 

ACS1. The phenotypic distributions for the N alleles of both markers spanned the full 

range of observed juiciness values. The marker effects of PG1 (R2 = 0.16) were smaller 

than those of ACO1 and ACS1, and all three allele classes showed very wide 

phenotypic distributions. Juicy13 had the largest single marker effect on apple juiciness 

(R2 = 0.40). The phenotypic distributions for the F and H allele classes of Juicy13 were 

similar to those of ACS1, but the N allele of Juicy13 represented a much lower range of 

perceived juiciness values than the N alleles of the other three markers (Figure 4.4, 

Table 4.3). There were no significant interaction effects between any of the four texture 

markers (data not shown).  
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Table 4.3: Marker effects for marker-trait associations with R2 ≥ 0.05 based on a single 

factor variance analysis of apple traits in three populations. 
Table 9 

          F-alleleC H-allele N-allele 

PopulationA Trait Marker P-valueB R2 Mean SE Mean SE Mean SE 

ABC 

Firmness PG1 0.0007 0.05 7.2 0.20 6.9 0.10 6.1 0.11 

Harvest Date ACO1 0.0007 0.05 303 5.8 296 2.1 286 1.1 

Harvest Date ACS1 0.0007 0.08 301 2.6 292 1.4 283 1.3 

Soluble Solids Content ACS1 0.0007 0.07 12.82 0.14 12.53 0.077 12.05 0.072 

VAC 

Juiciness ACO1 0.0020 0.19 51 3.2 46 1.6 40 1.0 

Juiciness ACS1 0.0016 0.28 47 1.8 44 1.2 38 1.3 

Juiciness JUICY13 0.0007 0.40 45 1.3 45 1.0 33 1.6 

Juiciness PG1 0.0179 0.16 48 1.7 43 1.6 41 1.6 

Titratable Acidity ACO1 0.0213 0.20 4.4 0.64 6.4 0.33 6.6 0.21 

Titratable Acidity JUICY13 0.0012 0.24 5.4 0.30 6.4 0.22 7.4 0.35 

A Populations: ABC (Apple Biodiversity Collection), GAC (Geneva Apple Collection), VAC (Vineland Apple Collection) 

B P-values adjusted for multiple hypothesis testing using Benjamini-Hochberg FDR (Benjamini and Hochberg 1995) 

C Allele classes: F (homozygous favourable), H (heterozygous), N (homozygous non-favourable); SE (standard error)   
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Figure 4.4: Violin plots of juiciness in the Vineland Apple Collection (VAC) based on 

texture marker allele. The box and whisker plots show the means (centre line), first and 

third quartiles (box borders), the largest and smallest values extending up to 1.5 times 

the interquartile range (whiskers) and the outlier points (dots); the smoothed histogram 

density plots show the shape of each distribution. The effects of ACO1, ACS1, Juicy13 

and PG1 were significant according to a single factor variance analysis (Table 4.3). For 

each marker, means with different letters are significantly different according to a 

Tukey’s multiple means comparison (α = 0.05). There were no significant interaction 

effects between markers (data not shown). 
Figure 17 
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4.4.4 Genome wide associations 

 The effects of the four texture markers were considered in a genome wide 

context using a GWAS. The GLM GWAS for the ABC was conducted using a small 

subset of 48 accessions that overlapped with the VAC, and therefore had available SNP 

data. No significant associations were detected for flowering date, harvest date or any 

of the fruit quality traits included in this analysis (data not shown). The GLM GWAS for 

the GAC was conducted using an even smaller subset of 27 accessions that overlapped 

with the VAC. Once again, no significant associations were detected (data not shown).  

 The GWAS results for fruit quality traits in the 85 VAC apples were previously 

reported (Chapter 3). These results included a significant association of juiciness with 

Chr13:6,049,060, the position of the Juicy13 marker. Juiciness was not significantly 

associated with any other genomic position, despite the significant marker effects of 

ACO1, ACS1 and PG1 observed in the present study (Table 4.3). The effects of the 

Juicy13 and ACO1 markers on TA (Table 4.3) were not significant in a genome wide 

context (Chapter 3). 

 One significant association was detected for harvest date in the 57 VAC apples 

for which phenotypic data were available (Figure 4.5). The single significant marker was 

detected at position Chr14:22,366,447 (p = 4.1 x 10-7). The Chr14 SNP captured a large 

proportion of the phenotypic variation in harvest date (R2 = 0.26), and there were 

significant differences between the three allele class means. The AA allele class 

represented cultivars harvested in early to mid-August (222 ± 8.9 calendar days), the 

AT allele class represented cultivars harvested in early to mid-September (254 ± 10 

calendar days), and the TT allele class represented cultivars harvested in early to mid-

October (283 ± 9.9 calendar days). The harvest dates for AA and TT were narrowly 

distributed around their respective allele means, while the harvest dates for AT were 

distributed across the entire harvest season (Figure 4.5). There were no significant 

associations detected on Chr14 for any other trait, despite the correlation between 

harvest date and juiciness in the VAC (Figure 4.3). There were also no significant 

associations detected in the GWAS for flowering date (data not shown). 
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Figure 4.5: Genome wide association results for harvest date in the Vineland Apple 

Collection (VAC). (a) Manhattan plot from the GLM GWAS showing a significant 

association at Chr14:22,366,447 (5 % FDR). (b) Violin plot showing the phenotypic 

range of harvest date in the VAC for three SNP alleles of Chr14:22,366,447. Means with 

different letters are significantly different according to a Tukey’s multiple means 

comparison (α = 0.05). 
Figure 18 
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4.5 Discussion 
 

4.5.1 Reference markers 

 The detection of QTL is the first step toward developing DNA markers for MAS in 

plant breeding (Bernardo 2008). QTL can be discovered through family based linkage 

mapping, or through association mapping in related or unrelated germplasm. In order to 

be a candidate for MAS, a QTL should explain a large proportion of the phenotypic 

variation and be significant across locations and years. The majority of QTL detected in 

plants do not meet these criteria and are not predictive of phenotypic performance 

outside of the specific germplasm and experimental conditions under which they were 

discovered (Bernardo 2004; Bernardo 2008). Thus, it is critical that additional validation 

studies be performed prior to the deployment of a potential new candidate QTL within a 

breeding program. The objective of the present study was to determine whether a 

potential QTL detected through association mapping in a diverse population could be 

considered a candidate target locus for MAS. The effects of the candidate locus were 

compared with the effects of three major loci that are currently used in MAS for apple 

texture (Table 4.3). 

 The major QTL currently targeted by MAS in apple have been validated in 

multiple genetic backgrounds across a number of independent studies. These include 

QTL for apple texture on Chr10 and Chr15, which have been detected in numerous 

segregating populations and in unrelated germplasm (King et al. 2001; Costa et al. 

2005; Kenis et al. 2008; Zhu and Barritt 2008; Longhi et al. 2012; Longhi et al. 2013; 

Kumar et al. 2013; Bink et al. 2014; Ben Sadok et al. 2015; Costa 2015; Di Guardo et al. 

2017). Candidate gene and functional genomics studies have provided convincing 

evidence that the genes MdACO1 and MdPG1 on Chr10, and MdACS1 on Chr15 

contain the functional variation underlying these QTL (Costa et al. 2005; Costa et al. 

2010). Indel polymorphisms in each MdACO1 and MdACS1 are associated with 

reduced ethylene biosynthesis and prolonged firm texture in storage (Costa et al. 2005). 

A SNP in the first exon of MdPG1, which encodes a valine to phenylalanine substitution 

(GTC to TTC), is associated with increased firmness (Costa et al. 2010). The biological 

role of the proteins encoded by these genes as enzymes involved in ethylene mediated 
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fruit ripening is consistent with their major effects on apple firmness and storability 

(Yang et al. 1985; Wasaka et al. 2006; Brummell 2006).  

 The repeatable detection of QTL, the identification of candidate genes and the 

identification of functional genetic variation within the three genes MdACO1, MdACS1 

and MdPG1 provide compelling support for the value of these genes in MAS. The 

significant associations of the three texture markers with apple firmness, juiciness and 

harvest date (Table 4.3) provided further evidence that ACO1, ACS1 and PG1 should 

be considered important tools for selection. Nevertheless, the apple breeding 

community has been hesitant to adopt DNA based MAS since it has successfully relied 

upon phenotypic selection for more than a century to date (Edge-Garza et al. 2015; Ru 

et al. 2015).  

 An examination of allele distribution by population type suggested than there was 

a higher frequency of favourable alleles for all three markers in commercial apple 

cultivars than in older heritage cultivars (Figure 4.1). The PG1 marker had the highest 

frequency of favourable alleles among the three markers (Figure 4.1), which suggested 

that phenotypic selection for improved fruit texture may have relied more heavily upon 

the effects of MdPG1 than the effects of the ethylene biosynthesis genes. Given that 

post-harvest storability is a more recent breeding objective than firmness at harvest 

(Hancock et al. 2008), it is logical that fewer cultivars developed in the last century 

would be enriched for alleles associated with low ethylene production. Since long term 

storability is now a key objective for apple breeders, both ACO1 and ACS1 present 

excellent opportunities for continued genotypic improvement through MAS. 

 

4.5.2 Candidate marker 

 A new candidate QTL was evaluated to determine whether it could be used to 

conduct MAS for improved apple sensory texture. The candidate QTL for juicy apple 

texture was discovered in a diverse collection of apple cultivars and captured a large 

proportion of the phenotypic variation in apple sensory juiciness (Chapter 3). The 

validation study conducted in the current research chapter made use of available 

phenotypic data for two large apple populations (Table 4.1). The study populations were 

genotyped with the Juicy13 marker to determine whether the association of 
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Chr13:6,049,060 with juicy apple texture (Chapter 3) represented a true QTL with the 

potential to predict phenotypic variation in unrelated germplasm. An examination of the 

allelic distribution for this marker revealed that commercial apple cultivars were enriched 

for Juicy13 alleles associated with high juiciness (Figure 4.1). This result suggested that 

phenotypic selection for increased apple juiciness may have led to the accumulation of 

favourable alleles of Juicy13 during recent apple cultivar development (Figure 4.1).  

 Despite the apparent relationship between Juicy13 allele frequencies and the 

value of an apple as a commercial cultivar, the Juicy13 marker did not have an 

important effect on apple juiciness in the two validation populations (Table 4.3). These 

results suggest that either (A) the candidate Chr13 sensory texture QTL does not 

represent an appropriate genetic target for MAS, or (B) that the phenotype previously 

shown to be associated with Juicy13 (Chapter 3) was not effectively captured in the 

validation study. The latter option (B) was supported by the fact that a trained sensory 

panel was not employed for the phenotypic evaluation of the validation populations 

(Table 4.1). 

 

4.5.3 Juiciness phenotypes 

 The physical position of the Juicy13 marker on Chr13 did not correspond with 

any previously reported QTL for apple texture (Chapter 3). Juicy13 was therefore 

hypothesized to represent a new source of genetic variation in a new texture trait: the 

human sensory perception of apple juiciness. This hypothesis was supported by the 

weak correlation observed between juiciness phenotypes in the ABC and VAC (Figure 

4.2). Whereas juiciness in the VAC was defined as the perceived amount of juice 

released when biting into a fresh apple (Chapter 3), juiciness in the ABC was defined as 

the physical juice content of the fruit (Table 4.1). 

 The “juice content” interpretation of fruit juiciness in the ABC was significantly 

correlated with FF, the force required to puncture an apple with a blunt probe (Figure 

4.3). The relationship between fruit juice content and firmness has previously been 

explored from the perspective of apple fruit structure (Harker and Hallet 1992; Costa et 

al. 2012). Firm fruit is proposed to result from a combination of strong cell walls and 

high turgor pressure within cells (Harker and Hallet 1992). The positive correlation 
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between juiciness and FF in the ABC (Figure 4.3) was consistent with this hypothesis, 

since high water content within fruit cells would contribute toward high turgor pressure. 

The weak correlation between the two traits (ρ = 0.14) suggested that water content 

may be only a small component of FF, and that the structure of cell walls likely plays a 

much larger role in the determination of apple firmness. 

 In contrast to the ABC, juiciness in the VAC was not significantly correlated with 

FF (Figure 4.3). This result indicated that while perceived juiciness may be related to 

fruit juice content, the sensory perception of juiciness is sufficiently independent of 

puncture force that it cannot be predicted by the instrumental measurement of FF. This 

distinction between texture traits is critical since FF as measured by penetrometry has 

been the phenotype most commonly used to represent fruit texture in QTL analyses, 

and the QTL encompassing the genes MdACS1, MdACO1 and MdPG1 were all 

discovered using FF (King et al. 2001; Costa et al. 2005; Kenis et al. 2008, Bink et al. 

2014; Costa 2015). In this study, the effect of markers ACS1, ACO1 and PG1 on 

sensory juiciness were all smaller than the effects of the Juicy13 marker (Table 4.3, 

Figure 4.4). Furthermore, none of the three reference texture marker effects were 

significant in a genome wide context (Chapter 3). Therefore, the Juicy13 marker 

remains a strong candidate for improving the sensory perception of juiciness through 

MAS. 

 Apple juiciness was defined as the perceived amount of juice in both the VAC 

and the GAC apples (Table 4.1). While sensory juiciness in the VAC was correlated with 

juice content in the ABC, neither trait was significantly correlated with juiciness in the 

GAC (Figure 4.2). This result was unexpected since juiciness in both the VAC and GAC 

were measured by human sensory evaluation. In some cases, the lack of a linear 

correlation between variables can be misleading since the relationship fits a non-linear 

function (Bowley 2008). An examination of scatterplots suggested that there could have 

been a positive linear relationship between juiciness in the VAC and GAC (Figure 4.2). 

However, there were insufficient cultivars with overlap between the two populations (n = 

24) to support the relationship. The effects of the Juicy13 marker were therefore tested 

on the 570 GAC apples for which genotypic and phenotypic data were available. While 
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there was a significant effect of Juicy13 on juiciness in the GAC, the proportion of 

variation explained was insufficient (R2 = 0.02) to validate the marker (Appendix 14). 

 The lack of significance for the Juicy13 marker in the ABC suggests that this 

marker should not be used to conduct MAS for apple juice content (Table 4.3). Similarly, 

the weak significance for the Juicy13 marker in the GAC suggests that the marker 

should not be used to conduct MAS for perceived apple juiciness as defined by a five 

point scale of “very dry” to “very juicy” (Table 4.3, Appendix 14). However, the failure of 

the Juicy13 marker to predict variation in both of these traits does not negate the 

marker’s potential value for MAS. In order to effectively validate the Juicy13 marker, it 

will be necessary to employ the same phenotypic evaluation methods on the validation 

population as were used in the discovery population. 

 While the automated mechanical measurement of juiciness may present an 

advantage in both cost and speed relative to human sensory evaluation, the juice 

content phenotype is likely not a robust predictor of perceived juiciness (Figure 4.2) 

(Hampson et al. 2000; Stone et al. 2012). Previous studies of apple juiciness have also 

reported distinct QTL for the same trait measured with different methodologies (King et 

al. 2000; Kunihasa et al. 2014; Ben Sadok et al. 2015). The method of trained sensory 

evaluation used to discover the Juicy13 marker was sufficiently distinct from methods 

used in previous studies that the Chr13 QTL had not previously been detected (Chapter 

3). These results suggest that the precise definition and accurate phenotypic evaluation 

of apple juiciness merit further exploration. 

 

4.5.4 Juiciness genome wide association study 

 The associations of the four apple texture markers with quality traits were 

evaluated in a genome wide context. The GWAS was possible due to the availability of 

SNP data originally obtained in the VAC (Chapter 3). The Chr13 association with 

juiciness in the VAC was previously reported (Chapter 3), and supported the significant 

association between sensory juiciness and the Juicy13 marker (Figure 4.4). The GWAS 

indicated that while significant in a single marker context, the loci for ACS1, ACO1 and 

PG1 have no significant genome wide effects on apple juiciness in the VAC (Chapter 3, 

Figure 4.4, Table 4.3). The lack of significant associations for the three reference 
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texture markers was not likely due to the absence of SNP markers in LD with the three 

loci since there were GBS SNPs that were both physically proximal to each gene of 

interest and highly associated with each marker (Appendix 15). Instead, this result 

indicated that only the Juicy13 marker should be considered statistically predictive of 

apple sensory juiciness in the VAC. 

 Neither the ABC nor the GAC had any significant genome wide associations for 

juiciness. The population sizes of 48 cultivars for the ABC and 27 cultivars for the GAC 

presented the main limitation to the GWAS. Previous GWAS studies in apple have 

included between 115 and 1200 genotypes (Kumar et al. 2013; Kumar et al. 2014). The 

statistical power of QTL detection is predicted to be very low in GWAS conducted with 

fewer than 100 individuals (Zhu et al. 2008; Yang et al. 2014). The results of the present 

study were consistent with this prediction, since both the ABC and GAC had insufficient 

population sizes to detect the major loci for FF on Chr10 (Bink et al. 2014; Costa 2015) 

and TA on Chr16 (Xu et al. 2012; Kumar et al. 2014). A full complement of SNP data for 

the 600 ABC and 1520 GAC apples could permit the identification of loci associated 

with juiciness in both study populations. However, it is not expected that an increase in 

available SNPs for either population would reveal significant associations with juiciness 

on Chr13 since the effects of the Juicy13 marker were not significant in the absence of 

genome wide marker effects (Table 4.3, Appendix 14). 

 Previous GWAS in both populations have suggested that juiciness ratings in the 

GAC may be associated with Chr6 (Migicovsky et al. 2016) and that juice content in the 

ABC may be associated with Chr3 (McClure 2017). These results support the 

hypothesis that the juiciness traits in the two validation populations are not sufficiently 

similar to sensory juiciness that the phenotypes can be used to conclusively validate or 

invalidate the Juicy13 marker. 

 

4.5.5 Flowering and harvest genome wide association study 

 In addition to apple juiciness and quality traits, a GWAS was conducted for apple 

flowering date and harvest date. Flowering dates were positively correlated between the 

VAC and ABC (Figure 4.3), which was expected for a trait with reported high heritability 

(Celton et al. 2012). There were no significant associations detected for flowering date 
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in the ABC or VAC. This result was consistent with previous reports that suggested that 

flowering date is controlled by a large number of loci with small effects rather than by a 

single large QTL that would be detectible through GWAS (Liebhard et al. 2003; Celton 

et al. 2012; Allard et al. 2016). In addition, flowering date is reported to be highly 

associated with population structure (McClure 2017). Thus, both GLM and MLM 

analyses would fail to detect any associations for flowering date since the GWAS 

models include population correction factors (Bradbury et al. 2007). 

 Harvest dates were not significantly correlated between the two populations, 

however, this may have been partly due to an uneven distribution of data (Figure 4.3). 

The majority of apples in both collections were harvested toward the end of the season, 

and an examination of the scatterplot suggested that there was a linear relationship for 

harvest date between the two study populations (Figure 4.3). While there were no 

significant associations for harvest date in the ABC, there was one significant SNP 

detected for harvest date in the VAC (Figure 4.5). The SNP at position 

Chr14:22,366,467 captured a large proportion of the variation in harvest date (R2 = 

0.26) and showed an additive allele effect (Figure 4.5).  

 The application of the Chr14 marker for selection of late harvested cultivars could 

provide the advantage of offering improvements of quantitative quality traits. Previous 

studies have shown positive relationships between harvest date and firmness, 

sweetness and redness (Kenis et al. 2008; Kunihasa et al. 2014; Migicovsky et al. 

2016). In the present study, significant correlations were observed between juiciness 

and harvest date in the VAC and in the ABC (Figure 4.3). Migicovsky et al. (2016) 

reported a positive correlation between harvest window (early vs. late) and firmness in 

the GAC. The Chr14 association with harvest date was not detected in the ABC, 

possibly due to the small GWAS population size.  

 The Chr14 association with harvest date did not correspond with previously 

reported QTL for harvest date, but did correspond to a QTL for apple firmness (Liebhard 

et al. 2003; Kenis et al. 2008; Bink et al. 2014). Liebhard et al. (2003) reported a QTL on 

Chr14, which explained 5 % of the variation in FF for the progeny of ‘Fiesta’ x 

‘Discovery’. Kenis et al. (2008) also reported a QTL on Chr14, which explained 7 % of 

the FF variation in the progeny of ‘Telamon’ x ‘Braeburn’. Bink et al. (2014) performed a 
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Bayesian QTL analysis of 27 full-sib families, and found positive evidence for the FF 

QTL on Chr14. The Bink et al. (2014) study included the families derived from eleven of 

the cultivars in the VAC cultivars, but did not include the ‘Fiesta’ x ‘Discovery’ family or 

the ‘Telamon’ x ‘Braeburn’ family. The collocation of the Chr14 harvest date SNP with 

apple firmness QTL detected in unrelated populations suggests that this locus may play 

an important genetic role in the control of fruit ripening and maturity. 

 The significant SNP at Chr14:22,366,447 was located within the coding 

sequence of the gene MDP0000248409 (Velasco et al. 2010; Jung et al. 2013). The 

mRNA sequence of MDP0000248409 was characterized as similar to the Arabidopsis 

gene At1g04910, which encodes a putative glycosyltransferase (Jung et al. 2013; 

Berardini et al. 2015). The At1g04910 glycosyltransferase is proposed to function in the 

synthesis of the cell wall pectin RG-II (Voxeur et al. 2012). RG-II molecules are a major 

structural component of primary plant cell walls, but there are no specific known 

functions of RG-II in fruit ripening (Perez et al. 2003; Brummell 2006). Based on the lack 

of available data surrounding RG-II in apple or related species, it is not known whether 

a mutation in the putative RG-II biosynthetic glycosyltransferase would have a 

quantitative effect on apple harvest date. 

 Despite its proximity to a candidate fruit texture gene, the Chr14 apple harvest 

marker likely represented a minor QTL. The previously reported Chr14 QTL had 

relatively small effects on FF (R2 < 0.10) and had no effects on harvest date (Liebhard 

et al. 2003; Kenis et al. 2008). QTL for harvest date have instead been detected on 

Chr3 in the progeny of ‘Fiesta’ x ‘Discovery’ (Liebhard et al. 2003) and on Chr3, Chr10 

and Chr15 in the progeny of ‘Orin’ x ‘Akane’ (Kunihasa et al. 2014). Migicovsky et al. 

(2016) and McClure (2017) reported that harvest date in both the GAC and ABC was 

controlled primarily by a single large QTL on Chr3. RG-II synthetic enzymes such as the 

putative glycosyltransferase on Chr14 were not found to be expressed in response to an 

ethylene ripening signal (Tadiello et al. 2016). The Chr14 association with harvest date 

was also not detectible, even at sub-significant levels, in an MLM GWAS. Coupled with 

the findings of previous studies, this result suggests that the Chr14 SNP may not 

represent a major source of genetic variation in apple harvest date. 
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 The QTL reported on Chr3, Chr10 and Chr15 may present more robust sources 

of variation in apple harvest date than Chr14 (Liebhard et al. 2003; Kunihasa et al. 

2014; Migicovsky et al. 2016; McClure 2017). The significant associations of ACO1 and 

ACS1 with harvest date in the ABC (Table 4.3) were consistent with the previous apple 

harvest QTL detected on Chr10 and Chr15 (Kunihasa et al. 2014). A Chr3 association 

with harvest date was not detected in the present study, however, this could be due to a 

lack of SNP coverage in the GWAS. The Chr3 association detected by Migicovsky et al. 

(2017) was characterized by a highly significant SNP, which was in low LD with the 

surrounding SNPs. The closest SNP to the Chr3:31,409,362 locus available for the 

present study was positioned at a distance of 49 kb from the candidate locus, which 

may have been beyond the extent of localized LD (data not shown). Supporting 

evidence for the Chr3 apple harvest QTL included the collocation of the significant SNP 

with a NAC transcription factor gene (MdNAC18.1) putatively involved in an antagonistic 

pathway to ethylene-mediated fruit ripening (Migicovsky et al. 2017). 

 

4.5.6 Ripening and maturity genes 

 The putative biological functions for the candidate genes underlying the harvest 

date QTL on chromosomes 3, 10 and 15 provide compelling evidence for the complex 

genetic control of fruit ripening and maturity. MdACO1 and MdACS1 represent a 

combined major genetic component of fruit ripening by controlling the production of the 

fruit ripening hormone ethylene. The production of ethylene triggers a kinase signal 

cascade, which promotes the transcription of cell wall metabolic enzymes including PGs 

such as MdPG1. Suppression of ethylene dependent ripening can be achieved by 

selection of the low-ethylene alleles of MdACO1 and MdACS1, or by the exogenous 

application of the competitive ethylene inhibitor 1-MCP (Costa et al. 2010; Tadiello et al. 

2016). NAC transcription factors are upregulated in response to 1-MCP, and activate 

the expression of cell wall metabolic proteins involved in the maintenance of cell wall 

rigidity and turgor pressure (Tadiello et al. 2016). The unfavourable allele of 

MdNAC18.1 contains a deviation from a conserved NAC motif, which may reduce the 

protein’s functionality (Migicovsky et al. 2016). The inability of the candidate NAC to 

properly activate transcription of proteins involved in the maintenance of cell wall 
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structure and turgidity is consistent with the early harvested, soft apple phenotypes 

associated with the unfavourable allele.  

 While the Juicy13 marker did not have a significant effect on harvest date, the 

proximity of Chr13:6,049,060 to a putative PME gene (Chapter 3) suggests that this 

locus may also be involved in the complex network of fruit ripening and maturity genes. 

This hypothesis is further supported by the correlation between apple juiciness and 

harvest date observed in the present study (Figure 4.3). PMEs are cell wall metabolic 

enzymes expressed in response to ethylene suppression (Tadiello et al. 2016). A review 

of the PME gene family has suggested that these enzymes play a central role in the 

regulation of intercellular adhesions in apple fruits, and may also regulate the activity of 

PGs (Micheli 2001; Brummell 2006). While a candidate mutation in the putative PME 

gene MDP000021997 has yet to be discovered, the potential biological function of this 

candidate gene provides some evidence that the Chr13 juicy locus may still represent a 

true QTL. The genetic interaction of Juicy13 with the other primary apple texture 

proteins was not detectible in this study, but may have a significant effect on a carefully 

phenotyped validation population such as the ABC or the GAC. 

 

4.6 Conclusion 
 

 This study was unable to validate a new candidate marker for apple sensory 

juiciness. The failure of the marker to predict juiciness phenotypes in two large diversity 

collections indicated that additional research is needed before the marker can be 

implemented in a selection program. It is likely that the failure of the Juicy13 marker to 

predict juiciness in the two validation populations was due to the inconsistency of 

juiciness phenotypes between populations rather than to the absence of a true QTL on 

Chr13. The elevated favourable allele ratios of the Juicy13 marker in improved cultivars 

suggested that apple phenotypic selection may have acted upon the Chr13 locus. The 

presence of a candidate PME gene proximal to the candidate marker on Chr13 also 

provided evidence that the locus may be involved in the complex genetic control of fruit 

texture, ripening and maturity. Further efforts to evaluate the Juicy13 marker and the 
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Chr13 locus will require a particular focus on high congruency of phenotypic data, which 

in this study presented the major obstacle to QTL validation.  
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CHAPTER 5 

 

 

 

GENERAL DISCUSSION 

 

 

 

5.1 Summary of findings 
 

 The objectives of this thesis were to examine a diverse population of apples for 

variation associated with historical origins and fruit quality, to detect novel sources of 

genetic variation in fruit quality traits, and to demonstrate the applicability of new fruit 

quality QTL for marker assisted selection. These objectives were examined and 

presented in the three research chapters (Chapters 2, 3 and 4). Chapter 2 showed that 

the selection of apple cultivars in diverse locations throughout recent history has not 

contributed to differentiation in apple quality traits dependent on environment. In other 

words, apple taste, texture and overall quality have always been important, and they are 

important everywhere. A major finding of Chapter 2 was that apple quality is associated 

with a genomic region of increased diversity on Chr12. Chapter 3 showed that apple 

quality traits measured by standard instruments do not correspond very strongly with 

apple quality traits as they are perceived by human sensory panels. A major finding of 

Chapter 3 was a new candidate locus associated with apple crisp and juicy texture on 

Chr13. The potential of the Chr13 apple sensory texture locus to be used in marker 

assisted selection for apple breeding was explored in Chapter 4. The major finding of 

Chapter 4 was that the Chr13 locus could not be used to predict apple juiciness in two 

large apple diversity collections. However, the failure of the Chr13 locus to predict 

texture was hypothesised to result from a poor correlation between juiciness 

phenotypes, rather than from the absence of a true QTL. The results of this thesis 

demonstrate that phenotypic data derived from the human perception of plant traits can 

be used to conduct genome wide association studies. The results further demonstrate 
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that it is necessary for significant associations detected through trained sensory 

evaluation to be validated using the same phenotyping approach. 

 

5.2 Study challenges 
 

 A recurrent challenge to this thesis was the low power to detect significant 

associations through MLM GWAS. The threshold of significance was set using a 

Benjamini-Hochberg false discovery rate adjustment, which is one of the least 

conservative methods to correct for multiple hypothesis testing. However, even with this 

adjustment, there were no significant associations detectible for even the known major 

loci such as the MdMyb1 gene on Chr9, which controls fruit colour. This low power to 

detect known major associations was likely due to the population size, which in this 

thesis was smaller than those in other GWAS studies. Despite the lack of significant 

associations at the 5 % FDR, there were traits that showed clear trends of association in 

the MLM GWAS, including the skin colour locus on Chr9 and the newly discovered 

sensory texture locus on Chr13.  

 Some liberty was taken in publishing these results, using the significant GLM 

associations as evidence for the validity of the findings. Arguments about p-values and 

significance have become prevalent throughout the scientific community (Wasserstein 

and Lazar 2016). While statistical tests must approach absolute certainty in many 

cases, for example when demonstrating the efficacy of a pediatric anaesthetic, such 

stringency may be relaxed when reporting the results of exploratory research that does 

not propose direct application without further study. There is value to reporting early 

novel findings, which may through subsequent research be shown to represent 

biologically relevant phenomena. Research in apple genetics and breeding has been 

remarkably cooperative, with multiple international groups building upon each other’s 

findings to propose, support and validate QTL, genes and mutations that have become 

invaluable to the future of apple cultivar development. The findings of this thesis are 

considered to be one more piece of this large and interconnected puzzle, with the 

GWAS results representing either supporting evidence for previously reported QTL, or 

preliminary evidence for newly discovered QTL.  
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 The supporting evidence for previously reported QTL includes the detection of 

significant associations for overall apple quality and adaptation on Chr12 and Chr13, 

respectively. The detection of significant associations in a diverse apple population 

which correspond to QTL discovered in bi-parental families demonstrates that these 

QTL are conserved across genetic backgrounds and suggests that they may be useful 

predictors of quantitative variation in breeding germplasm. The Chr12 and Chr13 loci 

were also found to collocate with genomic regions having potentially undergone 

selection in diverse environments, as indicated by high localized values of the Tajima’s 

D statistic. These results were consistent with the general consensus that cultivated 

apples remain a highly diverse species and have not been subjected to a domestication 

bottleneck. Increased diversity at genomic regions associated with quality and 

adaptation may be one reason that high quality apples can thrive worldwide under many 

varied environmental conditions. The supporting evidence for previously reported QTL 

also includes the loci found to be significantly associated with apple flavour on Chr9 and 

Chr12. The correspondence of these loci with previously reported QTL for apple flavour 

volatiles suggests that Chr9 and Chr12 merit for further investigation into candidate 

genes that may contribute to important quantitative variation in sensory flavour. 

 The preliminary evidence for newly discovered QTL includes the detection of a 

novel significant association for crisp and juicy apple texture on Chr13. In reporting this 

novel association, care was taken to consider which results would carry the most 

potential weight for use in MAS, and might therefore be of interest to apple breeders. 

The Chr13 locus was the QTL with the largest effect on fruit quality in this study. It is 

important to recognize that the new Chr13 locus should not yet be considered a 

definitive major locus, but should instead be considered a candidate QTL. In contrast to 

the Chr3 apple texture locus recently discovered by Migicovsky et al. (2016) and 

McClure (2017), there were no prior QTL reported for apple texture on Chr13.  

 I have argued that the reason Chr13 represents a real and important QTL is that 

the locus is strongly associated with the sensory interpretation of crisp and juicy apple 

texture. While these traits may be correlated with other parameters of apple texture, 

they nevertheless are sufficiently different from apple firmness or hardness to be 

perceived as distinct by general consumers. The work of consumer preference 
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evaluators has provided convincing evidence that crispness is preferable to firmness, 

and this conclusion is supported by the market performance of the very crisp apple 

‘Honeycrisp’ compared to the very firm apple ‘Granny Smith’. Since the new Chr13 

locus carries the potential to be used in selection for the type of crisp and juicy texture 

that is so well liked in ‘Honeycrisp’ apples, it was reported as a novel discovery in the 

publication of Chapter 3. 

 A follow up study was also conducted to determine whether this locus had a 

significant effect on apple texture in a larger germplasm collection. The finding that the 

Chr13 locus was not strongly associated with juice content or perceived juiciness in two 

large apple diversity collections was disappointing. However, a review of the results 

made it clear that the traits measured in the two validation populations were not the 

traits of interest. The first validation population was phenotyped using a high efficiency 

automated system that determined the juice content of each apple. Although this 

measurement was correlated with sensory juiciness, it was not sufficiently correlated to 

be associated with the Chr13 candidate marker. Instead, juice content was moderately 

associated with the known major apple firmness genes MdPG1 and MdACS1. The 

second validation population was phenotyped using a sensory approach and was found 

to be moderately associated with the Chr13 marker. This weak association was likely 

due to the method of sensory evaluation, which included the ratings of one or two 

experts but did not include the same strict sensory laboratory protocols as were 

employed for the marker discovery. Therefore, the failure of the Chr13 candidate QTL to 

predict apple texture in large diverse apple collections was not abject. Rather, the failure 

simply highlighted the necessity for consistent phenotyping approaches to be employed 

in future validation attempts. 

 Though invaluable to the discovery of the Chr13 apple texture locus, the use of 

descriptive sensory evaluation as the phenotyping method of choice in this thesis was 

not without its challenges. The phenotypic evaluation was conducted by a trained 

sensory panel that developed a consensus list of seventeen descriptors to characterize 

all of the variation in apple taste, texture and flavour. While it was beneficial from a 

descriptive sensory evaluation perspective to have such a comprehensive list of apple 

attributes, it was likely excessive from the perspective of the GWAS. The twenty highly 
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trained sensory analysts were employed to develop complete sensory profiles for 85 

apple cultivars throughout the two year process of this study. Each year required five 

months of training and evaluation in order for the panel to generate full cultivar profiles. 

This process resulted in only five sensory characteristics that could be mapped in the 

association study. 

 Interestingly, each of the five sensory characteristics featured strong correlations 

with other sensory attributes. These correlations were likely due to redundancy between 

traits, for example between apple acidity and lemony flavour. The correlations were 

important, however, as they provided supporting evidence that associations on Chr9 

and Chr12 with fresh green apple flavour could potentially be used to indirectly select 

for increased apple sweetness and honey flavour, as well as for reduced acidity and 

bitterness. Future studies of genetic apple sensory quality could benefit from a 

simplified list of five or fewer traits that capture the broad categories of apple sensory 

taste, flavour and texture, based on the relationships between sensory traits described 

in this thesis research. The inclusion of sensory protocols with a simplified list of 

descriptors would provide the benefits of generating precise phenotypic data while 

mitigating the substantial costs of trained panel evaluation.  

 

5.3 Future directions 
 

 The results of this thesis provide an excellent starting point for future genome 

wide association studies, QTL validation studies and candidate gene studies. Since the 

objective of this thesis was to contribute toward apple breeding for improved fruit 

quality, it would be a significant success to see the Chr13 apple texture marker 

deployed in MAS. However, additional research must be done to demonstrate that the 

marker is associated with apple crispness and juiciness in germplasm relevant to apple 

breeding. It may be that I have weighted my own discovery too heavily, and that the 

marker will not be proven useful for MAS. In that case, there remain a number of proven 

fruit quality markers such as those targeting the genes MdACO1, MdACS1 and MdPG1, 

which are not yet fixed in modern commercial cultivars and should be used to enrich 

breeding populations. Any future development and deployment of DNA markers for 
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MAS in apple should include careful consideration for the human perception of apple 

quality.  

 The use of descriptive sensory data in GWAS has broad implications for 

horticulture genetics research. Sensory GWAS approaches should be explored in 

numerous horticultural species, in order to detect novel genomic associations with plant 

taste, texture and flavour, as well as with visual appeal and tactile quality. In apple, 

future GWAS of taste, texture and flavour should be performed in large populations, 

using a small number of sensory variables that can be evaluated economically while still 

permitting the detection of genetic loci associated with important consumer traits. The 

specific associations detected in this thesis for apple texture and flavour should be 

tested through candidate marker studies in diverse and segregating germplasm, using 

phenotypes derived from trained sensory evaluation. It would also be valuable to 

examine the genes underlying the candidate texture locus on Chr13 and the candidate 

flavour loci on Chr9 and Chr12, to elucidate the potential biological mechanisms 

involved in the observed genetic variation.  
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APPENDIX 1 
Appendix 1 

 
Appendix 1: Pedigree of the Vineland Heritage Apple Orchard according to historical 
records. Parent-offspring relationships are indicated with solid black lines. Asterisks (*) 
indicate cultivars derived from spontaneous mutation of the parental cultivar. Cultivars in 
light blue have genotypic data and cultivars in dark purple do not have genotypic data. A 
higher resolution image is available upon request.  
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APPENDIX 2 
Appendix 2 

 
Appendix 2: Fruit characteristics of the Vineland Heritage Apple Orchard.  
 
(a) Table of cultivar phenotypes according to historical fruit quality descriptions (Beach 
1905; Morgan and Richards 2002; AAFC 2016; UK DEFRA 2016; USDA ARS 2016). 
 

Cultivar Fruit Size 
Fruit 

Shape 
Base 

Colour 
Over 

Colour 
Flesh 
Colour 

Texture Juiciness Acidity 
Taste/ 
Flavour 

General 
Quality 

Akane medium round yellow red white firm high moderate 
sweet, 
sharp 

high 

Alexander large 
conic, 
ribbed 

yellow red white tender moderate moderate sweet moderate 

Antonovka 
medium-

large 
oblate, 

irregular 
yellow russet 

yellow-
white 

tender moderate high astringent low 

Baldwin large round white red yellow 
tender, 

firm 
high moderate 

sweet, 
aromatic, 

spicy 
high 

Baxter large 
oblate, 
ribbed 

green red 
green-
white 

firm low moderate astringent moderate 

Ben Davis 
medium-

large 
round red red white spongy high low aromatic low 

Blenheim 
Orange 

very large 
round, 
oblate 

yellow red, russet yellow crisp moderate moderate sweet high 

Blue 
Pearmain 

medium-
large 

round, 
oblate 

yellow purple yellow 
tender, 

firm 
moderate low 

sweet, 
aromatic 

moderate 

Bottle 
Greening 

medium-
large 

conic yellow red 
green-
white 

tender high moderate mild high 

Britegold 
medium-

large 
conic yellow  

yellow-
white 

tender high low 
mild, 
sweet 

high 

Cabashea large 
round, 
oblate 

green red white firm moderate moderate 
sweet, 
sharp 

moderate 

Canada Red 
medium-

large 
round, 
oblate 

yellow red yellow 
tender, 

firm 
moderate low mild high 

Chenango 
Strawberry 

medium-
large 

conic, 
ribbed 

yellow pink white 
tender, 

thick skin 
high moderate aromatic high 

Colvert           

Cortland 
small-

medium 
round, 
oblate 

green red white tender high low 
sweet, 
vinous 

very high 

Cox's Orange 
Pippin 

medium 
round, 
oblate 

green 
red, 

orange, 
russet 

yellow-
white 

crisp high high 
sweet, 

aromatic 
very high 

Cranberry 
Pippin 

medium-
large 

round, 
oblate 

yellow red white firm, crisp moderate moderate sweet low 

Dawn Mac           

Duchess large 
round, 
oblate, 
ribbed 

yellow red white firm high high sharp low 

Early Joe small oblate green red 
yellow-
white 

tender, 
firm 

high moderate aromatic high 

Elstar 
medium-

large 
round yellow red 

yellow-
white 

firm high moderate 
sweet, 

aromatic 
very high 

Empire medium 
round, 
oblate 

green red 
yellow-
white 

crisp high moderate aromatic very high 

Esopus 
Spitzenburg 

medium-
large 

round, 
conic 

yellow red, russet 
yellow-
white 

tender, 
firm 

high moderate 
sweet, 

aromatic, 
spicy 

very high 

Fallawater large 
round, 
oblate 

green red 
green-
white 

firm moderate moderate sweet low 

Fameuse 
small-

medium 
round green red white tender high moderate 

sweet, 
aromatic, 

vinous 
very high 
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Freedom 
medium-

large 
round, 
conic 

yellow red yellow crisp high moderate 
sweet, 
sharp 

high 

Fuji large 
round, 
oblate 

green red 
yellow-
white 

crisp high low sweet very high 

Gala 
(Heritage) 

medium 
round, 
conic, 
ribbed 

yellow 
red, 

orange 
yellow crisp high low sweet very high 

Gala (Royal) medium 
round, 
conic, 
ribbed 

yellow 
red, 

orange 
yellow crisp high low sweet very high 

Gano medium round yellow red white firm, crisp high moderate aromatic low 

Golden 
Delicious 

medium conic yellow russet 
yellow-
white 

tender, 
firm 

high moderate 
sweet, 

aromatic 
very high 

Golden 
Russet 

small-
medium 

round, 
oblate 

yellow russet 
yellow-
white 

firm, crisp high moderate 
very 

sweet, 
aromatic 

very high 

Granny Smith 
medium-

large 
round, 
oblate 

green  white crisp high high 
sweet, 
sharp 

high 

Gravenstein medium 
round, 
oblate 

green red 
yellow-
white 

crisp very high moderate 
rich, 

aromatic, 
vinous 

very high 

Grimes 
Golden 

medium 
round, 
oblong, 
ribbed 

yellow  
yellow-
white 

tender, 
firm 

very high moderate 

rich, 
sweet, 

aromatic, 
spicy 

very high 

Haas medium 
round, 
oblate, 
ribbed 

red red 
white, 

stained 
pink 

spongy high moderate astringent moderate 

Hubbardston large 
round, 
conic 

red red yellow crisp high moderate rich, sweet very high 

Hume large 
round, 
oblate 

green purple 
yellow-
white 

tender, 
firm 

high moderate 
sweet, 

aromatic 
very high 

Idared 
medium-

large 
round, 
conic 

green red 
yellow-
white 

tender, 
firm 

moderate moderate 
sweet, 
sharp 

high 

Irish Peach small 
round, 
oblate 

yellow red 
yellow-
white 

tender high moderate aromatic moderate 

Jersey Mac medium 
round, 
conic 

green red white crisp high moderate 
mild, 
sweet 

moderate 

Jonagold large round yellow red yellow 
firm, 

breaking 
high moderate rich very high 

Jonathan 
small-

medium 
round, 
conic 

yellow red white tender high moderate 

sweet, 
aromatic, 

sharp, 
spicy 

very high 

Joyce           

Kennedy's 
Pearshaped 

          

Kentish 
Fillbasket 

very large 
round, 
oblate, 
ribbed 

green red white tender high moderate mild low 

King large round yellow red 
yellow-
white 

firm, crisp high moderate 
rich, 

aromatic 
very high 

Lady small oblate green red white crisp very high low 
mild, 

aromatic 
moderate 

Leder 
Borsdorf 

          

Liberty medium 
round, 
oblate 

yellow purple 
yellow-
white 

firm high moderate 
sweet, 
vinous 

high 

Lobo large 
round, 
oblate, 
ribbed 

yellow purple 
white, 

stained 
pink 

tender, 
firm 

high moderate sweet high 

Lodi medium conic yellow  white mealy moderate high sharp moderate 

Lubsk Queen 
small-

medium 
round, 
oblate 

yellow pink white firm moderate moderate sharp moderate 

Macoun medium oblate green purple 
white, 

stained 
pink 

tender, 
firm 

high moderate aromatic very high 



162 

Maiden Blush 
medium-

large 
oblate, 

irregular 
yellow pink white tender moderate moderate sweet moderate 

Mann large 
round, 
oblate 

green  
yellow-
white 

crisp moderate moderate sharp low 

Margaret 
Pratt 

          

McIntosh medium 
round, 
oblate 

green red white 
tender, 

firm 
high moderate vinous moderate 

McMahon large 
oblate, 

irregular 
yellow red 

yellow-
white 

firm, crisp high moderate rich moderate 

Milwaukee large 
oblate, 

irregular 
yellow red 

yellow-
white 

tender, 
firm 

high high mild moderate 

Moscow Pear medium 
round, 
oblate 

yellow  
yellow-
white 

tender high moderate 
sweet, 

aromatic 
moderate 

Mutsu very large 
round, 
oblate, 
ribbed 

yellow  white firm, crisp high moderate 
sweet, 
sharp 

high 

Newtown 
Pippin 

medium-
large 

round, 
oblate, 
ribbed 

green red, brown 
green-
white 

tender, 
firm 

high high 
rich, 

sweet, 
aromatic 

very high 

North Star 
medium-

large 
round yellow red yellow 

tender, 
thick skin 

moderate moderate 
sweet, 

aromatic 
moderate 

Northern Spy very large round green red 
yellow-
white 

tender, 
firm 

high moderate 

rich, 
sweet, 

aromatic, 
spicy 

very high 

Northwestern 
Greening 

very large 
round, 
conic 

green  
green-
white 

firm high high 
sweet, 
sharp 

high 

Oldenburg           

Ontario large 
oblate, 

irregular 
yellow  

green-
white 

tender very high moderate 
mild, 

aromatic 
very high 

Pear Gold           

Pomme Grise 
small-

medium 
round, 
oblate 

yellow russet white 
tender, 

firm 
high low 

sweet, 
aromatic 

very high 

Primate 
medium-

large 
round, 
conic 

yellow orange white tender high moderate sweet very high 

Princess 
Louise 

          

Quaker 
Beauty 

small 
round, 
conic 

yellow  
yellow-
white 

tender, 
firm 

moderate moderate astringent low 

Quinte medium round yellow red white firm moderate moderate sweet high 

Red 
Astrachan 

medium round yellow red white crisp high high sharp high 

Red Atlas           

Red Delicious large 
round, 
conic, 
ribbed 

red red white 
tender, 

firm 
moderate low 

mild, 
sweet 

high 

Rescue small 
round, 
oblate 

yellow red yellow mealy moderate high very sweet high 

Rome Beauty medium 
round, 
conic, 
ribbed 

red red white firm moderate high 
sweet, 
sharp 

moderate 

Roxbury 
Russet 

medium 
round, 
conic 

yellow red, russet 
yellow-
white 

firm, thick 
skin 

moderate moderate 
mild, 
sweet 

moderate 

Russet           

Scarlet Pippin medium 
round, 
oblate 

white red white 
tender, 

firm, 
breaking 

high moderate mild very high 

Seek-no-
Further 

medium 
round, 
conic 

yellow red, russet 
yellow-
white 

tender high moderate mild, spicy high 

Snow medium 
round, 
oblate 

green red white tender moderate moderate sweet moderate 

Spartan 
medium-

large 
oblate yellow red, purple white firm, crisp high moderate 

sweet, 
vinous 

high 

St Lawrence large 
round, 
oblate 

yellow red 
white, 

stained 
pink 

tender, 
firm 

high low vinous high 
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Stark large 
round, 
oblate 

yellow  
yellow-
white 

firm moderate moderate mild low 

Summer 
Rambo 

large 
round, 
oblate 

yellow red yellow 
crisp, 

breaking 
very high moderate aromatic moderate 

Sweet Bough large 
round, 
oblate 

yellow  white tender high low rich, sweet very high 

Tolman 
Sweet 

medium-
large 

round, 
oblate 

yellow russet white firm moderate low 
rich, very 

sweet 
high 

Twenty 
Ounce 

very large 
round, 
oblate 

green red white tender high moderate sweet low 

Tydeman's 
Red 

medium round red red 
green-
white 

tender moderate moderate mild, spicy moderate 

Vinebrite medium 
round, 
conic, 
ribbed 

red red white 
tender, 

firm 
moderate low sweet high 

Vista Bella medium round green purple 
yellow-
white 

tender high moderate 
sweet, 

aromatic, 
sharp 

high 

Wagener 
medium-

large 
round, 
oblate 

red pink 
yellow-
white 

firm very high moderate aromatic very high 

Wealthy 
medium-

large 
round, 
oblate 

yellow red 
white, 

stained 
pink 

tender high moderate 
sweet, 
vinous 

high 

Wealthy 
Double Red 

medium-
large 

round, 
oblate 

yellow red 
white, 

stained 
pink 

tender high moderate 
sweet, 
vinous 

high 

White Winter 
Calville 

large 
oblate, 
ribbed 

yellow  white 
tender, 

firm 
high high 

sweet, 
aromatic, 

spicy 
high 

Winter 
Banana 

medium-
large 

round, 
oblate 

yellow pink yellow firm, crisp high moderate 

sweet, 
aromatic, 
banana-

like 

moderate 

Wolf River very large 
round, 
oblate 

yellow red 
yellow-
white 

firm high moderate sweet low 

Yellow 
Bellflower 

medium-
large 

conic, 
ribbed 

yellow  white firm, crisp high high 
very 

sweet, 
aromatic 

high 

Yellow 
Transparent 

medium 
round, 
conic 

white  white firm high moderate very sweet low 

York Imperial 
medium-

large 
round, 
oblate 

yellow red 
yellow-
white 

firm, crisp, 
breaking 

moderate moderate 
sweet, 
sharp 

low 
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(b) Table of historical cultivar phenotypes converted to a numerical scale based on the 
historical cultivar descriptions in (a). Each trait is expressed on a three point scale 
representing (1) low, (2) moderate, and (3) high intensity. 
 

Cultivar size colour texture juiciness acidity sweetness aroma quality 

Akane 2 2 2 2 2 2 1 2 

Alexander 3 2 1 1 2 2 1 1 

Antonovka 2 1 1 1 3 1 1 1 

Baldwin 3 2 2 2 2 2 2 2 

Baxter 3 2 2 1 2 1 1 1 

Ben Davis 2 3 1 2 1 1 2 1 

Blenheim Orange 3 2 3 1 2 2 1 2 

Blue Pearmain 2 3 2 1 1 2 2 1 

Bottle Greening 2 2 1 2 2 1 1 2 

Britegold 2 1 1 2 1 2 1 2 

Cabashea 3 2 2 1 2 2 1 1 

Canada Red 2 2 2 1 1 1 1 2 

Chenango Strawberry 2 2 1 2 2 1 2 2 

Colvert         

Cortland 1 2 1 2 1 2 1 3 

Cox's Orange Pippin 2 2 3 2 3 2 2 3 

Cranberry Pippin 2 2 3 1 2 2 1 1 

Dawn Mac         

Duchess 3 2 2 2 3 1 1 1 

Early Joe 1 2 2 2 2 1 2 2 

Elstar 2 2 2 2 2 2 2 3 

Empire 2 2 3 2 2 1 2 3 

Esopus Spitzenburg 2 2 2 2 2 2 2 3 

Fallawater 3 2 2 1 2 2 1 1 

Fameuse 1 2 1 2 2 2 2 3 

Freedom 2 2 3 2 2 2 1 2 

Fuji 3 2 3 2 1 2 1 3 

Gala (Heritage) 2 2 3 2 1 2 1 3 

Gala (Royal) 2 2 3 2 1 2 1 3 

Gano 2 2 3 2 2 1 2 1 

Golden Delicious 2 1 2 2 2 2 2 3 

Golden Russet 1 1 3 2 2 3 2 3 

Granny Smith 2 1 3 2 3 2 1 2 

Gravenstein 2 2 3 3 2 1 3 3 

Grimes Golden 2 1 2 3 2 2 3 3 

Haas 2 3 1 2 2 1 1 1 

Hubbardston 3 3 3 2 2 2 3 3 

Hume 3 3 2 2 2 2 2 3 

Idared 2 2 2 1 2 2 1 2 

Irish Peach 1 2 1 2 2 1 2 1 

Jersey Mac 2 2 3 2 2 2 1 1 

Jonagold 3 2 2 2 2 1 3 3 

Jonathan 1 2 1 2 2 2 2 3 

Joyce         

Kennedy's Pearshaped         

Kentish Fillbasket 3 2 1 2 2 1 1 1 

King 3 2 3 2 2 1 3 3 

Lady 1 2 3 3 1 1 2 1 

Leder Borsdorf         

Liberty 2 3 2 2 2 2 1 2 

Lobo 3 3 2 2 2 2 1 2 

Lodi 2 1 1 1 3 1 1 1 

Lubsk Queen 1 2 2 1 2 1 1 1 

Macoun 2 3 2 2 2 1 2 3 

Maiden Blush 2 2 1 1 2 2 1 1 

Mann 3 1 3 1 2 1 1 1 

Margaret Pratt         
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McIntosh 2 2 2 2 2 1 1 1 

McMahon 3 2 3 2 2 1 3 1 

Milwaukee 3 2 2 2 3 1 1 1 

Moscow Pear 2 1 1 2 2 2 2 1 

Mutsu 3 1 3 2 2 2 1 2 

Newtown Pippin 2 3 2 2 3 2 3 3 

North Star 2 2 1 1 2 2 2 1 

Northern Spy 3 2 2 2 2 2 3 3 

Northwestern Greening 3 1 2 2 3 2 1 2 

Oldenburg         

Ontario 3 1 1 3 2 1 2 3 

Pear Gold         

Pomme Grise 1 1 2 2 1 2 2 3 

Primate 2 2 1 2 2 2 1 3 

Princess Louise         

Quaker Beauty 1 1 2 1 2 1 1 1 

Quinte 2 2 2 1 2 2 1 2 

Red Astrachan 2 2 3 2 3 1 1 2 

Red Atlas         

Red Delicious 3 3 2 1 1 2 1 2 

Rescue 1 2 1 1 3 3 1 2 

Rome Beauty 2 3 2 1 3 2 1 1 

Roxbury Russet 2 2 2 1 2 2 1 1 

Russet         

Scarlet Pippin 2 2 2 2 2 1 1 3 

Seek-no-Further 2 2 1 2 2 1 1 2 

Snow 2 2 1 1 2 2 1 1 

Spartan 2 3 3 2 2 2 1 2 

St Lawrence 3 2 2 2 1 1 1 2 

Stark 3 1 2 1 2 1 1 1 

Summer Rambo 3 2 3 3 2 1 2 1 

Sweet Bough 3 1 1 2 1 2 3 3 

Tolman Sweet 2 1 2 1 1 3 3 2 

Twenty Ounce 3 2 1 2 2 2 1 1 

Tydeman's Red 2 3 1 1 2 1 1 1 

Vinebrite 2 3 2 1 1 2 1 2 

Vista Bella 2 3 1 2 2 2 2 2 

Wagener 2 3 2 3 2 1 1 3 

Wealthy 2 2 1 2 2 2 1 2 

Wealthy Double Red 2 2 1 2 2 2 1 2 

White Winter Calville 3 1 2 2 3 2 2 2 

Winter Banana 2 2 3 2 2 2 2 1 

Wolf River 3 2 2 2 2 2 1 1 

Yellow Bellflower 2 1 3 2 3 3 2 2 

Yellow Transparent 2 1 2 2 2 3 1 1 

York Imperial 2 2 3 1 2 2 1 1 
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(c) Histograms of historical cultivar phenotypes for eight fruit quality traits showing the 
unselected (purple) and selected (green) cultivars. The scale of 1-3 represents low, 
moderate and high trait intensity. The selected cultivars were genotyped and used for 
downstream population structure analyses.  
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APPENDIX 3 
Appendix 3 

 
Appendix 3: Summary statistics of Vineland Heritage Apple Orchard fruit 
characteristics.  
 
 

 
 
 
(a) Heat map of Spearman rank correlations between apple fruit quality traits according 
to historical records for 100 apple cultivars. Rank correlations are presented above the 
diagonal with colour intensities corresponding to the correlation values; p-values are 
presented below. The bolded correlations are significant.  
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size 0.01 0.15 0.01 0.07 -0.08 -0.03 -0.09

colour 0.9539 -0.02 -0.02 -0.13 -0.10 -0.05 0.01

texture 0.1674 0.8290 0.14 0.02 0.05 0.11 0.12

juice 0.9325 0.8166 0.1898 -0.01 -0.14 0.41 0.46

acid 0.5174 0.2230 0.8169 0.9355 -0.04 -0.05 -0.15

sweet 0.4369 0.3365 0.6047 0.1788 0.7179 0.01 0.21

aroma 0.7631 0.6146 0.3024 <0.0001 0.6127 0.9091 0.39

quality 0.4174 0.9117 0.2574 <0.0001 0.1599 0.0479 0.0001
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(b) Variance analysis of historical fruit quality traits in Vineland apples based on location 
and date of origin. The location and century of origin were considered random effects in 
a mixed linear model analysis for each fruit quality trait in 100 apple cultivars. The 
locations included Asia, Australia, Europe, North America and Russia, and the centuries 
included the 1500s to 1900s. 
 

  Acidity   Quality 

Parameter Estimate SE Z p   Parameter Estimate SE Z p 

Location of Origin 0.024 0.054 0.45 0.326   Location of Origin 0.096 0.167 0.57 0.284 

Century of Origin 0.000 . . .   Century of Origin 0.059 0.073 0.80 0.212 

Loc. x Century 0.000 . . .   Loc. x Century 0.000 . . . 

Residual 0.298 0.046 6.54 <.0001   Residual 0.611 0.095 6.43 <.0001 

                      

  Aroma   Size 

Parameter Estimate SE Z p   Parameter Estimate SE Z p 

Location of Origin 0.061 0.094 0.65 0.259   Location of Origin 0.000 . . . 

Century of Origin 0.000 . . .   Century of Origin 0.000 . . . 

Loc. x Century 0.000 . . .   Loc. x Century 0.020 0.041 0.49 0.314 

Residual 0.453 0.069 6.58 <.0001   Residual 0.387 0.061 6.38 <.0001 

                      

  Colour   Sweetness 

Parameter Estimate SE Z p   Parameter Estimate SE Z p 

Location of Origin 0.029 0.044 0.67 0.253   Location of Origin 0.000 . . . 

Century of Origin 0.026 0.034 0.77 0.221   Century of Origin 0.005 0.016 0.33 0.371 

Loc. x Century 0.000 . . .   Loc. x Century 0.000 . . . 

Residual 0.363 0.055 6.56 <.0001   Residual 0.325 0.049 6.67 <.0001 

                      

  Juiciness   Texture 

Parameter Estimate SE Z p   Parameter Estimate SE Z p 

Location of Origin 0.022 0.036 0.60 0.275   Location of Origin 0.147 0.180 0.82 0.207 

Century of Origin 0.000 . . .   Century of Origin 0.000 . . . 

Loc. x Century 0.000 . . .   Loc. x Century 0.000 . . . 

Residual 0.300 0.045 6.64 <.0001   Residual 0.524 0.080 6.56 <.0001 
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APPENDIX 4 
Appendix 4 

 
Appendix 4: Linkage disequilibrium decay analysis. 
 
(a) Table summarizing extent of LD and SNP distribution by chromosome for 66 apples. 
 
 

Chromosome 
Number 

LD Decay 
(kb)A 

Length (Mb) 
Number of 

SNPs  
Inter-SNP 

Distance (kb) 

1 75 29 2,575 11 

2 39 37 3,712 10 

3 49 34 3,060 11 

4 69 23 2,421 10 

5 52 32 3,325 10 

6 61 26 2,325 11 

7 128 27 2,599 10 

8 22 30 2,720 11 

9 26 34 3,673 9.2 

10 35 33 3,908 8.6 

11 39 35 3,461 10 

12 44 32 3,141 10 

13 122 35 3,382 10 

14 61 29 2,450 12 

15 75 47 4,636 10 

16 83 21 2,228 9.4 

17 13 25 2,824 8.8 

Average 58 31 3,085 10 
A LD decay extents were estimated at r2 = 0.2 according to Marroni et al. (2011). Chromosome 
length estimates were obtained from Velasco et al. (2010). 
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(b) Linkage disequilibrium decay for SNPs separated by up to 1 kb on all chromosomes. 
LD is estimated to extend to the inter-SNP distance at which the LD decay curve 
intersects the r2 value of 0.2 (Marroni et al. 2011). 
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APPENDIX 5 
Appendix 5 

 
Appendix 5: Pedigree revisions for the Vineland Heritage Apple Orchard. 
 
(a) Pairwise relationships between Vineland apple cultivars based on pedigree records 
and genome wide estimates of IBD. 
 

Pair of Cultivars Expected Relationship IBD EstimatesA Predicted Relationship Proposed Relationship 

    based on pedigree z0 z1 z2 
 

based on z based on �̂� based on expected and observed 

RED VIN clone 0.03 0.24 0.74 0.85   very high IBD clone 
DAW EMP full sibs 0.35 0.35 0.30 0.48   moderate IBD full sibs 
JER VIS half sibs 0.33 0.38 0.30 0.49   moderate IBD half sibs 
GOL TOL half sibs 0.71 0.13 0.16 0.23   low IBD half sibs 
LOB MAC half sibs 0.63 0.22 0.14 0.26   low IBD half sibs 
HUM MAC half sibs 0.66 0.16 0.18 0.26   low IBD half sibs 
COR EMP half sibs 0.54 0.35 0.11 0.29   low IBD half sibs 
DAW LOB half sibs 0.51 0.40 0.09 0.29   low IBD half sibs 
COR MAC half sibs 0.52 0.37 0.11 0.30   low IBD half sibs 
AKA IDA half sibs 0.50 0.40 0.10 0.30   low IBD half sibs 
COR DAW half sibs 0.46 0.46 0.07 0.30   low IBD half sibs 
HUM LOB half sibs 0.52 0.34 0.13 0.31   low IBD half sibs 
EMP HUM half sibs 0.48 0.39 0.12 0.32   low IBD half sibs 
DAW HUM half sibs 0.51 0.35 0.15 0.32   low IBD half sibs 
DAW FUJ half sibs 0.42 0.47 0.10 0.34   low IBD half sibs 
COR HUM half sibs 0.46 0.40 0.14 0.34   low IBD half sibs 
EMP FUJ half sibs 0.45 0.42 0.13 0.34   low IBD half sibs 
IDA ONT half sibs 0.41 0.45 0.14 0.36   low IBD half sibs 
COR LOB half sibs 0.39 0.48 0.13 0.37   low IBD half sibs 
DAW MCI parent-offspring 0.20 0.70 0.10 0.45   moderate IBD parent-offspring 
EMP VIN parent-offspring 0.18 0.72 0.09 0.46   moderate IBD parent-offspring 
EMP RED parent-offspring 0.18 0.74 0.09 0.46   moderate IBD parent-offspring 
DAW VIN parent-offspring 0.19 0.69 0.11 0.46   moderate IBD parent-offspring 
DAW RED parent-offspring 0.18 0.71 0.11 0.46   moderate IBD parent-offspring 
LIB MAC parent-offspring 0.18 0.70 0.12 0.47   moderate IBD parent-offspring 
LOB MCI parent-offspring 0.18 0.70 0.12 0.47   moderate IBD parent-offspring 
MAC MCI parent-offspring 0.16 0.71 0.13 0.48   moderate IBD parent-offspring 
LOD YET parent-offspring 0.18 0.64 0.17 0.50   moderate IBD parent-offspring 
FUJ VIN parent-offspring 0.18 0.65 0.17 0.50   moderate IBD parent-offspring 
EMP MCI parent-offspring 0.17 0.65 0.18 0.50   moderate IBD parent-offspring 
FUJ RED parent-offspring 0.16 0.66 0.18 0.51   moderate IBD parent-offspring 
GOD GRI parent-offspring 0.15 0.67 0.18 0.51   moderate IBD parent-offspring 
COR MCI parent-offspring 0.17 0.63 0.20 0.51   moderate IBD parent-offspring 
HUM MCI parent-offspring 0.19 0.58 0.23 0.52   moderate IBD parent-offspring 
GOD GAL parent-offspring 0.15 0.66 0.19 0.52   moderate IBD parent-offspring 
ELS GOD parent-offspring 0.13 0.69 0.19 0.53   moderate IBD parent-offspring 
NOS ONT parent-offspring 0.14 0.60 0.26 0.56   moderate IBD parent-offspring 
COR GAH   0.03 0.18 0.79 0.88 clone very high IBD clone 
FUJ LED   0.02 0.19 0.79 0.89 clone very high IBD clone 
AKA SNO   0.02 0.18 0.81 0.90 clone very high IBD clone 
HAA IDA   0.02 0.14 0.84 0.91 clone very high IBD clone 
GOD RUS   0.01 0.15 0.84 0.92 clone very high IBD clone 
NEW SPI   0.30 0.61 0.10 0.40   moderate IBD related 
SPI WHI   0.32 0.53 0.15 0.42   moderate IBD related 

GOD PEA   0.30 0.50 0.20 0.45   moderate IBD related 
PEA RUS   0.29 0.50 0.21 0.46   moderate IBD related 
LOB MCM   0.19 0.70 0.11 0.46   moderate IBD related 
FAM STL   0.26 0.55 0.19 0.46   moderate IBD related 
GRI RUS   0.15 0.68 0.17 0.51   moderate IBD related (parent-offspring) 
LED VIN   0.13 0.69 0.17 0.52   moderate IBD related (parent-offspring) 
GAL RUS   0.15 0.65 0.20 0.52   moderate IBD related (parent-offspring) 
LED RED   0.13 0.70 0.18 0.52   moderate IBD related (parent-offspring) 
GAH MCI   0.14 0.66 0.19 0.52   moderate IBD related (parent-offspring) 
ELS RUS   0.12 0.70 0.18 0.53   moderate IBD related (parent-offspring) 
RUS TOL parent-offspring 0.70 0.20 0.11 0.21   low IBD not parent-offspring 
GRA ROM parent-offspring 0.63 0.30 0.07 0.22   low IBD not parent-offspring 
FAM MCI parent-offspring 0.44 0.46 0.10 0.33   low IBD not parent-offspring 
FAM SNO clone 0.84 0.07 0.09 0.13 unrelated very low IBD unrelated 
GAH GAL clone 0.73 0.26 0.01 0.14   very low IBD unrelated 
ELS GAH half sibs 0.77 0.19 0.05 0.14 unrelated very low IBD unrelated 
MCI SNO parent-offspring 0.88 0.01 0.12 0.12 unrelated very low IBD unrelated 
VIN YEB parent-offspring 0.76 0.19 0.05 0.14 unrelated very low IBD unrelated 
GAH GOD parent-offspring 0.81 0.09 0.10 0.15 unrelated very low IBD unrelated 
RED YEB parent-offspring 0.75 0.20 0.05 0.15 unrelated very low IBD unrelated 
REA STL parent-offspring 0.77 0.15 0.08 0.16 unrelated very low IBD unrelated 
GOL RUS parent-offspring 0.80 0.06 0.14 0.17 unrelated very low IBD unrelated 

A Genome-wide estimates of IBD include z0: p(IBD = 0), z1: p(IBD = 1), z2: p(IBD = 2) and pihat = (z2) + 0.5(z1) 

�̂� 
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(b) Revised pedigree of the Vineland Heritage Apple Orchard. The parent-offspring 
relationships confirmed and proposed through IBD analysis are indicated by solid black 
and dotted lines, respectively. Cultivars are coloured according a three-point scale of 
fruit colour. Asterisks indicate (*) cultivars derived from spontaneous mutation of the 
parental cultivar or (**) cultivars believed to be mistypes within the Heritage Orchard. 
Only cultivars with relationships tested in IBD analysis are presented. 
  



173 

(c) Pairwise relationships for potential triploids, based on cultivar pedigree data and 
genome wide estimates of IBD. Relatedness is overestimated in the triploid cultivars. 
 

Pair of Cultivars Expected Relationship IBD EstimatesA Observed Relationship Proposed Relationship 

    based on pedigree z0 z1 z2 
 

based on z based on �̂� based on expected and observed 

JON MUT half sibs 0.06 0.67 0.26 0.60   high IBD half-sibs (triploidy) 
ELS MUT half sibs 0.14 0.83 0.02 0.44 parent-offspring moderate IBD half-sibs (triploidy) 
JON GAL half sibs 0.17 0.76 0.06 0.44 parent-offspring moderate IBD half-sibs (triploidy) 
ELS JON half sibs 0.15 0.78 0.07 0.46 parent-offspring moderate IBD half-sibs (triploidy) 
MUT GAL half sibs 0.17 0.76 0.07 0.45 parent-offspring moderate IBD half-sibs (triploidy) 
ELS GAL half sibs 0.34 0.45 0.22 0.44   moderate IBD half-sibs (triploidy) 
MAC SPA half sibs 0.53 0.47 0.00 0.24   low IBD related (triploidy) 
HUM SPA half sibs 0.53 0.47 0.00 0.24   low IBD related (triploidy) 
LOB SPA half sibs 0.50 0.50 0.00 0.25   low IBD related (triploidy) 
GAH JON half sibs 0.48 0.52 0.00 0.26   low IBD related (triploidy) 
GAH MUT half sibs 0.47 0.53 0.00 0.27   low IBD related (triploidy) 
COR SPA half sibs 0.41 0.59 0.00 0.29   low IBD related (triploidy) 
DAW SPA half sibs 0.38 0.62 0.00 0.31   low IBD related (triploidy) 
EMP SPA half sibs 0.38 0.62 0.00 0.31   low IBD related (triploidy) 

AKA JON half sibs 0.29 0.70 0.01 0.36   low IBD related (triploidy) 
IDA JON half sibs 0.28 0.70 0.02 0.37   low IBD related (triploidy) 

GOD MUT parent-offspring 0.04 0.58 0.38 0.67   high IBD parent-offspring (triploidy) 
GOD JON parent-offspring 0.04 0.53 0.43 0.69   high IBD parent-offspring (triploidy) 
MCI SPA parent-offspring 0.40 0.60 0.00 0.30   low IBD not parent-offspring 
NEW SPA parent-offspring 0.35 0.65 0.00 0.33   low IBD not parent-offspring 
MUT RUS   0.04 0.58 0.38 0.67   high IBD parent-offspring (triploidy) 
JON RUS   0.04 0.54 0.43 0.70   high IBD parent-offspring (triploidy) 
KIN SPI   0.05 0.47 0.48 0.72   high IBD closely related (triploidy) 
COL LED   0.24 0.70 0.07 0.41   moderate IBD related (triploidy) 
JON PEA   0.23 0.65 0.12 0.44   moderate IBD related (triploidy) 
BAL SPI   0.20 0.69 0.11 0.46   moderate IBD related (triploidy) 
JON KIN   0.21 0.79 0.00 0.40 parent-offspring moderate IBD related (triploidy) 
LOD RAM   0.21 0.79 0.00 0.40 parent-offspring moderate IBD related (triploidy) 
MUT RAM   0.20 0.80 0.00 0.40 parent-offspring moderate IBD related (triploidy) 
BLE SPA   0.20 0.80 0.00 0.40 parent-offspring moderate IBD related (triploidy) 
KIN RAM   0.20 0.80 0.00 0.40 parent-offspring moderate IBD related (triploidy) 
JON SPA   0.19 0.81 0.00 0.40 parent-offspring moderate IBD related (triploidy) 
BAL BLE   0.19 0.81 0.00 0.41 parent-offspring moderate IBD related (triploidy) 
BAL RAM   0.19 0.81 0.00 0.41 parent-offspring moderate IBD related (triploidy) 
MUT PEA   0.22 0.75 0.04 0.41 parent-offspring moderate IBD related (triploidy) 
COL RAM   0.18 0.82 0.00 0.41 parent-offspring moderate IBD related (triploidy) 
MUT SPA   0.18 0.82 0.00 0.41 parent-offspring moderate IBD related (triploidy) 
BLE RAM   0.17 0.83 0.00 0.41 parent-offspring moderate IBD related (triploidy) 
RAM ROM   0.17 0.83 0.00 0.41 parent-offspring moderate IBD related (triploidy) 
RAM SPA   0.17 0.83 0.00 0.42 parent-offspring moderate IBD related (triploidy) 
GRI MUT   0.17 0.81 0.02 0.42 parent-offspring moderate IBD related (triploidy) 
RAM YET   0.14 0.86 0.00 0.43 parent-offspring moderate IBD related (triploidy) 
GRI JON   0.16 0.81 0.03 0.43 parent-offspring moderate IBD related (triploidy) 
BAL KIN   0.16 0.77 0.07 0.45 parent-offspring moderate IBD related (triploidy) 
KIN SPA   0.25 0.75 0.00 0.37 parent-offspring low IBD related (triploidy) 
KIN NEW   0.25 0.75 0.00 0.38 parent-offspring low IBD related (triploidy) 
BAL SPA   0.25 0.75 0.00 0.38 parent-offspring low IBD related (triploidy) 
LED MUT   0.24 0.76 0.00 0.38 parent-offspring low IBD related (triploidy) 
MUT NEW   0.24 0.75 0.01 0.38 parent-offspring low IBD related (triploidy) 
IRI RAM   0.23 0.77 0.00 0.38 parent-offspring low IBD related (triploidy) 

BAL MUT   0.23 0.77 0.00 0.38 parent-offspring low IBD related (triploidy) 
BLE KIN   0.23 0.77 0.00 0.38 parent-offspring low IBD related (triploidy) 
COL SPA   0.23 0.77 0.00 0.38 parent-offspring low IBD related (triploidy) 
KIN MUT   0.23 0.77 0.00 0.38 parent-offspring low IBD related (triploidy) 
BAL COL   0.23 0.77 0.00 0.38 parent-offspring low IBD related (triploidy) 
BLE COL   0.22 0.78 0.00 0.39 parent-offspring low IBD related (triploidy) 
BAL JON   0.22 0.78 0.00 0.39 parent-offspring low IBD related (triploidy) 
COL MUT   0.22 0.78 0.00 0.39 parent-offspring low IBD related (triploidy) 
JON RAM   0.21 0.79 0.00 0.39 parent-offspring low IBD related (triploidy) 

A Genome-wide estimates of IBD include z0: p(IBD = 0), z1: p(IBD = 1), z2: p(IBD = 2) and pihat = (z2) + 0.5(z1) 
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(d) Revised pedigree of the Vineland Heritage Apple Orchard for potential triploids. The 
parent-offspring relationships confirmed through IBD analysis are indicated by solid 
black lines. The relationships (parent-offspring or other close family) proposed through 
IBD analysis are indicated by dotted black lines. Cultivars are coloured according to the 
coefficient of inbreeding (f) with increasing value from red to yellow. The symbol (3x) 
indicates a reported triploid. Asterisks indicate (*) cultivars derived from spontaneous 
mutation of the parental cultivar or (**) cultivars believed to be mistypes within the 
Heritage Orchard. Only cultivars with relationships tested in IBD analysis are presented. 
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Appendix 6: Genomic positions with the highest values of Tajima’s D and list of 
proximal genes. 
 
 
Position Tajima's D Gene Name Gene Position Putative Gene Function 

Chr7:12,626,840 3.64 

MDP0000318279 Chr7:12,568,375…12,571,723   

MDP0000539994 Chr7:12,575,670...12,573,467   

MDP0000175446 Chr7:12,589,928...12,589,547 DNA binding transcription regulation 

MDP0000736077 Chr7:12,604,311…12,604,884 ester hydrolase 

MDP0000351387 Chr7:12,611,100…12,611,193   

MDP0000936776 Chr7:12,611,220…12,612,623 protein binding 

MDP0000388136 Chr7:12,617,914...12,607,622   

MDP0000736163 Chr7:12,618,562...12,616,731   

MDP0000398925 Chr7:12,624,538…12,625,643   

MDP0000323375 Chr7:12,627,090…12,627,295   

MDP0000347202 Chr7:12,630,557…12,630,707   

MDP0000429919 Chr7:12,637,182...12,630,786 protein binding 

MDP0000457027 Chr7:12,637,625…12,638,018   

MDP0000290961 Chr7:12,638,663…12,639,088   

Chr7:25,557,786 3.70 

MDP0000195978 Chr7:25,520,887…25,521,397   
MDP0000386624 Chr7:25,521,688…25,523,843 protein kinase 
MDP0000285463 Chr7:25,572,246…25,572,635   
MDP0000394822 Chr7:25,590,650…25,591,265   
MDP0000333747 Chr7:25,594,912…25,595,194   
MDP0000205052 Chr7:25,606,041…25,606,751   
MDP0000617629 Chr7:25,610,608...25,608,107 large ribosomal subunit 

Chr12:16,500,268 3.57 

MDP0000253445 Chr12:16,461,066…16,462,588 nucleobase transmembrane transporter 

MDP0000745468 Chr12:16,467,740…16,476,714   

MDP0000906222 Chr12:16,469,027...16,467,740   

MDP0000745469 Chr12:16,477,992...16,477,114   

MDP0000545703 Chr12:16,478,647...16,477,713   

Chr13:1,040,439 3.64 

MDP0000321299 Chr13:1,020,630…1,032,486   

MDP0000384250 Chr13:1,033,707...1,032,747 nucleotide binding oxidoreductase 

MDP0000843744 Chr13:1,035,277…1,035,585 mitochondrial NADH dehydrogenase 

MDP0000351930 Chr13:1,049,180…1,049,372   

MDP0000321302 Chr13:1,049,806…1,050,373 DNA binding 

MDP0000150490 Chr13:1,066,183…1,069,625 membrane lipid biosynthesis 

MDP0000259187 Chr13:1,072,693…1,090,213   

MDP0000816046 Chr13:1,076,734…1,095,899   

MDP0000319902 Chr13:1,086,860...1,069,235 membrane lipid biosynthesis 

MDP0000150492 Chr13:1,093,902...1,077,787   
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Appendix 7: Linkage disequilibrium decay summary and SNP distribution by 
chromosome for 85 apple cultivars. 
 

Chromosome 
Number 

LD Decay (kb)A Length (kb) 
Number of 

SNPs 

Distance 
between SNPs 

(kb) 

1 75.0 29,390 2,575 11.4 

2 39.5 36,519 3,712 9.8 

3 48.8 34,035 3,060 11.1 

4 68.7 23,056 2,421 9.5 

5 51.7 31,643 3,325 9.5 

6 61.5 25,525 2,325 11.0 

7 128.2 26,629 2,599 10.2 

8 21.5 29,751 2,720 10.9 

9 25.8 33,775 3,673 9.2 

10 34.8 33,492 3,908 8.6 

11 38.8 35,328 3,461 10.2 

12 44.1 31,722 3,141 10.1 

13 122.0 34,925 3,382 10.3 

14 61.4 29,326 2,450 12.0 

15 74.7 47,455 4,636 10.2 

16 82.6 20,870 2,228 9.4 

17 13.5 24,926 2,824 8.8 

Average 58.4 31,080 3,085 10.1 
A LD decay extents were estimated at r2 = 0.2 according to Marroni et al. (2011). Chromosome 
length estimates were obtained from Velasco et al. (2010). The number of SNPs per 
chromosome represents data from the filtered, imputed GBS data for 85 apple cultivars, and 
the distance between SNPs is the ratio of number of SNPs to chromosome length. 
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Appendix 8: Phenotypic distributions of 78 apple cultivars evaluated for instrumental 
and sensory fruit quality in 2012 and 2013. 
 

Trait Type TraitA 
2012 2013 2-Year     

Min Max Mean SE Min Max Mean SE Min Max Mean SE ryear H2 

Instrumental 

Flesh Firmness 1.1 8.2 5.0 0.71 2.7 4.6 3.5 0.13 2.0 6.1 4.2 0.75 0.41 0.87 

Soluble Solids Content 11.3 17.8 14.0 0.45 11.6 17.2 13.3 0.30 11.8 17.3 13.6 0.52 0.42 0.79 

Titratable Acidity 3.0 9.8 6.6 0.06 1.9 11.6 6.0 0.04 3.0 9.8 6.1 0.15 0.61 0.94 

Sensory 
Taste 

Acid 12.0 45.6 26.1 0.14 12.4 55.1 26.2 0.10 12.7 49.0 25.7 0.08 0.68 0.88 

Bitter 11.0 14.3 12.4 0.21 11.3 14.8 12.9 0.16 11.3 15.1 13.0 0.12 0.30 0.63 

Sweet 13.6 36.9 24.8 0.13 11.8 43.2 25.5 0.12 13.2 40.4 25.7 0.09 0.80 0.87 

Sensory 
Flavour 

Earthy 7.3 9.2 8.1 0.27 9.9 12.1 10.6 0.21 9.3 11.0 10.0 0.19 0.23 0.58 

Floral 8.4 11.7 9.8 0.27 8.8 15.6 11.2 0.21 9.2 13.1 11.0 0.17 0.31 0.62 

Fresh Green Apple 11.4 28.5 16.4 0.35 10.7 16.7 13.0 0.20 11.6 21.6 14.3 0.20 0.65 0.74 

Fresh Red Apple 9.9 38.7 21.7 0.19 18.7 25.8 22.2 0.08 18.0 24.8 21.5 0.09 0.37 0.37 

Honey 6.6 15.5 9.2 0.24 7.9 25.3 14.4 0.18 7.7 21.4 13.1 0.19 0.53 0.88 

Lemony 9.0 16.4 11.9 0.30 7.9 27.3 14.8 0.17 9.6 22.3 14.1 0.14 0.50 0.77 

Oxidized Red Apple 8.9 13.9 11.0 0.31 9.8 26.0 14.1 0.23 11.4 18.7 13.9 0.19 0.36 0.67 

Sensory 
Texture 

Astringent 11.1 17.3 14.0 0.37 17.7 13.0 15.1 0.24 13.0 17.3 14.9 0.18 0.38 0.68 

Chewy 34.7 47.2 41.5 0.13 27.8 63.6 47.8 0.08 38.7 52.0 45.6 0.08 0.36 0.59 

Crisp 14.2 46.3 31.7 0.21 15.0 70.0 44.7 0.09 15.7 58.6 39.1 0.12 0.78 0.92 

Juicy 18.6 51.8 36.5 0.11 21.9 66.3 46.6 0.05 22.1 56.5 41.9 0.09 0.75 0.88 

Mealy 13.8 51.8 22.6 0.25 11.2 50.1 18.6 0.24 14.2 52.5 22.1 0.23 0.71 0.88 

Rate of Melt 42.1 68.0 54.3 0.06 41.7 70.9 56.8 0.05 50.3 59.8 55.8 0.04 0.25 0.41 

Skin Thickness 46.7 55.2 51.0 0.10 36.1 67.1 53.3 0.06 38.4 62.8 51.9 0.05 0.57 0.88 

A Traits were recorded in the following units: Flesh Firmness (kg), Titratable Acidity (g malic acid L-1), Soluble Solids Content (% Brix), Sensory Traits (Intensity: 
0 to 100). The abbreviations are as follows:  ryear = Pearson correlation between trait values in 2012 versus 2013, H2 = broad sense trait heritability estimated 
from REML variance components, Min = minimum trait value by genotype, Max = maximum trait value by genotype, SE = standard error of the mean trait 
value. 
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Appendix 9: Spearman rank correlations between all fruit quality traits. The trait 
“Designation” refers to apple cultivars as either heritage or commercial. Rank 
correlations were estimated by comparison of fruit quality trait values in 78 apple 
genotypes for two-year combined data. 
  

Designation 1.00

Skin Colour 0.11 1.00

Flesh Firmness -0.11 -0.31 1.00

Soluble Solids Content -0.23 0.10 -0.01 1.00

Titratable Acidity -0.38 -0.19 -0.05 0.25 1.00

Acid -0.40 -0.21 -0.02 -0.05 0.85 1.00

Bitter -0.24 -0.21 -0.02 -0.13 0.65 0.72 1.00

Sweet 0.44 0.29 -0.04 0.18 -0.76 -0.93 -0.75 1.00

Earthy 0.23 -0.23 -0.04 0.08 -0.19 -0.25 -0.05 0.30 1.00

Floral 0.14 0.28 -0.10 0.06 -0.32 -0.36 -0.25 0.45 0.16 1.00

Fresh Green Apple -0.23 -0.26 0.14 -0.03 0.58 0.62 0.52 -0.62 -0.15 -0.39 1.00

Fresh Red Apple 0.15 0.53 -0.23 0.16 -0.45 -0.49 -0.52 0.61 0.17 0.48 -0.54 1.00

Honey 0.24 0.25 -0.03 0.18 -0.68 -0.76 -0.71 0.82 0.23 0.57 -0.65 0.60 1.00

Lemony -0.41 -0.21 -0.08 -0.06 0.76 0.86 0.66 -0.80 -0.20 -0.22 0.61 -0.40 -0.64 1.00

Oxidized Red Apple -0.15 0.11 -0.38 0.13 -0.10 -0.20 -0.15 0.19 0.30 0.31 -0.40 0.24 0.32 -0.07 1.00

Astringent -0.25 -0.28 0.07 -0.22 0.59 0.71 0.75 -0.75 -0.20 -0.22 0.46 -0.43 -0.60 0.68 -0.15 1.00

Chewy -0.15 -0.01 0.39 -0.30 -0.04 0.20 0.19 -0.26 -0.26 -0.24 0.22 -0.17 -0.16 0.06 -0.47 0.18 1.00

Crisp 0.39 -0.01 0.46 -0.09 -0.15 -0.15 -0.12 0.24 0.02 0.02 0.18 0.02 0.04 -0.22 -0.67 -0.16 0.28 1.00

Juicy 0.45 0.22 0.07 -0.25 -0.23 -0.17 -0.10 0.29 -0.05 0.05 0.08 0.17 0.07 -0.22 -0.52 -0.16 0.20 0.79 1.00

Mealy -0.45 -0.16 -0.18 0.15 0.23 0.21 0.16 -0.32 0.09 -0.08 -0.10 -0.15 -0.12 0.27 0.60 0.16 -0.17 -0.83 -0.93 1.00

Rate of Melt 0.23 0.14 -0.63 0.05 -0.03 -0.17 -0.14 0.25 0.25 0.16 -0.22 0.14 0.15 -0.07 0.41 -0.27 -0.62 -0.29 -0.01 0.05 1.00

Skin Thickness -0.40 0.05 -0.08 -0.11 0.19 0.39 0.39 -0.45 -0.14 -0.17 0.30 -0.10 -0.27 0.36 -0.10 0.32 0.63 -0.19 -0.16 0.26 -0.32 1.00
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Appendix 10: Variance statistics for allele class of SNPs associated with fruit quality 
traits. 
 

SNP Position SNP Position Probability R2 
Allele 
Class 

Mean SE 
Letter 

GroupA 

 Chr9:4,092,040  

 Fresh Green Apple  <0.0001 0.41 

AA 17 0.5 A 

CA 15 0.3 B 

CC 15 0.3 B 

 Acid  0.0021 0.15 

AA 33 2.8 A 

CA 30 1.9 A 

CC 28 1.7 A 

 Sweet  0.0098 0.11 

AA 23 1.9 A 

CA 24 1.3 A 

CC 25 1.2 A 

 Chr12:10,115,943  

 Fresh Green Apple  <0.0001 0.45 

CC 18 0.6 A 

CG 14 0.3 B 

GG 15 0.3 B 

 Acid  <0.0001 0.21 

AA 38 3.2 A 

CA 25 1.9 B 

CC 29 1.5 B 

 Sweet  <0.0001 0.22 

AA 18 2.3 A 

CA 28 1.4 B 

CC 26 1.0 B 

 Chr10:24,387,143  

 Mealy  0.0076 0.09 
CG 28 1.8 A 

GG 22 1.0 B 

 Fruit Firmness  0.9918 <0.01 
CG 4.2 0.15 A 

GG 4.2 0.08 B 

 Chr10:28,123,441  

 Skin Thickness  0.0372 0.08 

CC 49 2.1 A 

CG 49 1.4 A 

GG 53 0.6 A 

 Fruit Firmness  0.2165 0.04 

CC 3.7 0.28 A 

CG 4.1 0.18 A 

GG 4.2 0.08 A 

 Chr13:6,049,060  

 Crisp  <0.0001 0.34 

AA 42 1.6 A 

CA 44 1.3 A 

CC 29 2.1 B 

 Juicy  <0.0001 0.40 

AA 44 1.1 A 

CA 46 0.9 A 

CC 33 1.5 B 

 Mealy  <0.0001 0.29 

AA 22 1.3 A 

CA 20 1.1 A 

CC 32 1.8 B 

 Fruit Firmness  0.0470 0.07 

AA 4.0 0.12 A 

CA 4.3 0.10 A 

CC 4.0 0.16 A 
A All differences between allele class means with different letter groups are significant according to a t-test 
adjusted for multiple means comparisons (α = 0.05). 
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Appendix 11: Genotypes of apple cultivars at the MdACO1 and MdPG1 gene loci.  
 
 
Cultivar Code MdACO1A MdPG1   Cultivar Code MdACO1 MdPG1 

Akane AKA N H   Leder Borsdorf LED F F 

8S6923 (Aurora Golden GalaTM) AUR - F   Liberty LIB H H 

Ambrosia AMB H -   Lobo LOB N H 

Antonovka ANT N -   Lodi LOD N - 

Baldwin BAL - -   Lubsk Queen LUB N H 

Blenheim Orange BLE N N   Macoun MAC N N 

Blue Pearmain BLU N N   McIntosh MCI N N 

Bottle Greening BOT N -   McMahon MCM - - 

Canada Red CAN H -   Minneiska (SweeTangoTM) SWE N - 
Chenango Strawberry CHE - -   Moscow Pear MOS - - 
Colvert COL - -   Moyer Heritage MOY - - 
Co-op 39 (CrimsonCrispTM) CRI H F   Mutsu MUT N N 

Cortland COR N N   Newtown Pippin NEW H H 

Cox's Orange Pippin COX N H   North Star NOS N - 
Creston CRE N H   Northern Spy NOR N N 

Cripps Pink (Pink LadyTM) PIN N F   NovaSpy NOV H N 

Dawn Mac DAW H N   Ontario ONT N N 

Delblush (TentationTM) TEN N F   Pear Gold PEA H F 

Delfloki (DivineTM) DIV - F   Pomme Grise POM N H 

Early Joe EAR H -   PremA17 (SmittenTM) SMI - - 
Elstar (Commercial) ELC N H   Quinte QUI N N 

Elstar (Heritage) ELH N H   Red Atlas REA - - 
Empire EMP H N   Red Delicious RED F H 

Esopus Spitzenburg SPI H F   Red Delicious (Vinebrite) VIN F H 

Fameuse FAM N -   Rome Beauty ROM N N 

Freedom FRE N H   Roxbury Russet ROX N  

Fuji FUJ F F   Russet RUS N - 
Gala (Heritage) GAH N -   Scifresh (JazzTM) JAZ - F 

Gala (Royal) ROY H H   Silken SIL N H 

Ginger Gold GIN N -   Snow SNO - - 
Golden Delicious GOD N H   SPA440 (NicolaTM) NIC H F 

Golden Russet GOL N N   SPA493 (SalishTM) SAL F H 

Granny Smith GRA N F   Spartan SPA H N 

Grimes Golden GRI N H   St Lawrence STL - - 
Haas HAA H -   Summer Rambo RAM N - 
Honeycrisp HON N F   Tolman Sweet TOL N - 
Hume HUM - -   Vista Bella VIS N N 

Idared IDA H H   Wealthy WEA H F 

Irish Peach IRI N -   White Winter Calville WHI H H 

Jersey Mac JER N N   Winter Banana WIN N N 

Jonagold JON H F   Yellow Bellflower YEB N - 
Jonaprince (Red PrinceTM) REP - -   Yellow Transparent YET N N 

King KIN H F           
A Alleles are indicated as: “F” = homozygous favourable, “H” = heterozygous, “N” = homozygous non-favourable and 
“-” = unknown. Genotyping was based on MdACO1 and MdPG1 apple texture candidate gene studies (Costa et al. 

2005, Costa et al. 2010).  
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Appendix 12: Genotypes for the Vineland Apple Collection (VAC) and Apple 
Biodiversity Collection (ABC). 
 
(a) Genotypes for the Vineland Apple Collection compared with reference genotypes. 
 

Cultivar 

  Juicy13 ACS1 ACO1 PG1 

  
Ref. 

GenotypeA 
New 

Genotype 
  

Ref. 
GenotypeB 

New 
Genotype 

  

Ref. 
GenotypeB 

New 
Genotype 

  

Ref. 
Genotype

C 

New 
Genotyp

e 

8S6923 (Aurora Golden 
GalaTM) 

  
F F   F F   N N     F 

Akane   H H   F F     N     H 
Ambrosia    F F   F F   H H   N N 
Antonovka    N N   H N x   N     H 
Baldwin   H H     H     H     H 
Blenheim Orange   H H   N N     N     H 
Blue Pearmain   N N     H     N     F 
Bottle Greening   N N     N     N     N* 
Canada Red   F F     N     H     H 
Chenango Strawberry   F F     N     N     F 
Colvert   H H     H     H     H* 
Co-op 39 (Crimson CrispTM)   H H   F F   H H   F F 
Cortland   H H     N     N     N 
Cox's Orange Pippin   F F   N H x N N     N 
Creston   F F   H H   N N     H 
Cripps Pink (Pink LadyTM)   H H   H H   N N   F F 
Dawn Mac   H H     N     H     N* 
Delblush (TentationTM)   F F     H     N   F F 
Delfloki (DivineTM)   F F     F     F   F F 
Early Joe   N N     N     H     N 
Elstar   F F   F F   N N   H H 
Empire    H H   H H   H H     N 
Esopus Spitzenburg   N N   H H   H H     F 
Fameuse   N N     H     N     N 
Freedom   F F     H     N     H 
Fuji    H H   F F   F F   F F 
Gala (Royal)   F F     F     H   H H 
Ginger Gold    H H   H H   N N     H* 
Golden Delicious    F F   H H   N N   H H 
Golden Russet   H H     H     N     N 
Granny Smith    H H   H H   N N   F F 
Grimes Golden   H H     H     N     H 
Haas   F F     H     H     H* 
Honeycrisp    F F   H H   N N     F 
Hume   H H     N     N     N* 
Idared   F F   H H   H H     H 
Irish Peach   H H     H     N     N* 
Jersey Mac   N N   N N     N     N 
Jonagold   F F   H H   N N     H 
Jonaprince (Red PrinceTM)   H H     H     N     H* 
King   H H     H     H     F 
Leder Borsdorf   H H     F     F     F 
Liberty   H H   H N x H H     H 
Lobo   H H     N     N     H 
Lodi    N N   N N     N     N* 
Lubsk Queen   F F     N     N     H 
Macoun   H H     N     N     N 
McIntosh   N N   N N   N N     N 
McMahon   H H     N     N     H* 
Minneiska (SweeTangoTM)   H H   F F   N N     F 
Moscow Pear   N N     N     N     N* 
Moyer Heritage   H H     H     H*     N* 
Mutsu   H H   H H     N     H* 
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Newtown Pippin    H H   H H   F H x   H 
North Star   N N     H     N     H* 
Northern Spy   H N x N N   H N x   N 
NovaSpy   H H     N     H     N 
Ontario   H H   F H x H H     N 
Pear Gold   H H     N     H     F 
Pomme Grise   H H     N     N     H 
PremA17 (SmittenTM)   F F     F     N     F* 
Quinte   N N     N     N     N 
Red Atlas   N H x   N     N     H 
Red Delicious   F F   H H   F F   H H 
Red Delicious (Vinebrite)   F F   H H   F F   H H 
Rome Beauty    H H   H H     N   N N 
Roxbury Russet   N N     N     N     H 
Scifresh (JazzTM)   F F     H     H*   F F 
Silken   H H   H H   N N     H 
Snow   N N     H     N     N 
SPA440 (NicolaTM)   F F     F     H     F 
SPA493(SalishTM)   F F     F     F     H 
Spartan   H H     N     H     N 
St. Lawrence   H H     H     N     H* 
Summer Rambo   F H x N F x H H     H 
Tolman Sweet   H H     H     N     N* 
Vista Bella   H H     N     N     N 
Wealthy   H H     H   H H     F 
Wealthy Double Red   H H     H     H     F 
White Winter Calville   H H     H     N     H 
Winter Banana   F F     H     N     N 
Yellow Bellflower   N N     N   H N x   N 
Yellow Transparent   H H   N N   N N     N 

A Reference genotypes derived from Chapter 3                   
B Reference genotypes derived from Iezzoni et al. 2016                   
C Reference genotypes derived from Longhi et al. 2011                   
*Genotype derived from only one successful PCR; all other new genotypes derived from 2 or 3 PCR 
replicates       
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(b) Genotypes with discrepancies for the Apple Biodiversity Collection (ABC) and 
overlap with the Vineland Apple Collection (VAC). 
 

Cultivar 
Juicy13  ACS1  ACO1  PG1 

VAC ABC Consensus   VAC ABC Consensus   VAC ABC Consensus   VAC ABC Consensus  

Bob White (no data) H/F x  (no data) N N  (no data) (no data) x  F (no data) F 

Cotton Candy (no data) H/N x  (no data) H H  (no data) N N  (no data) N N 

Greensleeves (no data) H/F x  (no data) N N  (no data) N N  (no data) N N 

Grenadier (no data) F/N x  (no data) H H  (no data) N N  (no data) H H 

KAS 41 (no data) H/F x  (no data) N N  (no data) N N  (no data) F F 

Lord Lambourne (no data) F/N x  (no data) (no data) x  (no data) N N  (no data) N N 

Metais (no data) F/N x  (no data) N N  (no data) N N  (no data) N N 

Murray (no data) H/N x  (no data) N N  (no data) N N  (no data) (no data) x 

Rhode Island Greening (no data) H/N x  (no data) H H  (no data) N N  (no data) H H 

Blenheim Orange H H/F H  N (no data) N  N (no data) N  H (no data) H 

Cox's Orange Pippin F H/F F  H H H  N N N  N N N 

Freedom F H/F F  H H H  N N N  H H H 

Granny Smith H H/F H  H H H  N N N  F F F 

Lobo H H/F H  N N N  N N N  H H H 

Macoun H H/N H  N N N  N N N  N N N 

Yellow Bellflower N F/N N  N N N  N (no data) N  N N N 

Chenango Strawberry F N F  N N N  N N N  F F F 

Northern Spy H N H  N N N  N N N  N N N 

Roxbury Russet N H N  N N N  N N N  H H H 

Summer Rambo H F H  F N F  H H H  H H H 

Akane H H H  F F F  N N N  H H H 

Ambrosia F F F  F F F  H H H  N N N 

Antonovka N N N  N N N  N N N  H H H 

Baldwin H H H  H H H  H H H  H H H 

Blue Pearmain N N N  H (no data) H  N N N  F (no data) F 

Co-op 39 (Crimson CrispTM) H H H  F F F  H H H  F F F 

Cortland H H H  N N N  N N N  N N N 

Early Joe N N N  N N N  H H H  N N N 

Elstar F F F  F F F  N N N  H H H 

Empire H H H  H H H  H H H  N N N 

Esopus Spitzenburg N N N  H H H  H H H  F F F 

Fuji H H H  F F F  F F F  F F F 

Gala (Royal) F F F  F F F  H H H  H H H 

Golden Delicious F F F  H H H  N N N  H H H 

Golden Russet H H H  H H H  N N N  N N N 

Honeycrisp F F F  H H H  N N N  F F F 

Idared F F F  H H H  H H H  H H H 

Irish Peach H (no data) H  H H H  N N N  N (no data) N 

Jersey Mac N (no data) N  N N N  N N N  N N N 

Jonagold F F F  H H H  N N N  H H H 

King H H H  H H H  H H H  F F F 

Liberty H H H  N N N  H H H  H H H 

Lodi N (no data) N  N N N  N N N  N (no data) N 

McIntosh N N N  N N N  N N N  N N N 

Minneiska (SweeTangoTM) H H H  F F F  N N N  F F F 

NovaSpy H H H  N N N  H H H  N N N 

Pomme Grise H H H  N N N  N N N  H H H 

Quinte N N N  N N N  N N N  N N N 

Red Atlas H H H  N N N  N N N  H H H 

Red Delicious F F F  H H H  F F F  H H H 

Rome Beauty H H H  H H H  N N N  N N N 

Snow N N N  H (no data) H  N N N  N N N 

Spartan H H H  N N N  H H H  N N N 

Tolman Sweet H (no data) H  H H H  N N N  N (no data) N 

Wealthy H H H  H H H  H H H  F F F 

Winter Banana F F F  H H H  N N N  N N N 

Yellow Transparent H H H  N N N  N N N  N N N 
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Appendix 13: Spearman correlation estimates between all traits. The abbreviations 
indicate the study populations: ABC (Apple Biodiversity Collection), GAC (Geneva 
Apple Collection), VAC (Vineland Apple Collection) Correlation significance is based on 
α= 0.05. 
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1.00 0.65 0.11 -0.08 0.02 0.00 0.13 -0.08 -0.02 0.00 -0.03 -0.36 0.04 -0.03 -0.31 Acidity_ABC

1.00 0.17 0.06 0.26 0.10 -0.02 0.04 -0.10 -0.11 0.14 -0.09 0.07 -0.36 -0.26 Acidity_VAC

1.00 0.33 0.23 0.29 0.13 -0.11 0.14 0.47 0.45 0.52 0.00 0.20 -0.23 SolubleSolids_ABC

1.00 0.41 0.20 0.14 0.44 0.31 -0.19 0.30 0.69 0.08 0.41 -0.38 SolubleSolids_GAC

1.00 -0.33 -0.02 0.06 -0.14 -0.03 0.28 0.27 -0.11 0.19 -0.22 SolubleSolids_VAC

1.00 0.27 0.46 0.26 0.26 0.56 0.61 0.14 0.30 0.23 Firmness_ABC

1.00 0.28 0.07 0.24 0.28 0.53 0.06 0.29 0.30 Firmness_GAC

1.00 0.00 -0.02 0.23 0.11 0.07 0.37 0.07 Firmness_VAC

1.00 0.34 0.31 0.01 0.13 0.06 0.22 Flowering_ABC

1.00 0.40 0.23 0.21 -0.21 0.21 Flowering_VAC

1.00 0.46 0.15 0.30 -0.12 Harvest_ABC

1.00 0.37 0.34 0.46 Harvest_VAC

1.00 -0.03 0.52 Juice_ABC

1.00 -0.01 Juice_GAC

Spearman correlations 1.00 Juice_VAC

554 25 554 258 23 554 254 23 553 28 554 15 550 261 25 Acidity_ABC

77 27 24 74 27 23 70 35 59 27 50 26 24 77 Acidity_VAC

594 276 25 594 272 24 593 31 594 17 585 280 27 SolubleSolids_ABC

1448 22 277 1427 23 544 37 277 21 272 1448 24 SolubleSolids_GAC

74 25 21 68 33 56 25 47 24 22 74 SolubleSolids_VAC

596 273 24 595 31 596 17 585 281 27 Firmness_ABC

1428 22 536 36 273 20 268 1428 23 Firmness_GAC

74 32 56 24 48 24 23 70 Firmness_VAC

1053 45 595 24 584 549 35 Flowering_ABC

96 31 58 30 38 59 Flowering_VAC

596 17 585 281 27 Harvest_ABC

58 16 21 50 Harvest_VAC

585 276 26 Juice_ABC

1522 24 Juice_GAC

Number of observations 78 Juice_VAC

0.0004 0.0085 0.1869 0.9340 0.9504 0.0394 0.7114 0.7013 0.9967 0.5564 0.1849 0.3349 0.5935 0.1345 Acidity_ABC

0.3939 0.7836 0.0265 0.6214 0.9200 0.7125 0.5494 0.4082 0.4837 0.5123 0.7287 0.0801 0.0220 Acidity_VAC

0.0000 0.2622 0.0000 0.0359 0.5946 0.0008 0.0073 0.0000 0.0340 0.9969 0.0008 0.2430 SolubleSolids_ABC

0.0554 0.0009 0.0000 0.0345 0.0000 0.2671 0.0000 0.0005 0.1730 0.0000 0.0646 SolubleSolids_GAC

0.1089 0.9316 0.6513 0.4240 0.8250 0.1695 0.0689 0.6103 0.3943 0.0573 SolubleSolids_VAC

0.0000 0.0232 0.0000 0.1657 0.0000 0.0087 0.0009 0.0000 0.2392 Firmness_ABC

0.2091 0.1025 0.1669 0.0000 0.0158 0.3038 0.0000 0.1692 Firmness_GAC

0.9845 0.8732 0.2728 0.4599 0.7314 0.0781 0.5827 Firmness_VAC

0.0241 0.0000 0.9777 0.0018 0.1559 0.2071 Flowering_ABC

0.0256 0.0768 0.2551 0.2035 0.1163 Flowering_VAC

0.0660 0.0003 0.0000 0.5369 Harvest_ABC

0.1599 0.1371 0.0007 Harvest_VAC

0.6511 0.0063 Juice_ABC

0.9725 Juice_GAC

P-value Juice_VAC
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Appendix 14: Marker effects for significant marker-trait associations based on a single 
factor variance analysis of apple traits in three populations. 
 

       F H N 

Trait_PopulationA Marker  P-value R-square Mean SE Mean SE Mean SE 

Acidity_ABC JUICY13 0.0399 0.02 5.2 0.16 5.8 0.14 5.9 0.22 

Acidity_VAC ACO1 0.0213 0.20 4.4 0.64 6.4 0.33 6.6 0.21 

Acidity_VAC JUICY13 0.0012 0.24 5.4 0.30 6.4 0.22 7.4 0.35 

SolubleSolids_ABC ACO1 0.0321 0.02 12.3 0.33 12.7 0.12 12.3 0.06 

SolubleSolids_ABC ACS1 0.0007 0.07 12.8 0.14 12.5 0.08 12.1 0.07 

Firmness_ABC ACS1 0.0007 0.03 7.5 0.21 6.6 0.11 6.4 0.11 

Firmness_ABC JUICY13 0.0092 0.01 7.0 0.13 6.6 0.11 6.2 0.17 

Firmness_ABC PG1 0.0007 0.05 7.2 0.20 6.9 0.10 6.1 0.11 

Firmness_GAC ACS1 0.0007 0.04 2.5 0.1 2.5 0.1 2.2 0.0 

Firmness_GAC PG1 0.0113 0.02 2.4 0.1 2.4 0.0 2.1 0.1 

Flowering_ABC JUICY13 0.0007 0.02 153.5 0.12 153.3 0.10 152.7 0.14 

Harvest_ABC ACO1 0.0007 0.05 303 5.8 296 2.1 286 1.1 

Harvest_ABC ACS1 0.0007 0.08 301 2.6 292 1.4 283 1.3 

Harvest_ABC JUICY13 0.0245 0.02 293 1.5 288 1.3 285 2.1 

Harvest_ABC PG1 0.0007 0.04 294 2.5 292 1.3 283 1.4 

Juice_ABC ACS1 0.0099 0.02 14.8 0.54 12.9 0.29 12.8 0.27 

Juice_ABC PG1 0.0012 0.04 14.8 0.52 13.2 0.26 12.3 0.29 

Juice_GAC ACS1 0.0079 0.03 3.15 0.162 2.90 0.064 2.68 0.050 

Juice_GAC JUICY13 0.0399 0.02 2.96 0.071 2.73 0.058 2.69 0.079 

Juice_VAC ACO1 0.0020 0.19 51 3.2 46 1.6 40 1.0 

Juice_VAC ACS1 0.0016 0.28 47 1.8 44 1.2 38 1.3 

Juice_VAC JUICY13 0.0007 0.40 45 1.3 45 1.0 33 1.6 

Juice_VAC PG1 0.0179 0.16 48 1.7 43 1.6 41 1.6 

A Abbreviations: ABC (Apple Biodiversity Collection), GAC (Geneva Apple Collection), VAC (Vineland Apple Collection); F 
(homozygous favourable), H (heterozygous), N (homozygous non-favourable); SE (standard error). P-values adjusted for multiple 
hypothesis testing using Benjamini-Hochberg False Discovery Rate (Benjamini and Hochberg 1995) 
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Appendix 15: Position of GWAS SNPs most proximal to four apple texture genes, and 
association with texture markers. The genomic positions are based on the genome 
Malus x domestica v3.0.a1 (Velasco et al. 2010). 
 

Gene Chromosome 
Gene Start 

Position 
GBS SNP 
Position 

P-valueA Distance (bp) 

MdACO1 10 32,199,172  32,263,144  3.36E-22 63,972  

MdPG1 10 18,137,615  18,114,953  3.49E-15 22,662  

MdACS1 15 unanchored  26,888,637  6.74E-14 unknown  

A GBS SNPs are significantly associated with the genotypes of the reference markers corresponding to 
MdACO1, MdPG1 and MdACS1 according to a GLM GWAS (5 % FDR). Reference markers are listed 
in Table 4.2. 
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