Elucidation of the extended pedigree of ‘Honeycrisp’ apple and genetic
architecture of its susceptibility to soft scald and soggy breakdown postharvest
fruit disorders and zonal leaf chlorosis disorder

A Dissertation
SUBMITTED TO THE FACULTY OF THE
UNIVERSITY OF MINNESOTA
BY

Nicholas Philip Howard

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

James J. Luby & James M. Bradeen

June, 2017

© Nicholas Philip Howard 2017

Acknowledgements
I would like to acknowledge the many people that helped make this dissertation
possible. My advisor Dr. Jim Luby provided outstanding guidance and set me up with a
rewarding project. My graduate committee members Dr. Jim Bradeen, Dr. Stan
Hokanson, Dr. Cindy Tong, Dr. Matthew Clark, and Dr. Rex Bernardo likewise provided
excellent guidance and expertise. My project was partially funded by the USDA NIFA
project RosBREED, which provided wonderful opportunities to collaborate and learn
from great scientists including Dr. Cameron Peace, Dr. Stijn Vanderzande, Dr. Lichun
Cai, and particularly Dr. Eric van de Weg, who was instrumental in my understanding
and implementation of SNP array data in pedigree-based QTL analysis.
Many people in the fruit lab group helped with my research. I want to thank the
other graduate students in the fruit lab group, Sarah Kostick, Seth Wannemuehler,
Elizabeth Blissett, Ashley Powell, Joshua Anderson, and particularly Soon Li Teh, who
was a great collaborator and was helpful in editing the figures in this dissertation. Fruit
lab undergrad students and short term workers Baylee Miller, Emmi Klarer, SteveScofield Opiyo, Hannah Hauan, and Madeline Leslie all helped with copious amounts of
phenotyping and sample processing. Volunteer Ken Mullen provided assistance
harvesting and processing fruit. Our lab group’s manager Jack Tillman helps keep the
gears of the lab group turning and provided an incredible amount of organizational,
materials help, and phenotyping for this research.
There were many people who provided various technical support for my
research. Dr. Kevin Silverstein at the Minnesota Supercomputing Institute was extremely
helpful in providing some programming support for evaluating apple pedigree relations.
The apple crew and their leaders Leszek Miroslawski and James Elskamp took great
care of the trees at the Horticulture Research Center. Apple breeder David Bedford has
been of great assistance in many aspects of my research.
Finally, I would like to thank my friends and family for their love and support.
Many friends in the applied plant sciences and plant biological sciences programs
assisted with my research, particularly Alexander Susko, Garett Heineck, Nick Ames,
and Stephen Brockman who all reviewed or discussed some aspect of my research to
great length at some point along the way. A special thanks to my wife Katie who has
always been unwaveringly supportive of my academic endeavors.

i

Dedication
I dedicate this dissertation to the memory of my grandfather, Philip Prellwitz. He
never had a chance to pursue academic excellence but he made sure I did.

ii

Abstract
The apple (Malus × domestica) cultivar Honeycrisp has become important economically
and as a breeding parent due to its ultra-crisp fruit texture, its ability to retain this high
level of fruit crispness in storage, and its resistance to apple scab. However,
‘Honeycrisp’ has several detrimental traits that have not been satisfactorily evaluated
genetically. Additionally, the original pedigree records for ‘Honeycrisp’ were previously
determined as incorrect and this lack of pedigree information has impeded thorough
genetic analyses in studies involving ‘Honeycrisp’. The objectives of the research in my
dissertation were to identify and genetically describe the parents and grandparents of
‘Honeycrisp’ and to use this new pedigree information in pedigree-based analyses to
examine the genetic architecture of its susceptibility to fruit soft scald and soggy
breakdown postharvest fruit disorders and zonal leaf chlorosis disorder. Towards these
objectives, a high quality genetic map was created using single nucleotide polymorphism
data from the apple 8K Illumina Infinium® SNP array and five large families with
‘Honeycrisp’ as a common parent. ‘Keepsake’ was verified as one parent of ‘Honeycrisp’
and ‘Duchess of Oldenburg’ and ‘Golden Delicious’ were identified as grandparents
through a previously unknown parent that was identified to be the University of
Minnesota selection MN1627. Two quantitative trait loci (QTL) were consistently
identified on linkage groups (LGs) 2 and 16 for both soft scald and soggy breakdown.
‘Honeycrisp’ is homozygous for an identical by state haplotype identified at the LG2 QTL
that was consistently associated with increased incidences of soft scald and soggy
breakdown. ‘Honeycrisp’ inherited the deleterious haplotypes at the LG2 QTL from
grandparent ‘Keepsake’ and great-grandparent ‘Grimes Golden’. A large effect QTL for
zonal leaf chlorosis was identified on LG9 and a recombinant haplotype that ‘Honeycrisp’
inherited from ‘Duchess of Oldenburg’ at this QTL was associated with increased ZLC in
offspring of ‘Honeycrisp’. The LG9 QTL was located approximately between 5 and 10 cM
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away from a major QTL for skin over color. ‘Honeycrisp’ is heterozygous for skin over
color at this location. In ‘Honeycrisp’, the haplotype associated with increased zonal leaf
chlorosis at the LG9 QTL is in coupling phase with the haplotype associated with red
color at the LG9 skin over color QTL. All of these major QTL were consistently identified
across all years of analysis. These new discoveries will be useful in apple breeding
efforts involving ‘Honeycrisp’, its ancestors, and its progeny.
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Introduction
Origin and brief history domesticated apple cultivation
The cultivated apple (Malus × domestica) is among the most culturally and
economically significant temperate fruit crops in the world. Apples were a Eurasian
domesticate (Luby et al., 2001; Cornille et al., 2012) resulting from interspecific
hybridization between several European and Asian Malus species, with M. sieversii
believed to be the most important genetic contributor (Robinson et al., 2001, Velaso et
al., 2010) followed by M. sylvestris (Cornille et al., 2012). There is evidence that apples
have been consumed by humans for thousands of years (Zohary and Hopf, 1994).
Grafting of apples, as a means of asexually propagating a selected individual, has been
similarly utilized for thousands of years, which has resulted in some extant cultivars,
such as ‘Decio’, potentially having originated as far back as Roman times (Juniper et al.,
1996).
Apple cultivation spread originally via the Silk Road trading routes throughout
temperate growing regions of the old world (Luby et al., 2001). The crop was brought to
North America and Australia-New Zealand by European settlers. Apple cultivar
development flourished in North America, though many European apple cultivars were
brought to North America as living trees or scion wood and were determined to have
comprised 56 percent of the apple cultivars grown in the United States prior to 1830
(Volk and Henk, 2016). The majority of these early cultivars brought by Europeans have
been traced primarily back to the United Kingdom (26%), with lesser numbers of
cultivars coming from France (7%), Germany (3%), Russia (3%), and other European
countries (5%) (Volk and Henk, 2016). In addition to cultivars brought by settlers, there
were also later intentional efforts to introduce cultivars into the United States for use in
evaluation and cultivar improvement, such as those brought by the United States
Department of Agriculture from the Imperial Botanic Gardens in St. Petersburg, Russia
in 1870 (Gibb, 1884). Thousands of named cultivars have been developed in the United
States, derived from apple cultivars and seeds brought from Europe (Volk and Henk,
2016), however, the modern commercial apple industry has centered on a very limited
subset of cultivars. The current top six cultivars by acreage grown in Washington are
‘Delicious’, ‘Gala’, ‘Fuji’, ‘Granny Smith’, and ‘Golden Delicious’, followed by ‘Honeycrisp’
(U.S. Department of Agriculture, 2011). Other cultivars are significant locally and many
more exist in public and private collections (Volk et al., 2015; Volk and Henk, 2016). The
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United States has become the second largest producer of apples, eclipsed only by
China (The World Apple and Pear Association, 2014), with over 60% of United States
production in the state of Washington (U.S. Department of Agriculture 2012).
Apple breeding and genetics
Apple cultivars are asexually propagated by grafting the aboveground portion,
called a scion, onto a rootstock. Early commercialized cultivars were largely chance
seedlings whereas most recent important cultivars have been developed through
controlled crosses in breeding programs (Brown and Maloney, 2003). Breeding efforts
are shaped by the facts that apple is asexually propagated as a crop, is highly
heterozygous, has a long juvenile phase, and exhibits strong self-incompatibility and
inbreeding depression (Brown and Maloney, 2003). Numerous apple breeding programs
exist throughout the world. A 1999 survey by Laurens listed 51 apple breeding programs
in the world. There were seven large-scale public apple breeding programs in the US as
of 2003 (Brown and Maloney, 2003). Important breeding goals include flavor, texture,
disease/pest resistance, and postharvest quality. In a 1999 survey of world apple
breeding programs, Laurens found that fruit quality and disease/pest resistance were of
highest priority in programs. A more recent survey of breeding programs in the United
States found flavor and postharvest quality to be the top trait priorities (Gallardo et al.,
2012). Breeding goals are influenced by a combination of characteristics that
consumers, growers, and processors want in fresh apples. Consumer apple purchases
are influenced by a number of factors including texture, acid/sugar balance, color,
storage quality, as well as perceived quality vs. cost of the apples (Barritt, 1999; Harker
et al., 2003; Harker et al., 2008; Schmitz et al., 2013; Yue and Tong, 2011). Consumer
demand for certain traits has shaped competition between apple cultivars, leading to a
decline in demand of some older cultivars such as ‘Delicious’ and an increase in newer
cultivars with improved qualities (Kupferman, 2005). US market demand for fresh apples
out of the local apple harvest season has driven the adoption of cultivars with enhanced
storage qualities (Costa et al., 2005). Disease resistance is of high concern for apple
growers and is reflected in the goals of many breeding programs (Brown and Maloney,
2003). The most important diseases of apple production in the US are apple scab
(Venturia inaequalis), fire blight (Erwinia amylovora), and powdery mildew (Podosphaera
leucotricha) (Brown, 2012). These diseases can affect yield and the marketability of
fresh apples.
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Apple breeding programs have historically conducted breeding based on
phenotypic evaluation of traits of interest. Cultivar development is a slow process due to
the long juvenile period of apples and the need for extensive testing of elite lines prior to
release. Fruit traits cannot be evaluated until trees pass through the juvenile period,
which is usually four to eight years after seed germination. Developing marker assisted
breeding (MAB) techniques has been a goal for apple breeders to help allow for
selection among seedlings for traits that are not expressed until after the juvenile period
has ended. Recent technological advances have enabled MAB to be implemented in
apple breeding to an extent that was previously not possible. The DNA sequence of the
‘Golden Delicious’ genome was published in 2010 (Velasco et al.). In 2009, the
Rosaceae breeding and genomics community began RosBREED, a USDA-NIFA-funded
project with the goal of enabling MAB for rosaceous crops including apple (Iezzoni et al.,
2010). This project resulted in the development of the apple 8K SNP array using the
published apple genome, the Illumina Infinium® II system, and resequencing data from
27 apple accessions that are important to US breeding programs (Chagné et al., 2012a).
Since then, two additional apple SNP arrays have been developed (Bianco et al., 2014;
2016). These advancements have enabled the discovery of new quantitative trait loci
(QTL) and better characterization of previously described QTL for many traits including
apple scab resistance (Bus et al., 2012; Clark et al., 2014a; Padmarasu et al., 2014), fire
blight resistance (Parravicini et al., 2011; Khan et al., 2013; Papp et al., 2015), flavor and
volatile compounds (Costa et al., 2013; Souleyre et al. 2014; Cappellin et al., 2015;
Kumar et al., 2015; Yauk et al., 2015), the postharvest physiological disorders soft scald
(McClure et al., 2016) and bitter pit (Buti et al., 2015), harvest date (Chagné et al.,
2014), fruit texture (Zhu and Barritt, 2008; Costa et al., 2010; Longhi et al., 2013; Bink et
al., 2014; Chagné et al., 2014; Sun et al., 2015), polyphenol content (Chagné et al.,
2012b; Khan et al., 2012; Verdu et al., 2014), skin russeting (Falginella et al., 2015), skin
color (Ban et al., 2007, Moriya et al., 2017), flesh color (Chagné et al., 2013; Morimoto et
al., 2013), fruit acidity (Xu et al., 2012; Potts et al., 2014; Verma 2014; Sun et al., 2015),
fruit size (Chang et al., 2014; Sun et al., 2015) and sugar content (Potts et al., 2014;
Guan et al., 2015).
Many of these cited QTL studies have resulted in MAB targets that have
influenced parental and seedling selection in breeding programs. Additionally, many
current apple QTL studies link their findings to the greater apple germplasm used in
breeding programs through the use of pedigree-based QTL analysis (Van de Weg et al.,
3

2003), which uses DNA markers, pedigree, information, and inter-related populations to
identify and characterize more QTL and alleles than in more traditional biparental
approaches. Recent advances have been made in pedigree-based analysis by the
development of dedicated software including FlexQTLTM (Bink et al., 2002; 2008; 2014;
www.flexqtl.nl), Pedimap (Voorrips et al. 2012), and PediHaplotyper (Voorrips et al.
2016). Pedigree-based analysis using carefully composed germplasm sets (Peace et al.,
2014; Peace, 2017) and the high throughput genome-wide genotyping capabilities of
previously mentioned SNP arrays (Chagné et al., 2012a; Bianco et al., 2014; 2016) can
be a more attractive approach in apple than analyses of biparental families.
University of Minnesota apple breeding program
The University of Minnesota (UMN) apple breeding program has been
developing apple cultivars for over 100 years and released 27 cultivars starting with
‘Minnehaha’ in 1920 (Luby, 1991). The original primary focus for the breeding program
was to develop quality apple cultivars hardy enough to withstand Minnesota winters.
Important trait goals in the UMN apple breeding program currently include flavor, texture,
winter hardiness, apple scab resistance, and storage quality. MAB was first introduced to
the program in 2012 in conjunction with the RosBREED project. The UMN apple
breeding program is most well-known for the release of the popular cultivar Honeycrisp
in 1991 (Luby and Bedford, 1990). With the success of ‘Honeycrisp’, the UMN apple
breeding program has risen to worldwide prominence in the apple breeding community.
Importance of ‘Honeycrisp’ in apple production and breeding
‘Honeycrisp’ has gained high consumer demand due to its pleasing texture and
taste, resulting in comparatively higher consumer willingness to pay (Yue and Tong,
2011) and profitability (Gallardo et al., 2015) for ‘Honeycrisp’ fruit compared to that of
other highly produced cultivars. This has caused acreage of ‘Honeycrisp’ to grow rapidly
(U.S. Department of Agriculture, 2011) since its introduction in 1991 (Luby and Bedford,
1990). In addition to its profitability, ‘Honeycrisp’ has also gained support among growers
and producers for the ability of its fruit to retain its high level of crispness in storage
(Tong et al., 1999; Rosenberger et al., 2001; Trujillo et al., 2012), and its resistance to
apple scab (Clark et al., 2014a). These attributes have led apple breeders to use
‘Honeycrisp’ as a parent in new cultivar development. Commercially introduced cultivars
with ‘Honeycrisp’ as a parent include the UMN releases ‘Minneiska’ (Bedford and Luby,
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2008) and ‘MN55’ (Bedford and Luby, 2016), and cultivars from other apple breeding
programs including ‘New York 1’ (Brown and Maloney, 2011), ‘CN B60’ (Nystrom,
2013a), ‘CN 121’ (Nystrom, 2013a), ‘DS 22’ (Shefelbine, 2013), ‘WA 38’ (Evans et al.,
2012), and ‘MAIA1’ (Dodd et al., 2014).
However, ‘Honeycrisp’ is not without its faults. Its trees are particularly prone to
alternate bearing and are susceptible to developing a physiological disorder termed
zonal leaf chlorosis (Rosenberger et al., 2001). ‘Honeycrisp’ fruit are susceptible to
developing storage disorders including bitter pit, soft scald and soggy breakdown
(Rosenberger et al., 2001). Investigations of these disorders as well as the many
positive attributes of ‘Honeycrisp’ have been hampered by the lack of accurate pedigree
information. The original pedigree records for ‘Honeycrisp’ were not consistent with
information from DNA simple sequence repeat markers (Cabe et al., 2005). Resolution
of the ancestry of ‘Honeycrisp’ and the genetic architecture of these traits would be
beneficial to apple breeding efforts, particularly the UMN apple breeding program, that
rely on ‘Honeycrisp’ as a parent in new cultivar development.
Dissertation objectives
The objectives of this dissertation are as follows: Identify and confirm the
extended pedigree of ‘Honeycrisp’ (Chapter 1). Use newfound pedigree information for
‘Honeycrisp’ and other key cultivars and advanced selections in the UMN apple breeding
program to conduct pedigree-based QTL studies for the postharvest physiological
disorders soft scald and soggy breakdown (Chapter 2). Conduct similar QTL studies for
the physiological disorder, zonal leaf chlorosis, using families derived from ‘Honeycrisp’
(Chapter 3). This work was conducted to better understand the genetic basis for these
detrimental traits in ‘Honeycrisp’ and to create MAB targets for these traits that can be
used in selecting future cultivars derived from ‘Honeycrisp’ and related germplasm. The
findings from these studies will be widely applicable in apple breeding considering the
global significance of ‘Honeycrisp’ in markets and in breeding programs and of special
importance in the UMN apple breeding program due to its heavy reliance on
‘Honeycrisp’.
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Chapter 1
Elucidation of the ‘Honeycrisp’ pedigree through haplotype analysis with a multifamily integrated SNP linkage map and a large apple (Malus × domestica)
pedigree-connected SNP dataset

Introduction
‘Honeycrisp’ has emerged as an economically lucrative apple (Malus ×
domestica) cultivar in North America that has steadily gained market share (Gallardo et
al., 2015) since its introduction by the University of Minnesota (UMN) apple breeding
program in 1991 (Luby and Bedford, 1990). It has also been an increasingly important
parent due to its reportedly ultra-crisp texture (Mann et al., 2005), its ability to retain this
high level of crispness in storage (Tong et al., 1999; Rosenberger et al., 2001; Trujillo et
al., 2012), and its resistance to apple scab (Clark 2014; Clark et al., 2014a). ‘Honeycrisp’
is a parent of multiple commercially released cultivars including ‘Minneiska’ (Bedford and
Luby, 2008), ‘New York 1’ (Brown and Maloney, 2011), ‘CN B60’ (Nystrom, 2013a), ‘CN
121’ (Nystrom 2013b), ‘DS 22’ (Shefelbine, 2013), ‘WA 38’ (Evans et al., 2012), ‘MAIA1’
(Dodd et al., 2014), ‘MN55’ (Bedford and Luby, 2016), and new Chinese cultivars, with
many additional offspring under testing around the world as advanced breeding
selections. The importance of ‘Honeycrisp’ in production and breeding has led to many
studies of the physiology and genetics of the variety. It was quickly discovered that the
originally recorded parentage, ‘Honeygold’ x ‘Macoun’ (Luby and Bedford, 1990), were
discordant with phenotype information for several key traits (Tong et al., 1999). As DNA
markers became increasingly available for apple, analysis of simple sequence repeat
(SSR) markers confirmed that the recorded parentage was incorrect (Cabe et al., 2005).
Breeding records of the UMN apple breeding program indicated that the cross that begat
6

‘Honeycrisp’ was likely made around 1960, but a lack of records from this period
rendered direct validation of parentage inconclusive.
‘Honeycrisp’ was first selected from a seedling block as MN1711 in 1974. The
original tree was discarded due to winter injury in 1977. Four clonal propagules that were
planted in a testing orchard had also been flagged for removal, but they were spared
and kept for further evaluation by the newly appointed breeder, David Bedford, because
the trees had been planted in a poor site and there had been insufficient evaluation
notes taken for the selection. No additional records were available that could be used to
identify likely parents and it had been speculated that the original parent might have
been an older selection from the program that was discarded (Cabe et al., 2005).
‘Keepsake’ was identified as one of the parents (Cabe et al., 2005) based on results
from 11 SSR markers, but the identity of the second parent has remained a mystery.
Past studies evaluating pedigree relationships in apple have been conducted with a
range of genetic marker types including SNPs in chloroplast DNA (Savolainen et al.,
1995), randomly amplified polymorphic DNA (Harada et al., 1992), and SSRs (Cabe et
al., 2005; Evans et al., 2011a). Recently, single nucleotide polymorphism (SNP) arrays
have become available for apple (Chagné et al., 2012; Bianco et al., 2014; Bianco et al.,
2016), making possible the generation of a large amount of standardized genetic data
that are useful for relationship analyses. SNP array-based parental testing has been
successfully used to identify ‘Common Antonovka’ as the parent of a series of selections
that had been widely used in breeding for scab resistance (Pikunova et al., 2013). In
sweet cherry (Prunus avium), SNP array data have been successfully used for the
identification of the previously unknown paternal parent of the important U.S. cultivar
Bing (Rosyara et al., 2014). The SNP arrays and wealth of genetic data generated
through the RosBREED project, funded in part by the USDA-Specialty Crop Research
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Initiative (Iezzoni et al., 2010), has provided an excellent opportunity for this type of
relationship testing.
The objective of this study was to test an earlier hypothesis that ‘Keepsake’ is
one parent of ‘Honeycrisp’ (Cabe et al., 2005) and to identify and genetically describe
the unknown parent and grandparents of ‘Honeycrisp’ using a much larger set of DNA
markers than was previously available with this germplasm. This work relied on the
adequate phasing of thousands of SNP markers, which was made possible through the
development and use of a high quality integrated SNP linkage map, also described in
this study, that was developed by closely following many methods used by Di Pierro et
al. (2016).

Materials and Methods
Genetic map creation
Five families with ‘Honeycrisp’ as a common parent were used in the creation of
the integrated genetic map used in this study. These families were described by McKay
et al. (2011) and planted as clonal replicates on ‘Budagovsky 9’ rootstocks at the UMN’s
Horticultural Research Center in Chanhassen, Minnesota, USA in 2010. These families
were ‘Honeycrisp’ x MN1764 (n = 156), ‘Honeycrisp’ x ‘Monark’ (n= 91), ‘Honeycrisp’ x
‘Pitmaston Pineapple’ (n = 60), ‘Honeycrisp’ x ‘Jonafree’ (n = 57), and ‘Honeycrisp’ x
MN1702 (n = 49). Leaf samples were collected from these individuals for extraction of
DNA that was hybridized onto the International RosBREED SNP Consortium 8K Illumina
Infinium® array v1 (Chagné et al., 2012) following the methods outlined in Clark et al.
(2014b). The first two of these five populations were previously used in the creation of an
earlier ‘Honeycrisp’ consensus genetic map (Clark et al., 2014b). The raw iScan data
output from the apple 8K SNP array from all individuals were imported into the
genotyping module of GenomeStudio software version 1.9.4 for SNP scoring (Illumina,
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Inc., San Diego, California, USA). SNP scores were coded as A and B in
GenomeStudio. SNP probe sequences and targeted polymorphic nucleotides for the A/B
scoring for each SNP in the 8K SNP array can be found in the supplemental material of
Chagné et al. (2012) and at the Genome Database for Rosaceae (Jung et al., 2014), as
well as in the “Flanking_Sequence” column of supplementary table 1 of Howard et al.
(2017). SNP scoring was conducted following Clark et al. (2014b) with the exception that
all SNPs were visually inspected and manually clustered when necessary regardless of
GenTrain scores and heterozygote frequencies. SNP scores from each individual in
each population were compared to both its parents’ SNP scores to ensure that the listed
parentage was correct. Seedling individuals that had more than 200 inheritance errors
out of the total 8,788 SNPs (2.3% error rate) on the apple 8K SNP array were removed
from analysis. These types of inheritance errors, referred to as Mendelian-inconsistent
errors (also known as Mendelian errors (Sobel et al., 2002)), were recorded as instances
where an individual had a SNP score that could not have arisen given the SNP scores of
its parents or offspring. For example, if an individual’s SNP score at an individual locus
was AA and one or both of its parents’ SNP scores were BB this would count as an
inheritance error as either the individual and/or its parent(s) must have incorrect SNP
scores. Another type of observed Mendelian-inconsistent error was where an individual’s
SNP score was AB and its parents’ SNP scores were both either AA or BB. SNPs with
>15% missing data and SNPs that had apparent null alleles in one or more parents were
excluded from analysis. Marker segregation classes were then generated with the
remaining SNPs by evaluating segregation ratios within each family. Genotypic score
classes that comprised at least 2% of the individuals within a family were taken into
account when defining the segregation classifications in order to account for possible
segregation distortion. Individual SNP scores that did not follow the overall Mendelian
segregation classifications for less than 2% of the individuals within the family were
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recoded as missing data. After applying these rules, the marker segregation classes of
seedlings from each family were compared to parental SNP scores. Parental SNP
scores that still did not match the segregation classes of seedlings were altered to fit the
segregation classes if a change in ‘Honeycrisp’ resulted in agreement in segregation
classification across all five populations consistent with the SNP score of the other
parent in each family or if a change in the other parent could resolve the inconsistency
between it and the segregation of its progeny. These steps were conducted in this order
because the original GenomeStudio project was not available for re-examination of the
SNP clustering at the time of map construction.
The remaining SNPs were used to generate individual parental maps for each
family in JoinMap 4.1 (Van Ooijen, 2006). SNPs were organized into linkage groups
using a combination of independence tests using logarithm of odds scores from JoinMap
output for individual families, consensus for these groupings between families, and
physical data for SNPs from the version 1.0 of the ‘Golden Delicious’ genome (Velasco
et al., 2010). SNPs that were observed to be in concordance with grouping with other
SNPs based on logarithm of odds scores but were located on different chromosomes
according to their physical position in the apple genome were kept in the groupings
based on logarithm of odds scores.
Initial single parent genetic maps were created in JoinMap 4.1 through the
software’s Monte Carlo maximum likelihood mapping algorithm approach (Jansen et al.,
2001; Van Ooijen, 2006). Linkage maps were oriented based on general SNP physical
positions. SNPs were removed from these initial maps if they created gaps greater than
50 centiMorgans (cM). These initial single parent genetic maps were evaluated using
graphical genotyping (Young and Tanksley, 1989). This process is outlined in the
supplementary file #13 of Bassil et al. (2015). Data were scanned for singletons, defined
as double recombinant single points, i.e. individual SNPs that displayed apparent
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recombination on both sides despite close linkage to adjacent markers. These singletons
were recoded as missing values to achieve single family SNP orders that minimized
instances of probably spurious double recombination. Several SNPs that had many
apparent singletons and poor quality SNP score clustering were removed from analysis.
The resolution of each individual parent’s map order was iteratively improved by
increasing the levels of stringency until single parental maps were produced with fixed
SNP orders containing no instances of double recombinations due to singletons or likely
incorrect SNP order as evidenced through graphical genotyping.
An integrated SNP map for all SNPs from all families was built from the resulting
ten individual parental maps in four stages. In the first stage, a fixed marker order was
created for all of the markers across all of the mapping families. Hereto initial marker
orders were determined through the construction of a consensus map created using the
LPmerge package (Endelman and Plomion, 2014) in the statistical software R version
3.2.4 (R Core Team, 2016). This initial marker order was refined iteratively, starting first
with markers that were heterozygous in ‘Honeycrisp’. Following this, SNPs that were
heterozygous in gradually fewer of the other parents were built into the order. Graphical
genotyping was used at each step to order the SNPs in a way that approximated the
consensus map created using LPmerge, but without instances of false double
recombinations caused by incorrect map order. This ordering process was also aided by
a draft of the linkage map created by Di Pierro et al. (2016). SNPs within areas of no
recombination were ordered based on physical position information where possible from
version 1.0 of the ‘Golden Delicious’ genome (Velasco et al., 2010) or SNP sequences
blasted against version 3.0.a1 available on the Genome Database for Rosaceae
(https://www.rosaceae.org/species/malus/malus_x_domestica/genome_v3.0.a1 (Jung et
al., 2014)).
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For the second stage of the integrated map construction process, SNPs were
organized into haplotype blocks (haploblocks). These haploblocks were designed to
include sets of adjacent SNPs with no recombination among all mapping individuals. The
physical positions of SNPs were used to help define the boundaries of haploblocks to
ensure the resulting genetic position of any SNP within a region of no recombination was
associated with the haploblock it was more closely linked to physically. Haploblock
Aggregator (http://www.wageningenur.nl/en/show/HaploblockAggregator.htm) was then
used in the third stage to aggregate the segregation information of individual SNPs into
these haploblocks and to convert this haploblock-aggregated data from a “cross
pollinated” JoinMap formatted dataset into a “back cross” JoinMap formatted dataset for
simplified integration of all separate individual family maps, as described by Di Pierro et
al. (2016). In the final stage, the resulting data were incorporated back into JoinMap and
Monte Carlo maximum likelihood mapping was again used along with fixed SNP orders
for the haploblocks to calculate mapping distances in the integrated genetic map. Each
individual marker within a haploblock was given that haploblock’s cM position.
Following the construction of this integrated genetic map, a highly curated SNPgenotyped and pedigree-connected apple dataset comprising 540 individuals from the
RosBREED project (Iezzoni et al., 2010) was used to help order the SNPs within blocks
where no recombination was observed within the mapping families. The dataset
comprised a large, diverse, and breeding-relevant panel of apple cultivars, selections,
ancestors, and unselected seedlings of various pedigree-connected families (Peace et
al., 2014) genotyped with the 8K SNP array (Chagné et al., 2012). Recombination
events within this dataset were evaluated using FlexQTL™ and Visual FlexQTL™ (Bink
et al., 2014) (www.flexqtl.nl). SNP order was altered if the reordering could resolve
double recombination events observed in the pedigree-connected dataset and not
introduce double recombination events within the mapping set. Following this process,
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Haploblock Aggregator and JoinMap were again used to create a revised integrated
map. Following publication of the Di Pierro et al. (2016) linkage map, 20 SNPs that were
polymorphic in only one of the five families in this study that had insufficient physical
position information available and were within large blocks of SNPs that were inherited
together were reassigned to haploblocks to make this linkage map more consistent with
the Di Pierro et al. (2016) linkage map. These changes were only made if they did not
introduce additional double recombinations within the mapping populations and the
pedigree-connected dataset.
Genetic analysis of the ‘Honeycrisp’ pedigree
The pedigree-connected genetic dataset used in the map construction described
above was also used to elucidate the pedigree of ‘Honeycrisp’ by offering a wide
germplasm set that might hold the unknown parent of ‘Honeycrisp’ or earlier ancestors of
this unknown parent, and by allowing the phasing of each individual’s SNPs through the
comparison to directly related individuals. In the phasing process, the parameter
MSegDelta was set 1, which instructed FlexQTL™ to not adjust parental calls in case of
highly distorted segregation patterns.
SNP scores for individuals were changed in this dataset if the change resolved the types
of Mendelian-inconsistent SNP inheritance errors described above in map construction
or if the change resolved cases of likely false double recombination, also known as
Mendelian-consistent errors (Sobel et al., 2002), that were probably due to incorrect SNP
scores. This latter type of marker score error was observed when short (generally < 1
cM) double recombinations, usually involving only single SNPs, were observed in
phased SNP output from FlexQTL™. An example of this type of error would be if an
individual’s offspring all have AB scores for a single SNP and one parent’s SNP score is
AA and the other is AB but closely linked SNPs do not show any evidence of
segregation distortion. This type of error would not show as a typical inheritance error as
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the offspring could have inherited the B allele from the AB parent, but for each progeny
to have a B-allele, half of the progenies would have a recombination on either side of
this SNP allele (as long as closely linked SNPs did not have any type of segregation
distortion in this region). In cases like this, the changing of the parental AB score into BB
would resolve all issues. SNPs that had many inheritance errors or many cases of likely
false double recombination were re-evaluated in GenomeStudio, which had become
available at this stage, and SNP scores were revised or the SNP was removed from the
dataset. SNP scores that were suspected of being incorrect due to null alleles were
recoded as missing data. Phased SNP data of this dataset from FlexQTL™ output was
used to validate the parenthood of ‘Keepsake’ and to further elucidate the ‘Honeycrisp’
pedigree.
A simple, manual unphased genotype-matching analysis compared SNP data of
‘Honeycrisp’, with its parent ‘Keepsake’, and likely candidate grandparents of
‘Honeycrisp’ using data from the initial noncurated pedigree-connected genetic dataset.
Likely candidate grandparents included individuals that were known to be used as
breeding parents prior to the 1970s in the UMN apple breeding program and that were
still available. In this analysis, unphased SNP data for a subset of SNPs deemed to have
good clustering quality in GenomeStudio and organized by physical position were
compared between ‘Honeycrisp’, its validated parent ‘Keepsake’, and the candidate
grandparents to see whether SNP scores in ‘Honeycrisp’ could have arisen from
‘Keepsake’ and each candidate grandparent pair through manually conducting possible
phasing of markers. Two likely grandparent candidates were identified. They were
confirmed to be grandparents in further analyses using SNP data from the curated
pedigree-connected genetic dataset. Phased SNP data from these candidate
grandparents and the parents of ‘Keepsake’, ‘Frostbite’, and ‘Northern Spy’ were
evaluated to determine whether the SNP data from all of them could constitute the
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entirety of the phased SNP data from ‘Honeycrisp’ across a 3,435 SNP subset of the
integrated map.
Once these candidate grandparents were confirmed, the pedigree-connected
genetic dataset was searched for UMN selections that had these newly identified
‘Honeycrisp’ grandparents as recorded parents either in breeding program records or by
analysis of SNP data. These UMN selections were tested as being the unknown parent
of ‘Honeycrisp’. Individuals were excluded a priori as parents if Mendelian-inconsistent
and Mendelian-consistent errors composed more than 1% (35 SNPs) of their curated
SNP data.
SNP data were evaluated from several UMN selections to determine if they share
the unknown parent of ‘Honeycrisp’. This process was conducted in several steps. First,
existing pedigree records for all UMN selections genotyped on the 8K SNP array were
evaluated for identity by descent consistency across the pedigree-connected dataset by
evaluating inheritance errors between them and their recorded parent(s). If at least one
parent of a UMN selection was not identified, the SNP data for that selection were
queried against the SNP data for all founding UMN selections and cultivars that could be
possible parents. A parent was assigned to a selection if the parent-offspring relationship
was historically concordant and exhibited less than 1% of SNPs with Mendelianinconsistent errors and if those Mendelian-inconsistent errors could be resolved through
steps outlined in the description of the RosBREED dataset curation. UMN selections
having one parent confirmed using SNP data and one remaining unknown parent were
evaluated to determine whether the newly identified grandparents of ‘Honeycrisp’ were
also probable grandparents of these selections. A selection was deemed to also share
the newly identified ‘Honeycrisp’ grandparents if phased SNP data from the selection
indicated that the unknown parent was composed entirely of haplotypes from phased
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SNP data of the newly identified ‘Honeycrisp’ grandparents with less than 1% of marker
calls being Mendelian-inconsistent errors.
The UMN selections that matched the criteria for sharing the newly identified
grandparents of ‘Honeycrisp’ through an unknown parent were then evaluated to
determine whether ‘Honeycrisp’ and these selections shared this common unknown
parent. The unknown parent of ‘Honeycrisp’ was determined to be shared with a UMN
selection if the UMN selection and ‘Honeycrisp’ had between them, at maximum, only
one of the two haplotypes from each of the newly identified grandparents of ‘Honeycrisp’
at any given locus, with a SNP mismatch rate of less than 1%. This determination was
made through the evaluation of the unknown parent portion of the phased SNP data for
‘Honeycrisp’ and the UMN selection under consideration and the phased SNP data for
the newly identified ‘Honeycrisp’ grandparents.
The haplotype composition and SNP scores of the unknown parent of
‘Honeycrisp’ were then imputed using phased SNP scores from the newly identified
‘Honeycrisp’ grandparents, ‘Honeycrisp’, and the UMN selections identified to also be
offspring of the unknown parent of ‘Honeycrisp’. SNP scores for the unknown parent
were coded as missing data when there was insufficient haplotype information from the
offspring of the unknown parent, when there was missing data in the parents of the
unknown parent, and when more than 50% of the offspring of the unknown parent had
marker scores that were discordant with the marker scores of the parents of the
unknown parent.
Finally, the original UMN selection records were evaluated to determine the likely
identity of this unknown parent. Pedigree records of the UMN selections determined to
share the unknown parent of ‘Honeycrisp’ were first evaluated and a likely parent was
identified. Additional offspring of this likely parent were then identified and one was
found to have been genotyped but not included in previous steps because both of its
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parents were not present in the pedigree-connected dataset. The SNP calls for this
individual and the imputed SNP calls for the unknown parent were evaluated for a
parent-offspring relationship to validate the identity of the individual and its imputed SNP
calls.

Results
Integrated genetic map
The integrated genetic map created in this study includes 3,632 SNPs from the
apple 8K Illumina Infinium® SNP array v1 (Chagné et al., 2012) and spans a total length
of 1,172 cM across 17 linkage groups (supplementary table 1, Howard et al., 2017). In
the 413 individuals used for map development and scored for the 3,632 SNPs, 231
individual SNP scores (0.0154% of the total data) that were either double recombinant
singletons or inconsistent were recoded as missing data. The average distance between
SNPs in the genetic map is 0.32 cM. The average size of haploblocks is 3.14 SNPs and
the average distance between them is 1.03 cM. Approximately 13% (464) of the SNPs
mapped to different linkage groups than what was assigned in the Malus x domestica
version 1.0 genome sequence assembly.
Candidate grandparents of ‘Honeycrisp’
The simple, manual unphased genotype-matching analysis of candidate
grandparents of ‘Honeycrisp’ using the initial noncurated pedigree-connected dataset
indicated that ‘Duchess of Oldenburg’ and ‘Golden Delicious’ were the most likely
candidates. This analysis suggested that SNP scores for ‘Duchess of Oldenburg’ and
‘Golden Delicious’ provided a complementary fit for the SNP haplotype of the unknown
parent when compared alongside ‘Honeycrisp’ and its known parent ‘Keepsake’.
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Validation of grandparents of ‘Honeycrisp’
The identity by descent analysis of phased SNP data supported ‘Keepsake’ as a
parent of ‘Honeycrisp’. The haplotype contribution from the parents of ‘Keepsake’ to the
haplotype composition of ‘Honeycrisp’ is represented in figure 1-1 (and supplementary
table 2 in Howard et al., 2017) by the colors dark and light green for the possible
haplotypes from ‘Frostbite’ and by yellow and orange for ‘Northern Spy’. This analysis
also supported ‘Duchess of Oldenburg’ and ‘Golden Delicious’ as grandparents through
the unknown parent of ‘Honeycrisp’. The haplotype contribution from these grandparents
to the haplotype composition of ‘Honeycrisp’ is represented in figure 1-1 (and
supplementary table 2 of Howard et al., 2017) by the colors light and dark blue for the
possible haplotypes from ‘Duchess of Oldenburg’ and by red for the haplotype from
‘Grimes Golden’ (recently reported as a parent of ‘Golden Delicious’ (Salvi et al., 2014))
and dark red for the unknown parent of ‘Golden Delicious’. Extended SNP haplotypes for
the two homologous chromosomes of each of the four grandparents were
complementary such that they could compose the two homologous haplotypes of
‘Honeycrisp’ while showing logical meiosis evidence. This pedigree was free of
Mendelian-consistent and Mendelian-inconsistent errors across all SNPs evaluated. The
pedigree also included few missing data from ‘Duchess of Oldenburg’ (53 SNPs with
missing data, 1.54% of the total SNP data), ‘Golden Delicious’ (6 SNPs, 0.17%),
‘Keepsake’ (56 SNPs, 1.63%), ‘Northern Spy’ (58 SNPs, 1.69%), and ‘Frostbite’ (35,
1.02%) (shown by dash symbols in supplementary table 2 in Howard et al., 2017).
Identification of siblings of ‘Honeycrisp’
Two extant UMN selections had ‘Duchess of Oldenburg’ and ‘Golden Delicious’
recorded as parents with SNP data supporting this parentage: MN1478 and ‘Red Baron’.
However, both individuals were eliminated as possible parents of ‘Honeycrisp’ because
of high numbers of Mendelian-inconsistent errors when tested as possible parents. Next,
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four UMN selections (MN1708, MN1789, MN1837, and MN1888) were observed to have
one identified parent for which SNP data was available and one unknown parent that
was consistent with itself being the offspring of a cross between ‘Duchess of Oldenburg’
and ‘Golden Delicious’. The phased SNP data strongly suggested that these four
selections and ‘Honeycrisp’ indeed share a common parent (Supplementary table 3 of
Howard et al., 2017). Mendelian-consistent errors were observed in only 61 cases
across 38 SNPs (less than 1% of SNP scores per individual, depicted as yellow shaded
areas in supplementary table 3 in Howard et al., 2017) among the four selections and
the new putative parentage. These SNPs were re-evaluated in GenomeStudio to identify
causes of the discrepancies. Four errors were due to missing parental SNP data that
was incorrectly imputed by FlexQTL. Five errors were due to incorrect parental marker
scores (one each for ‘Golden Delicious’, ‘Keepsake’, and ‘Duchess of Oldenburg’ and
two for MN1691). The remaining 29 errors were due to poor SNP clustering, of which 12
were likely due to the presence of additional clusters other than AA, AB, and BB, which
confounded the SNP scores, and 3 were likely due to the presence of null alleles. These
types and numbers of Mendelian-consistent errors were similar to those for other
individuals in the pedigree-connected dataset that had validated parent-child
relationships. MN1708, MN1789, MN1837, and MN1888 were thus confirmed as siblings
of ‘Honeycrisp’ via its unknown parent.
Identification of unknown parent of ‘Honeycrisp’
MN1789 was recorded as an offspring from MN1736 x ‘Beacon’, but was
determined to be an offspring from MN1691 x (‘Duchess of Oldenburg’ x ‘Golden
Delicious’). MN1708, like ‘Honeycrisp’, was originally recorded as ‘Honeygold’ x
‘Macoun’ but SSR markers examined by Cabe et al. (2005) suggested MN1708 was
derived from ‘Keepsake’ x unknown parent, which was confirmed in this study. MN1837
and MN1888 were recorded as offspring from MN1691 (‘Goodland’ x ‘Fireside’) x
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MN1627. MN1691 was confirmed to be a parent of MN1837 and MN1888. MN1627 was
recorded as an offspring from ‘Duchess of Oldenburg’ (as the sport ‘Daniel’s Red
Duchess’) x ‘Golden Delicious’ and was selected in 1951. Unfortunately, trees of this
selection no longer exist in the UMN apple breeding program. The last recorded
distribution of MN1627 was in 1965. We identified current contacts for recipients, where
possible, and queried them about the presence of MN1627. All responding recipients
indicated it was no longer present in their orchards or collections.
The confirmed breeding records for MN1837 and MN1888, coupled with the
finding that these individuals are half-sibs of ‘Honeycrisp’ (supplementary table 3 of
Howard et al., 2017) suggests that the previously unknown parent of ‘Honeycrisp’ is the
probably extinct UMN apple selection MN1627, resulting in the reconstructed pedigree
shown in Figure 1-2.
Genetic characterization of MN1627 through haplotype and SNP imputation
The availability of SNP data for five siblings and both identified parents of
MN1627 allowed for the imputation of 97.8% of its SNP scores across the 3,435 SNPs
under consideration (columns D and G of supplementary table 3 in Howard et al., 2017).
There were about 100 cM of haplotypes across six linkage groups (8.5% of the genome)
that were unable to be imputed due to lack of representation of either ‘Duchess of
Oldenburg’ or ‘Golden Delicious’ from offspring of MN1627. However, SNPs that were
homozygous in regions that did not have haplotype representation were still able to be
imputed, which is what accounted for the discrepancy between the higher percentage of
the SNPs imputed versus the lower percent coverage of the imputed haplotypes.
Imputed SNP scores of MN1627 were validated by examining the genotype of MN1839,
which was recorded as an offspring from MN1627 x ‘Prima’. SNP data for ‘Prima’
provided from the FruitBreedomics project (Laurens et al., 2010) was observed to not
match as a parent of MN1839 despite this sample of ‘Prima’ having proven to be true to
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type (Voorrips et al., 2016). However, there were no Mendelian-inconsistent errors in a
parent-offspring relationship evaluation between MN1839 and the imputed SNP data for
MN1627, thus providing further confirming evidence that MN1839 is a half-sibling of
‘Honeycrisp’ and validating the imputed genotype of MN1627.
Homozygous genomic regions of ‘Honeycrisp’
‘Honeycrisp’ was detected to have several large regions of homozygosity. The
identity by descent analysis using phased SNP data revealed that most of this
homozygosity is attributed to shared haplotypes between ‘Frostbite’ and ‘Duchess of
Oldenburg’ and between ‘Northern Spy’ and ‘Golden Delicious’ (represented by shaded
areas in supplementary table 2 in Howard et al., 2017). The extended SNP haplotypes
that are identical by state for more than 25 SNPs and 8 cM between ‘Golden Delicious’
and ‘Northern Spy’ span approximately 21% of the phased marker data between
‘Northern Spy’ and ‘Golden Delicious’ and include regions up to 160 SNPs and 38 cM
(represented by areas shaded by diagonal lines in ‘Northern Spy’ and ‘Golden Delicious’
columns in supplementary table 2 in Howard et al., 2017). These extended SNP
haplotypes can be found in either the phased SNP data from both ‘Grimes Golden’ (Salvi
et al., 2014) or the unknown parent of ‘Golden Delicious’. ‘Frostbite’ has extended SNP
haplotypes that are identical by state with ‘Duchess of Oldenburg’ for approximately 29%
of the genome. These identical by state SNP haplotypes span the entirety of one
homolog of each of linkage groups 12 and 16 and large portions of other linkage groups
(represented by areas shaded by small dots in ‘Frostbite’ and ‘Duchess of Oldenburg’
columns in supplementary table 2 in Howard et al., 2017).
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Discussion
The pedigree of ‘Honeycrisp’
The pedigree of ‘Honeycrisp’ (Figure 1-2) was deduced to be ‘Keepsake’ x
MN1627 (‘Duchess of Oldenburg’ x ‘Golden Delicious’) (haplotype composition
represented in graphically in figure 1-1 and through phased marker data shown in
supplementary table 2 of Howard et al., 2017) through the use of a high quality
integrated genetic map and a large pedigree-connected dataset. This study, based on
3,435 SNPs, confirmed a previous report supporting ‘Keepsake’ as one parent of
‘Honeycrisp’ (Cabe et al., 2005) that was based on 11 SSR markers. The identification of
‘Duchess of Oldenburg’ and ‘Golden Delicious’ as grandparents is significant because
they are of worldwide importance and this finding connects the pedigree of ‘Honeycrisp’
to the pedigrees of many internationally important cultivars that descend from them.
‘Duchess of Oldenburg’, also known as ‘Borowitsky’, ‘Borovitsky’, and ‘Charlamowski’,
was introduced into the United States from England in 1835, where it had been earlier
brought from Russia in the early 1800s (Beach et al., 1905). ‘Duchess of Oldenburg’ was
used extensively for breeding in the formative years of the UMN apple breeding program
(Dorsey, 1921) because of its extreme winter hardiness. ‘Golden Delicious’ originated
around 1890 in West Virginia and was released commercially in 1916 (Morgan and
Richards, 1993). ‘Golden Delicious’ is an ancestor of a multitude of important cultivars
(Noiton and Alspach, 1996) including ‘Gala’ (‘Kidd’s Orange Red’ x ‘Golden Delicious’),
‘Jonagold’ (‘Golden Delicious’ x ‘Jonathan’), and ‘Cripps Pink’ (‘Golden Delicious’ x ‘Lady
Williams’) (Evans et al., 2011a) and is famous in the scientific community for being the
first sequenced apple genome (Velasco et al., 2010).
The previously unknown parent of ‘Honeycrisp’, MN1627, was indirectly identified
through the analysis of phased SNP data of five UMN selections identified to be siblings
of ‘Honeycrisp’, three of which had MN1627 listed as parents in the original selection
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records. MN1627 was recorded as being a cross between ‘Duchess of Oldenburg’ and
‘Golden Delicious’. Historical breeding records indicated that crosses between ‘Duchess
of Oldenburg’ and ‘Golden Delicious’ were made numerous times in the UMN apple
breeding program from the 1920s through the 1930s and had resulted in several
selections and the cultivar Red Baron (Stushnoff et al., 1969), released in 1970. Many of
these selections would have been available for breeding at the time of the cross that
begat ‘Honeycrisp’.
Possible inbreeding within ‘Honeycrisp’ and genetic relatedness among ancestors
This study also revealed that many large regions of homozygosity in the
‘Honeycrisp’ genome (represented by dashed rectangles in Figure 1-1) are due to likely
close genetic relationships between ‘Frostbite’ and ‘Duchess of Oldenburg’ and between
‘Northern Spy’ and ‘Golden Delicious’ (represented by shaded areas in supplementary
table 2 in Howard et al., 2017), indicating shared ancestry between the parents of
‘Honeycrisp’ and leading to some degree of inbreeding for ‘Honeycrisp’. The shared
extended haplotypes between ‘Northern Spy’ and ‘Golden Delicious’ contain haplotypes
from both the known parent, ‘Grimes Golden’ (Salvi et al., 2014), and the unknown
parent of ‘Golden Delicious’. ‘Northern Spy’ originated in New York in the early 1800s
(Morgan and Richards, 1993), ‘Grimes Golden’ originated in West Virginia in the 1790s,
and ‘Golden Delicious’ originated in West Virginia in the 1890s (Morgan and Richards,
1993), making it chronologically and geographically possible that ‘Northern Spy’, ‘Grimes
Golden’, and the unknown parent of ‘Golden Delicious’ share one or more recent
common ancestors. The relatively large extended regions of shared SNP haplotypes
between ‘Frostbite’ and ‘Duchess of Oldenburg’ suggest that ‘Frostbite’ is a grandchild of
‘Duchess of Oldenburg’. ‘Frostbite’ was released in 2008 but was originally selected in
1922 (Clark and Finn, 2010). It is thought that the tree originated from open-pollinated
seeds of ‘Malinda’ that were described by Dorsey (1919), however ‘Malinda’ was
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determined to not be the parent of ‘Frostbite’ (Cabe et al., 2005). The time of the origin of
‘Frostbite’ coincides with the presence and use of ‘Duchess of Oldenburg’ in the UMN
breeding program (Dorsey, 1919, Dorsey, 1921). That timing, in combination with the
proportion of haplotype sharing, indicates it is a likely possibility that ‘Frostbite’ is a
grandchild of ‘Duchess of Oldenburg’.
Integrated linkage map quality
The quality of the integrated linkage map used in this study (found in
supplementary table 1 of Howard et al., 2017) was vital to the results presented in this
manuscript as high numbers of false marker orders would have prevented accurate
marker phasing across the pedigree-connected dataset, which would have impeded
identification of pedigree relationships discovered and detailed in this study. The high
quality of the current linkage map should make it useful to future studies that use data
from the apple 8K, 20K, and 480K SNP arrays (Chagné et al., 2012, Bianco et al., 2014;
Bianco et al., 2016). Both this map and the 20K iGL map (Di Pierro et al., 2016) are
useful because each has a unique SNP composition. Indeed, of the currently mapped
3,632 SNPs, 1,441 are unique to the current map and 2,191 were in common with the
20K iGL map.
The quality of the map was achieved because of intense data curation and the
approach in map construction, which was similar to that proposed by Di Pierro et al.
(2016). The methods used to construct these linkage maps differ from previous apple
linkage maps made with data from apple SNP arrays (Antanaviciute et al., 2012; Troggio
et al., 2013; Clark et al., 2014b) by the use of graphical genotyping (Young and
Tanksley, 1989) to avoid double recombinations along with the use of multiple families
and the newly developed tool Haploblock Aggregator
(http://www.wageningenur.nl/en/show/HaploblockAggregator.htm) to create an
integrated genetic map that reduced cases of false marker order. The high quality of our
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current map and the 20K iGL map is underlined by the low number of SNPs that are in
discordant order (71 SNPs, 3.2%), the small size of the genetic segments in which these
discordant orders occurred (usually less than 0.5 cM, data not shown), and the similar
small size of both genetic maps. The map created in this study is 76 cM smaller than
that of Di Pierro et al. (2016), which is likely a function of a lower representation of the
chromosomal ends and the smaller numbers of families used here. The similarity of
these maps in size and map order will be useful for the transferability of genetic data
across studies using apple SNP array data.

Conclusion
This study provides a revised pedigree for ‘Honeycrisp’ that is consistent across
a pedigree-connected dataset using a new dense and high-quality integrated SNP map.
This pedigree and the identification of relatedness between two pairs of ‘Honeycrisp’s
grandparents will be useful in future genetic studies involving ‘Honeycrisp’. The
haplotype and SNP data for the newly identified parent of ‘Honeycrisp’, MN1627, has
been imputed and made available in this study (see supplementary table 3 in Howard et
al., 2017). Though no longer available, the imputed haplotype and SNP data for MN1627
will enable accurate tracing of the grandparental allelic contributions inherited by
‘Honeycrisp’ at any given region of its genome. Identifying and using these types of
relationships for pedigree-based quantitative trait locus analyses is an explicit approach
of RosBREED and these results will be useful in this work. The discovery that ‘Duchess
of Oldenburg’ and ‘Golden Delicious’ are grandparents of ‘Honeycrisp’ connects the
pedigree of ‘Honeycrisp’ to many cultivars of worldwide significance. The ability to
connect these pedigrees will result in more accurate results from pedigree-based
quantitative trait locus analyses to understand the genetic underpinning of ‘Honeycrisp’s
traits, such as its highly acclaimed crisp texture, its reported susceptibility to developing
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leaf chlorosis and soft scald, and its reported apple scab resistance. The findings
described in this paper are expected to help in the development of future superior apple
cultivars related to ‘Honeycrisp’.
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Figures
Figure 1-1: Haplotype composition and areas of recombination for parental and grandparental gametes for all 17 pairs of linkage groups of 'Honeycrisp' color coded for
grandparental contribution from 'Frostbite' and 'Northern Spy' through parent ‘Keepsake’,
and from 'Duchess of Oldenburg' and 'Golden Delicious' through the previously
unidentified parent MN1627. Marker organization between linkage groups for
grandparents that have no known parents is arbitrary as no parental data was available
to organize them. Regions of uncertainty between haplotypes due to haplotypes that are
identical by state (IBS) are shown via regions with two colors. Regions of homozygosity
in 'Honeycrisp' that are due to haplotypes that are likely identical by descent from the
grandparental pair 'Frostbite' and 'Duchess of Oldenburg' or the grandparental pair
'Northern Spy' and 'Golden Delicious' (see Supplementary table 2 of Howard et al.,
2017) are highlighted by a dashed box around the region. These regions share at least
25 SNPs and 8 cM between each pair of grandparents.
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Figure 1-2: Reconstructed pedigree for 'Honeycrisp' supported by this study. Maternal
DNA was not evaluated in this study, meaning the order of parents and grandparents
from left to right within crosses is arbitrary.
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Chapter 2
Two QTL identified and characterized for soft scald and soggy breakdown in apple
(Malus × domestica) through pedigree based analysis of a large population of
interconnected families
Introduction
Soft scald (SS) and soggy breakdown (SBD) are economically significant cold
storage disorders of apple (Malus × domestica) fruit. Fruits that develop either disorder
are unmarketable for fresh eating. These disorders are problematic for growers because
they usually develop weeks after producers have invested considerable resources into
harvest and cold storage. Incidences of SS and SBD vary among cultivars. Soft scald,
also known as ribbon scald, is characterized by distinct brown and often longitudinal
lesions on the fruit that frequently extend into the flesh and can lead to secondary
infections in the fruit (Brooks and Harley, 1934; Meheriuk et al., 1994). Soft scald is
physiologically and incidentally distinct from the cold storage disorder superficial scald
(Meheriuk et al., 1994; Kupferman, 2001). SBD, also referred to as low temperature
breakdown (DeLong et al., 2004; Prange et al., 2011), is an internal disorder where the
flesh of the fruit becomes brown, soft, spongy, and often wet (Plagge et al., 1935;
DeLong et al., 2004). SBD is physiologically distinct from other forms of internal
browning associated with cold storage, including senescent breakdown and CO2 injury
(Brooks and Harley, 1934; Prange et al., 2011; Watkins and Nock, 2012). Soft scald and
SBD may be physiologically related (Brooks and Harley, 1934; Watkins and
Rosenberger, 2000; Watkins et al., 2004), though coincidence varies and some cultivars
are only susceptible to either SS or SBD development (Brooks and Harley, 1934;
Watkins et al., 2005). Older literature lists several important cultivars as being
susceptible to the development of SS and/or SBD, including ‘Jonathan’, ‘Winter Banana’,
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‘Northwestern Greening’, ‘Rome Beauty’, ‘Grimes Golden’, ‘Golden Delicious’, ‘Wealthy’,
and ‘Stayman Winesap’ (Harley and Fisher, 1931; Brooks and Harley, 1934; Plagge and
Maney, 1937). More recent literature mentions ‘Scifresh’ as being susceptible to SS, but
mostly focuses on ‘Honeycrisp’, which is reported as being particularly susceptible to
both SS and SBD (Rosenberger et al., 2001).
‘Honeycrisp’ has been very useful as a parent in apple breeding programs due to
the exceptionally crisp texture of its fruit (Mann et al., 2005), which it retains through long
periods of cold storage (Tong et al., 1999; Rosenberger et al., 2001, Trujillo et al., 2012),
and its reported resistance to apple scab (Clark et al., 2014a). The usefulness of
‘Honeycrisp’ as a breeding parent, despite its susceptibility to develop SS and SBD,
warrants genetic studies designed to identify the presence of stable, large-effect
quantitative trait loci (QTL) associated with the disorders and the development of
marker-assisted breeding (MAB) targets to aid in selecting against the sensitivity to
these fruit storage disorders in ‘Honeycrisp’ offspring.
Until recently, studies on SS and SBD have generally focused on identifying risk
factors for these disorders, correlated variables, and ways to reduce SS incidence,
primarily in ‘Honeycrisp’. These include studies investigating physiological differences
between fruits affected and unaffected with SS (Hopkirk and Wills, 1981; Tong et al.,
2003; Johnston et al., 2009; 2010; Moran et al., 2009; Ehsani-Moghaddam and DeEll,
2013; Leisso et al., 2016) and/or SBD (Leisso et al., 2015), studies investigating
differences in growing or harvesting conditions (Robinson and Watkins, 2003; Watkins et
al., 2005; Moran et al., 2009; Robinson and Lopez, 2012; Henriod et al., 2008; Johnston
et al, 2009, 2010; Moran et al., 2009; Prange et al., 2011), and studies investigating
optimum storage conditions and treatments (Harley and Fisher, 1931; Fan et al., 1999;
Watkins and Rosenberger, 2000; DeLong et al., 2004; Watkins et al., 2004; DeLong et
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al., 2006; Johnston et al., 2009; Johnston et al., 2010, Moran et al., 2010; Watkins and
Nock, 2012).
Although the previously cited studies are of great importance to postharvest
physiologists and the commercial apple industry, they have provided limited insight for
apple breeding efforts. At the time of this study, only two published studies have focused
on evaluating the genetic basis of SS and/or SBD incidence. Alspach et al. (2001)
reported high narrow-sense heritabilities for SS and low to medium narrow-sense
heritabilities for “breakdown” and “chilling injury” respectively, suggesting genetic
potential for limiting at least SS incidence in segregating families. More recently,
McClure et al. (2016) reported on two QTL for SS incidence on linkage groups (LGs) 2
and 3 and on single SNP markers at each QTL where the heterozygous state was
associated with higher SS incidence. Although these reports have provided useful and
promising results, MAB targets for limiting SS and SBD incidence in progeny of
‘Honeycrisp’ based on consistent QTL results are still needed.
MAB targets for SS and SBD incidence will be most useful if they are compatible
across a wide array of germplasm relevant to dessert apple breeding programs.
Pedigree-based QTL analysis (PBA) (Van de Weg et al., 2003) using DNA markers,
pedigree information, and inter-related populations has been proposed as an approach
to identify and characterize more QTL and more alleles at identified QTLs than are
possible in biparental QTL studies. Recent advances have been made in PBA by the
development of dedicated software including FlexQTLTM (Bink et al., 2002; 2008; 2014;
www.flexqtl.nl), Pedimap (Voorrips et al., 2012), and PediHaplotyper (Voorrips et al.,
2016). PBA has been made a more attractive approach in apple through guidelines on
the composition of the study germplasm (Peace et al., 2014), high throughput genome
wide genotyping capabilities through SNP arrays (Chagné et al., 2012; Bianco et al.,
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2014; 2016), the availability of sets of pedigreed full-sib families (Peace et al., 2014),
and standardized phenotyping procedures for some major traits (Evans et al., 2011b).
This approach has been increasingly utilized in a variety of Rosaceous fruit species,
including strawberry (Whitaker, 2011; Roach et al., 2016; Mangandi et al., 2017), peach
(Fresnedo-Ramírez et al., 2015, 2016; Hernandez Mora et al., 2017, cherry (Rosyara et
al., 2013; Stegmeir et al., 2014; Sandefur et al., 2016), and apple (Schmitz, 2013; Bink
et al., 2014; Guan et al., 2015, Allard et al., 2016, Di Guardo et al., 2017; Durand et al.,
2017).
The previously described techniques and tools should enable identification and
characterization of QTL for SS and SBD incidence that can be used to aid in the
development of MAB targets that are compatible across a diversity of germplasm
important in apple breeding. With this context, the objectives of this study were to (1)
identify QTL for SS and SBD incidence in pedigree-connected germplasm sets, (2)
characterize the effects of functional haplotypes at identified QTL that are stable across
both families and years, and (3) report on the composition of functional marker
haplotypes in important cultivars and founding germplasm in a context appropriate for
use in MAB. The ultimate goal of this study is to enable a MAB solution to developing
apple populations and seedlings with lower incidences of SS and SBD across current
apple breeding germplasm.

Materials and Methods
Plant material
The germplasm evaluated in this study includes the University of Minnesota
(UMN) portion of the RosBREED crop reference set (Peace et al., 2014), parental
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selections, and seedling families from the UMN apple breeding program as well as four
large full-sib families that share ‘Honeycrisp’ as the common parent (Table 2-1). The
other parents in the four large full-sib families were the UMN selection MN1702 and
cultivars ‘Jonafree’, ‘Pitmaston Pineapple’, and ‘Monark’ as described in McKay et al.
(2011). Most of the individuals from these four families also had an additional replicated
tree that was also evaluated if fruit were available. All individuals evaluated in this study
were grown on ‘Budagovsky 9’ rootstock in Chanhassen, Minnesota, USA at the UMN
Horticultural Research Center.

Phenotypic data
A minimum of 10 fruit and a maximum of 25 fruit, depending on availability, were
harvested from each tree when sampled fruits were at a starch-iodine maturity rating of 5
on the 8 point Cornell starch-iodine index (SI) scale (Blanpied and Silsby, 1992). Reports
of fruits with more advanced maturity (Harleyand Fisher, 1931; Brooks et al., 1934;
Meheriuk et al., 1994), but not too advanced (Tomkins, 1966; Prange et al., 2011), being
more likely to develop SS prompted us to use this intermediate to high SI maturity target
rating rather than the SI maturity target rating of 3 that has been previously used in
RosBREED phenotyping (Evans et al., 2011b). Five of the harvested fruit were
destructively evaluated at harvest to obtain an estimated average SI rating. All remaining
fruit (16.5 fruits average between all individuals and replicated trees) were stored at 1°C
and evaluated for SS and SBD incidence after 20 weeks. Disorder incidence was
recorded as the number of fruit with the disorder divided by the total number of fruit
evaluated from a tree. Fruit were scored as having SS if they had symptoms consistent
with the descriptions in Brooks and Harley (1934) and Meheriuk et al. (1994) of distinct
brown, usually sunken, and often longitudinal lesions on the skin of the fruit appearing
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after a period of cold storage. Fruit were scored as having SBD if they had symptoms
consistent with the description in Brooks and Harley (1934) of distinct brown and spongy
tissue in the fruit cortical tissue. The description and image of “low-temperature
breakdown” provided in Meheriuk et al. (1994) was also used, but was modified for this
study. Whereas the description in Meheriuk et al. (1994) noted that low-temperature
breakdown is “usually… separated from the skin by normal tissue,” fruit observed in this
study with clear SBD symptoms in the presence of SS affected skin were scored as also
having SBD. Fruit that were too damaged or rotted to evaluate were excluded from
analysis.
Statistical correlations were evaluated between SS and SBD incidence for 2014
and 2015 and between disorder incidence and average SI rating at harvest. Since the
distribution of disorder incidence departed greatly from normal, these statistical
correlations were calculated using the non-parametric Kendall's tau-b coefficient by
means of the Kendall package (McLeod, 2011) in the statistical software R version 3.3.0
(R Core Team, 2017).
Genetic data
All individuals were genotyped on the International RosBREED SNP Consortium
8K Illumina Infinium® array v1 (Chagné et al., 2012) with the exception of several
founding genotypes or intermediate ancestors, whose genetic data were provided by
Fruit-Breedomics (Laurens et al., 2010) and were genotyped on the Illumina Infinium®
20K array (Bianco et al., 2014). The DNA extraction methods used were as in Clark et
al. (2014b). Genotype data for the four large full-sib families came from a previous study
on the creation of an integrated genetic map (Howard et al., 2017). SNP alleles for the
remaining germplasm were called together using automated allele calling in
GenomeStudio™. Marker data were evaluated for consistency within pedigrees with the
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assistance of the marker evaluation functions of FlexQTL™ and Visual FlexQTL™.
Missing data were inferred by FlexQTLTM where feasible. Through this evaluation,
suspected false or questionable recombinations were evaluated and genotype scores
were changed or recoded as missing data if it was evident that an individual had a
genotype score that could not have been inherited or passed on to offspring given
information from the connected pedigree. All pedigree relationships used in this study
have been validated through SNP data using a process similar to that used in Howard et
al. (2017) to confirm ancestors of ‘Honeycrisp’. A total of 3419 SNPs were used in the
QTL analyses. The genetic map used in this study is described in Howard et al. (2017).
QTL analyses
FlexQTL™ software (www.flexqtl.nl) was used to conduct the QTL analyses. The
Bayesian statistics and PBA methodology used in FlexQTL™ have been described
previously in Bink et al. (2002; 2008; 2012) and its implementation has been described
in detail in Bink et al. (2014) in a proof of concept paper built from approaches and
procedures developed in Sillanpää and Arias (1998). Each separate QTL analysis had
Markov chain Monte Carlo simulation lengths of 2.5*105, with every 250th sample stored
for a total of 1000 samples for use in posterior QTL inferences. Additional duplicate QTL
analyses were performed with two different starting seed numbers, maximQTL settings
(5, 10), and priorQTL settings (2, 5) for the Markov chain Monte Carlo simulation for
each year-trait combination evaluated in order to ensure the results for the identified
QTL and their positions were reproducible. Data from only one simulation from each
year and trait combination is reported in this paper, with the following settings:
maximQTL = 5, priorQTL = 2, addGENE = 5. QTL positions were recorded as QTL
intensity estimates via posterior distributions of QTL locations as described in Sillanpää
and Arjas (1998). QTL regions were recorded as a series of successive 2 cM bins with
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2*ln Bayes factors (Kass and Raftery, 1995) that were greater than 5. The most probable
QTL positions were recorded as the median cM value from the Markov chain Monte
Carlo simulation samples within each QTL region.
Separate analyses were performed for SS and SBD incidences for 2014 and
2015 for a total of four QTL analyses reported. Phenotypic scores for individuals with
replicates were averaged for the purposes of QTL analyses. Physical locations for
identified QTL that were consistent across years were reported using physical position
data for SNPs from version 1.0 of the apple reference genome (Velasco et al., 2010).
The SNP sequences at QTL regions were also blasted against the version 3.0.a1 of the
apple genome (Jung et al., 2014;
https://www.rosaceae.org/species/malus/malus_x_domestica/genome_v3.0.a1) and the
likely physical positions were recorded.
Haplotype analysis
QTL that were consistently identified in both 2014 and 2015 with 2*ln Bayes
factors greater than 5, indicating at least strong evidence for QTL (Bink et al., 2008),
were considered for haplotype analysis. Marker phasing was conducted using
FlexQTL™. Fifteen successive SNP markers were chosen for marker haplotyping of
each QTL region based on their proximity to identified QTL peaks. Haplotype identities
within pedigrees were assigned by identity by state (IBD), to ensure marker data and
phasing were consistent across connected pedigrees and by state across founders and
other germplasm with no known connections to our mapping parents. Genome-wide
phased marker data for parents included in the study that did not have SNP-confirmed
pedigrees were compared to founder genotypes that had the same haplotype at QTL of
interest to determine whether it is likely that important haplotypes may also be IBD via
distant, but still unidentified genetic relationships. Haplotypes that were identical by state
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(IBS) between these parents and founders were considered likely to be IBD if they
shared multiple extended IBS haplotypes of more than 10 cM that together totaled more
than 10% of the SNP genome from the linkage map used in this study, which is more
than 234.4 cM (= 10% * 1172 cM (Howard et al., 2017) * 2 parental haplotypes for
diploids). These relationships also had to be probable, given historical information about
the listed pedigree for the parent under consideration.
Bootstrapping was used to estimate SS and SBD incidence means and 95%
confidence intervals per year for haplotype bulks using R (R Core Team, 2017) to
estimate the effects of functional haplotypes. Mean disorder incidence and 95%
confidence intervals for haplotype bulks were generated from 10,000 bootstrap sample
means. Each bootstrap mean was comprised of N observations of disorder incidence
with replacement, where N was equal to the number of genetically distinct individuals in
the dataset from which bootstrap statistics were being generated. The replicates for
individuals were weighted, meaning both of the disorder incidence observations for an
individual with a replicate were individually half as likely to be chosen at random for
inclusion into a single bootstrap sample mean compared to an individual that did not
have a replicate.

Results
Phenotypic data
SS and SBD incidences were heavily skewed towards both extremes (Figure 2-1;
2-2; 2-3; 2-4) and was significant for year-to-year consistency (Table 2-2). Coincidence
of SS and SBD within individuals was very high for both years studied (Table 2-2),
though many individuals had separate fruit with only either SS or SBD. Average SI rating
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at harvest ranged from either extreme on the 8-point Cornell SI scale (Figure 2-5)
despite the target SI rating of 5. SI was not consistently correlated with either SS or SBD
with only a weak, positive correlation between SI and SS in 2014 (Table 2-2).
QTL analyses
Two QTL were consistently identified in separate analyses of both SS and SBD
in both 2014 and 2015 at the top of LG2 and the middle of the lower half of LG16 (Table
2-3; Table 2-4; Figure 2-6). These QTL and their positions were identified in duplicate
QTL analyses with different starting seed numbers (data not shown). The only other
genome region with “strong” support for the presence of a QTL was on LG13 for SS in
2014 (Table 2-3). The LG2 QTL spans the physical range of approximately 1.2Mbp to
2.4Mbp (SNPs ss475876955 to ss475876990) from the version 1.0 of the apple draft
genome (Velasco et al., 2010) and approximately 1Kb to 3.5Mbp of the 3.0.a1 version of
the apple genome (Jung et al., 2014), indicating that the QTL is near the very top end of
LG2. The LG16 QTL spans the physical range from approximately 8.3Mbp to 9.1Mbp
(SNPs ss475881829 to ss475881842) in version 1.0 of the apple draft genome (Velasco
et al., 2010) and approximately 7.9Mbp to 8.7Mbp of the version 3.0.a1 of the apple
reference genome. The first two SNPs used for haplotyping this QTL, ss475880845 and
ss475881608, were placed on chromosomes 13 and 15, respectively, in version 1.0 of
the draft reference genome of apple (Velasco et al., 2010). When the flanking
sequences of these SNPs were blasted against the version 3.0.a1 of the apple genome,
they were still placed on those chromosomes.
Haplotype analyses at LG2 QTL
At the LG2 QTL, 19 haplotypes were represented in the parents of seedling
families using 15 markers between 0 cM and 2.03 cM (Table 2-5). One haplotype was
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consistently associated with increased incidence of SS and SBD. This haplotype will be
referred to as the high disorder incidence haplotype (HDI haplotype). ‘Honeycrisp’ is
homozygous for the HDI haplotype. In the three ‘Honeycrisp’ families where the other
parent is heterozygous for the HDI haplotype, homozygous HDI offspring exhibited
consistently higher incidences of both SS and SBD than offspring with only one HDI
haplotype in both 2014 and 2015 (Figure 2-7). None of the families in the study were
derived from two heterozygous HDI parents. However, there was a general trend across
the entire population of incidences of SS and SBD versus the number of HDI haplotypes
held at the LG2 QTL, where the effect of a second copy of the HDI haplotype was about
2 to 6 times higher than that of a single copy in 2014 and 2015, respectively (Figure 2-8).
This trend was consistent for both traits and implies that the LG2 QTL showed partial
negative dominance, where one copy of the HDI haplotype results in an increase in SS
and SBD incidence, and two copies of the HDI haplotype result in a much larger
increase in SS and SBD incidence.
Haplotype analyses at LG16
The LG16 QTL had 16 haplotypes represented in parents of the seedling families
using 15 markers between 34.21 cM and 37.57 cM (Table 2-6). The presence of some
haplotypes at the QTL on LG16 was associated with greatly increased SS and SBD
incidence in some families (Figure 2-9; Table A1). The LG16-H03 showed variable
performance, as it was associated with increased incidence in the ‘Honeycrisp’ x
‘Monark’ family but not in the ‘Honeycrisp’ x MN1702 family. Haplotype effects at this
QTL were inconsistent between years in the ‘Jonafree’ x ‘Honeycrisp’ family. There were
no differences observed between either haplotypes from ‘Honeycrisp’ at this QTL.
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Interaction between LG2 and LG16 QTL
Disorder incidence of offspring of the three large ‘Honeycrisp’ families depended
highly on the combination the LG2 QTL diplotype and LG16 QTL non-‘Honeycrisp’
haplotype. In the ‘Honeycrisp’ x MN1702 family, the LG16-H07 haplotype was only
associated with higher incidences of SS and SBD in conjunction with two copies of the
HDI haplotype at the LG2 QTL (Figure 2-9; Table A1). Similarly, in the ‘Honeycrisp’ x
‘Monark’ family, the LG16-H03 haplotype was associated with higher incidences of SS
and SBD in conjunction with two copies of the HDI haplotype. However, the other
‘Monark’ haplotype, LG16-H06, was also associated with higher incidences of SS and
SBD when in conjunction with two copies of the HDI haplotype at the LG2 QTL, although
to a much lesser extent (Figure 2-9; Table A1), suggesting the presence of multiple
functional QTL alleles with different effects. There was some variability in effect of the
LG16-H03 haplotype in the ‘Honeycrisp’ x ‘Monark’ family between years. This haplotype
was associated with an intermediate mean disorder incidence when coupled with only
one copy of the HDI haplotype in 2014, but not in 2015. The ‘Honeycrisp’ x ‘Jonafree’
family was variable in SS and SBD incidences across all QTL genotypes and years. In
2014, the mean disorder incidence between individuals in this family grouped by LG16
haplotype and number of HDI haplotypes at the LG2 QTL were similar with large 95%
confidence intervals. However, in 2015, the LG16-H08 was associated with higher
incidences of SS and SBD compared to the LG16-H04 haplotype, though both
haplotypes were associated with relatively higher disorder incidences in conjunction with
two copies of the HDI haplotype at the LG2 QTL versus only one copy of the HDI
haplotype.
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Origin of LG2 high disorder incidence haplotype
‘Honeycrisp’ inherited one copy of the HDI haplotype from its great-grandparent
‘Grimes Golden’ (Howard et al., 2017), which is the validated parent of ‘Golden
Delicious’ (Salvi et al., 2014). ‘Honeycrisp’ inherited the other copy from ‘Northern Spy’
(Table 2-5; Figure 2-10). Multiple parents of families evaluated in this study share one
copy of the IBS HDI haplotype by IBD (Table 2-5). ‘Honeygold’ inherited it from its
grandparent ‘Grimes Golden’ through ‘Golden Delicious’ and ‘Sweet 16’ inherited it from
its parent ‘Northern Spy’. MN1702 and ‘Wildung’ both inherited this haplotype from
‘Fireside’. ‘Jonafree’, ‘Dayton’, and ‘Monark’ did not have their direct parents genotyped
with the array. The origin of their HDI haplotypes could be deduced by comparing their
phased SNP data to the phased SNP data for earlier ancestors or, in the case of
‘Monark’, to likely founding cultivars.
The pedigree of ‘Jonafree’ has been published (Dayton et al., 1979) and marker
data were available for three of its grandparents and both of its great grandparents
through the grandparent that did not have marker data available. ‘Jonafree’ likely
inherited its copy of the HDI haplotype through its ungenotyped parent NJ31 from either
grandparent ‘Rome Beauty’ or ‘Northern Spy’ as it could not have inherited its other
haplotype (LG2-H02) from either of these grandparents. The LG2 homolog in ‘Jonafree’
containing the HDI haplotype is IBS with ‘Rome Beauty’ for the first 49 cM of LG2 (155
markers). After this point, the haplotype matches with ‘Northern Spy’ for the remainder of
the chromosome, indicating a meiotic recombination event at this position in the gamete
from NJ31 that formed ‘Jonafree’. For the HDI haplotype to have been inherited through
‘Northern Spy’, a recombination would have been necessary at 2 cM and again at 49 cM
within NJ31 between its ‘Northern Spy’ and ‘Rome Beauty’ LG2 homolog. Either source
was considered possible (Table 2-5).
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The published pedigree of ‘Dayton’ (Korban et al., 1988) matched with SSR
marker genotypes of ‘Dayton’ and its contributing founders when its assumed great
grandparent ‘Jonathan’ would be replaced by ‘Golden Delicious’ (Evans et al., 2011a).
Extended SNP haplotypes shared between ‘Dayton’ and ‘Golden Delicious’ for at least
10 cM span 612 cM, or 26%, of their phased marker data and include five regions larger
than 30 cM. The otherwise validated founders for ‘Dayton’ includes ‘Rome Beauty’ (both
as ‘Rome Beauty’ and the sport, ‘Red Rome’, in different areas of the pedigree) as a
great-grandparent, a great-great-grandparent, and as two great-great-greatgrandparents (coefficient of relationship = 0.25). Extended SNP haplotypes shared
between ‘Dayton’ and ‘Rome Beauty’ for at least 10 cM span 611 cM, or 26%, of their
phased marker data and include five regions larger than 30 cM. This is the likely source
of the HDI haplotype as the first ~12.9 cM (81 markers) of ‘Dayton’ match with ‘Rome
Beauty’, though ‘Golden Delicious’ could have contributed the beginning of LG2 to the
homolog containing the HDI haplotype for the first portion of LG2 instead with evidence
of meiosis being undetected due to extended haplotypes from ‘Rome Beauty’ and
‘Golden Delicious’ containing the HDI haplotype being IBS for the first 2.03 cM of LG2.
Furthermore the individuals in the published pedigree of ‘Dayton’ (Korban et al., 1988),
‘Wealthy’, ‘Melba’, ‘Jonathan’, ‘Starr’ and F2 26829-2-2, do not have the HDI haplotype
(Table 2-5).
‘Monark’ (also known as AA-44) was developed by the University of Arkansas
and recorded as being the offspring of a cross between NJ674016 and NJ40 (Rom et al.,
1998). No pedigree data were available for these selections, but the selection
designation indicated they were from Rutgers University as part of the cooperative apple
breeding program of Purdue University, Rutgers University, and the University of Illinois,
which extensively used both ‘Golden Delicious’ and ‘Rome Beauty’ in crosses (Crosby et
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al., 1992). Extended SNP haplotypes longer than 10 cM shared between ‘Rome Beauty’
and ‘Monark’ span 19.8% of their phased marker data and include one region that is
33.8 cM. Extended SNP haplotypes longer than 10 cM shared between ‘Golden
Delicious’ and ‘Monark’ span 28% of their phased marker data and include five regions
that are greater than 30 cM. The first 13.1 cM (89 markers) of LG2 containing the HDI
haplotype for ‘Monark’ is IBS with ‘Golden Delicious’ and ‘Grimes Golden’, compared to
only 5 cM with ‘Rome Beauty’, indicating it is likely that ‘Monark’ inherited its copy of the
HDI haplotype from ‘Golden Delicious’.
Origin of the LG16 haplotypes for high incidence
The LG16-H07 haplotype in MN1702 associated with increased SS and SBD
incidences (Figure 2-9; Table A1) in the ‘Honeycrisp’ x MN1702 family was inherited
from its parent ‘Frostbite’ (Table 2-6). The other haplotype in MN1702 (LG16-H03) was
inherited from its other parent ‘Fireside’ (Table 2-6) and is IBS to the haplotype from
‘Monark’ that was associated with increased SS and SBD incidences in the ‘Honeycrisp’
x ‘Monark’ family (Figure 2-9; Table A1).

Discussion
Phenotypic data
SS and SBD incidences were highly correlated in this study (Table 2-2). This is
consistent with hypotheses from some earlier studies that these disorders may be
physiologically related (Brooks and Harley, 1934; Watkins and Rosenberger, 2000;
Watkins et al., 2004). These previous studies evaluated the disorders only within
individual cultivars. In contrast, our study identified a correlation between SS and SBD
across segregating full-sib families. Additionally, SS and SBD were often observed in
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separate fruits from the same individual. This observation, in conjunction with the high
correlation between the incidences of both disorders (Table 2-2) and the consistent
identification of both the QTL on LGs 2 and 16 using phenotype data from either
disorder, lend more evidence to the hypothesis that these disorders are related
physiologically and genetically.
QTL analyses
We identified QTL for SS and SBD incidence on LGs 2 and 16 in two years of
observation (Table 2-3; Table 2-4) across a pedigree-connected germplasm set. SNPs
flanking the LG2 QTL peak were located at the top of chromosome 2 in both version 1.0
(Velasco et al., 2010) and version 3.0.a1 of the draft apple genome sequence (Jung et
al., 2014). However, the physical locations for SNPs flanking the LG16 QTL differed
greatly between the two versions of the apple genome. Additionally, the first two SNPs
used for haplotyping the LG16 QTL, ss475880845 and ss475881608, were placed on
chromosomes 13 and 15, respectively, in both versions of the genome assembly, which
may complicate the identification of candidate genes underlying this QTL.
At the time of this study, only one other QTL study for SS incidence and no QTL
studies for SBD incidence have been published. A QTL for SS incidence on LG2 has
been reported in a (‘Summerred’ x ‘Discovery’) x (‘Splendour’ x ‘Gala’) family evaluated
in Canada (McClure et al., 2016). The QTL peak identified in that study was at a
genotype-by-sequencing SNP at the physical position of 3,379,607 bp, which is located
between 4.21 and 5.33 cM in the map used in this study. This places the McClure et al.
(2016) LG2 QTL peak between 1.45 and 4.17 cM away from the QTL peaks for SS
incidence identified in our study, suggesting that they are the same QTL and that this
QTL is expressed and relevant across multiple locations and populations.
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SNP array data were not available for the parents in the McClure et al. (2016)
cross where the LG2 QTL was identified, however SNP array data were available for all
four grandparents. None of these grandparents carry a copy of the HDI haplotype,
indicating that additional haplotypes from different backgrounds may be associated with
higher SS incidence at this QTL. The McClure et al. (2016) study also evaluated a
‘Honeycrisp’ x ‘Ambrosia’ cross. This cross segregates for one and two copies of the
HDI haplotype as ‘Ambrosia’ has one copy of the HDI haplotype from ‘Grimes Golden’
through parent ‘Golden Delicious’. However, no QTL were identified from this cross with
the explanation provided being that small population size may be to blame.
Additional QTL for other traits have been evaluated in the same area of the LG2
QTL identified in our study. Yauk et al. (2015) identified a QTL within the first 7 cM of
LG2 for estragole (a phenylpropene) concentration in a ‘Royal Gala’ x ‘Granny Smith’
family. Dunemann et al. (2009) identified QTL for two alcohols (hexanol and isopentanol) and three esters within the 0-15cM region of their map of a ‘Discovery’ x
‘Prima’ family. Kumar et al. (2015) found SNPs ss475876992 and ss475875800, located
in this study at 2.0 cM and 2.6 cM respectively, to be associated with various volatile
compounds in a genome-wide association study. A QTL in the same region was also
identified for various volatile compounds in a 'Royal Gala' x 'Granny Smith' family
(Souleyre et al., 2014). The most significant SNP at the QTL on LG2 in this study,
ss475876985, is located at 2.0 cM in our study. This QTL was fine mapped to exclude
flanking SNPs ss475876955 and ss475877004, which correspond with 0 cM and 3.1 cM
in this study. Souleyre et al (2014) also demonstrated that the gene underlying the QTL
on LG2 responsible for a large amount of the variance observed for volatile compounds
is alcohol acyl transferase 1 (MdAAT1), which is present in this fine mapped region. A
genome-wide association study investigating genetic control for aroma found a QTL
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associated with esters on LG2 and also proposed MdAAT1 to be the causative gene
underlying the QTL (Farneti et al., 2017). Many of the studies that identified QTL for
volatile compounds included hexanol as being one of the compounds that were
significantly associated with the LG2 QTL (Dunemann et al., 2009; Souleyre et al., 2014;
Kumar et al., 2015). Levels of hexanol and other alcohols used as substrates for ester
production were significantly higher in fruit of transgenic ‘Royal Gala’ trees that had
downregulated MdAAT1 expression (Souleyre et al., 2014). A series of publications from
the 1970s reported that exposing or injecting ‘Jonathan’ fruit with hexanol or hexyl
acetate resulted in the formation of SS (Wills and Scott, 1970; Wills 1972; 1973).
Additionally, Leisso et al. (2016) observed that higher levels of hexanol were associated
with increased risk of soft scald formation in ‘Honeycrisp’ apples. Taken in the context of
the previously cited studies, the results from this study suggest there may be a
connection between hexanol, SS and SBD incidence, and the LG2 QTL identified in our
and others’ studies. However, a study explicitly investigating these relationships would
need to be conducted to confirm any connections. It should be noted that the LG2 QTL
for hexanol in the Dunemann et al., study (2009) only segregated in ‘Discovery’, which
does not have the HDI haplotype, but not in ‘Prima’, which does have the HDI haplotype.
Both parents did segregate for iso-pentanol and various esters at this QTL, indicating
that other alcohol(s) or ester(s) could be associated with SS and/or SBD incidence.
Haplotype analyses at LG2 QTL
A single IBS haplotype at the LG2 QTL, named the HDI haplotype (Table 2-5),
was associated with increased incidences of SS and SBD in three large families that
segregate for one and two copies of the HDI haplotype (Figure 2-7). A general trend of
negative partial dominance with the HDI haplotype at the LG2 QTL was observed where
individuals with each additional copy of the HDI haplotype tended to have higher
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disorder incidences. This trend was common across all families (Figure 2-7) and across
the entire germplasm set (Figure 2-8) in both years evaluated. These findings could
explain previous reports of moderate SS and/or SBD development in ‘Golden Delicious’,
‘Grimes Golden’, and ‘Rome Beauty’ (Harley and Fisher, 1931; Brooks and Harley,
1934; Plagge and Maney, 1937) which all have one copy of the HDI haplotype and were
common sources of the HDI haplotype in many of the parents of the families evaluated
in this study (Table 2-5; Figure 2-10). All parents of families evaluated in this study that
have one or two copies of the HDI haplotype inherited this haplotype from ‘Grimes
Golden’, ‘Northern Spy’, ‘Fireside’, or ‘Rome Beauty’ (Table 2-5; Figure 2-10). Other
sources of this haplotype may exist, but since the RosBREED germplasm set was
designed to include the most important breeding parents currently represented in the
UMN, WSU, and Cornell apple breeding efforts (Peace et al., 2014), the founder
genotypes identified in this study should be the most relevant to these US breeding
programs. We were unable to connect the pedigrees of these founding sources of the
HDI haplotype, but a consistent dose effect was observed regardless of the source of
the HDI haplotype, suggesting that the haplotype has a consistent effect on SS and SBD
incidence in different genetic backgrounds. These findings, coupled with the
identification of other common haplotypes at the LG2 QTL (Table 2-5), should make
implementation of selectable markers for MAB easier and more transferable across
different families. Work to identify suitable selectable markers for use in MAB is currently
under investigation.
Fine mapping of LG2 QTL
Despite consistent identification of the location of the LG2 QTL (Table 2-3; Table
2-4) and highly significant consistency in the disorder incidence observed between 2014
and 2015 (Table 2-2), the quality of the phenotypic data limited our ability to accurately
48

fine map this QTL. This is possibly due to the large environmental effect on incidences of
SS and SBD and/or the interaction of the second QTL identified on LG16. However,
markers for the identified founding sources of the HDI haplotype at LG2 are identical in
state for every marker from 0 cM until the fourth marker in a group of five markers at
2.03 cM, ending at SNP ss475876990 (21 markers total). This area contains QTL
identified for various alcohols and esters (Dunemann 2009; Souleyre et al., 2014; Fratini
et al. 2017). Although not enough data were available for establishing a physiological
connection between these QTL and the LG2 QTL identified in this study, the candidate
gene MdAAT1, proposed to be the gene responsible for the LG2 QTL identified in
Souleyre et al. (2014) and Fratini et al. (2017), is found within the 2.03 cM region of the
HDI haplotype and may be a good target to further study SS and SBD incidence.
Markers at or near this gene may be better targets for developing selectable markers for
implementing MAB compared to SNPs simply delimiting the HDI haplotype region in this
study regardless of their physical locations. The map used in this study (Howard et al.,
2017) does not contain markers that are 1 cM above 0 cM in LG2 which are present in a
map created using the 20K array (Di Pierro et al., 2016). Examination of these additional
markers could reveal that the LG2 QTL for SS and SBD is more proximal in LG2.
Haplotype analyses at LG16 QTL
Some haplotypes at the LG16 QTL identified in this study were associated with
higher incidences of SS and SBD (Figure 2-9; Table A1). There is evidence for epistasis
between particular haplotypes at the LG16 QTL and the diplotype at the LG2 QTL in the
‘Honeycrisp’ x MN1702 and the ‘Honeycrisp’ x ‘Monark’ families. Individuals that have
two copies of the HDI haplotype at the LG2 QTL and the LG16-H07 haplotype in the
‘Honeycrisp’ x MN1702 and the LG16-H03 haplotypes in the ‘Honeycrisp’ x ‘Monark’
family have far higher incidences of SS and SBD (Figure 2-9; Table A1). This trend is
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consistent, though in the ‘Honeycrisp’ x ‘Monark’ family there is an intermediate level of
SS and SBD with other combinations of the diplotype at the LG2 QTL and non‘Honeycrisp’ haplotype at the LG16 QTL that is either more suggestive of additivity or of
an interaction effect between year and QTL. A year effect is also evident in the
‘Honeycrisp’ x ‘Jonafree’ family.
The LG16-H03 haplotype from ‘Monark’ was associated with higher incidences of
SS and SBD in seedlings of the ‘Honeycrisp’ x ‘Monark’ family (Figure 2-9; Table A1).
This haplotype was IBS with the MN1702 haplotype (Table 2-6) that was associated with
lower disorder incidence in offspring of the ‘Honeycrisp’ x MN1702 family relative to the
LG16-H07 haplotype in MN1702 (Figure 2-9; Table A1). The reason for the observed
opposite effects of the IBS haplotypes shared by MN1702 and ‘Monark’ is unknown. One
explanation is that the uncertainty in the exact position of this QTL (Table 2-4; Figure 210) could have led to the incorrect position being haplotyped. An analysis of the phased
marker data revealed that the IBS haplotypes shared between MN1702 and ‘Monark’ at
this QTL extend from 34.21 cM to 38.68 cM, which does not cover every peak identified
for this QTL (Table 2-4). The haplotypes are also possibly not IBD. However, extended
SNP haplotypes shared between MN1702 and ‘Monark’ for at least 10 cM span 20% of
their phased marker data, suggesting that the two IBS haplotypes shared by ‘Monark’
and MN1702 at the LG16 QTL are more likely also IBD. Regardless, the position and
effects of haplotypes at the LG2 QTL are much more consistent across years and the
germplasm evaluated, making it a better marker assisted breeding target.
Another point of consideration regarding the QTL on LG16 is that LG13 is the
homeologous chromosome from the most recent genome duplication that occurred in
apple (Velasco et al., 2010) and a QTL for SS was found on LG13 in roughly the same
physical position as the LG16 QTL. The LG13 QTL was only present in 2014 and with a
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lower Bayes Factor than the LG2 and LG16 QTLs, but it could be another genetic factor
in SS and SBD incidence that could not be fully identified and characterized in this study,
possibly due to limitations of the families evaluated, population sizes, and/or the type of
phenotyping utilized.
SS and SBD variation due to additional causes
Although the QTLs on LGs 2 and 16 identified in this study explain much of the
variation for SS and SBD incidence, they do not completely explain why some
individuals that have haplotypes associated with higher disorder incidences at these
QTL do not have high incidence, or sometimes any incidence, of either disorder. It is
likely that genotype by environment interactions that were not identified in this study
explain some of the discrepancy between disorder incidence observations and expected
phenotypes of genetically susceptible individuals. Evidence of possible genotype by
environment interactions involving the epistatic interactions between the LG2 and LG16
QTL can be seen in the difference in mean disorder incidence between years in
individuals from the ‘Honeycrisp’ x ‘Monark’ family that have one copy of the HDI
haplotype at the LG2 QTL and the LG16-H03 haplotype at the LG16 QTL, as well as in
various haplotype combinations in the ‘Honeycrisp’ x ‘Jonafree’ family (Figure 2-9; Table
A1). Another explanation could be that some individuals were not harvested at the ideal
maturity level for development of either disorder due to difficulties in estimating fruit
maturity of all fruit on a tree based on few or a single fruit destructively sampled at
harvest. Immaturely harvested fruit might not have developed the disorders despite
having the genetic predisposition to do so, as apple fruit harvested at higher maturities
have been reported to be associated with higher incidences of SS (Harley and Fisher,
1931; Brooks et al., 1934; Meheriuk et al., 1994; Prange et al., 2011). Other studies
have reported a point of maturity for “maximum susceptibility”, where fruit harvested very
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late are also less likely to develop SS (Tomkins, 1966; Prange et al., 2011). We
attempted to harvest fruit at an intermediately advanced maturity based on SI ratings
(Blanpied and Silsby, 1992) in order to avoid false negative phenotypic values. However,
it was difficult to reliably harvest fruit at the desired SI rating, resulting in a varied
distribution of average SI ratings for fruit at harvest (Figure 2-5). Within this distribution,
SI rating did not strongly correlate with incidences of SS or SBD in different partitions of
the data in this study, including partitions with one versus two copies of the HDI
haplotype at the LG2 QTL (Table 2-2). Additionally, conventional maturity indicators
have proven to be problematic in estimating maturity in ‘Honeycrisp’ fruit (Watkins et al.,
2005) and perhaps this finding may extend to its offspring. SI rating may also not be an
accurate indicator for fruit maturity for individuals in this study or perhaps the SI target
used in this study was not an appropriate indicator of a harvest maturity that would
maximize expression of SS and SBD formation in individuals that are genetically
predisposed to develop these disorders. This explanation is supported by the
observation that in sets of fruit from individuals where most of the fruit had SS or SBD,
the fruit that did not develop SS or SBD were clearly of a lower maturity based on
relative ground and over color, but were likely harvested anyway due to limited fruit
availability on the trees. This observation could indicate a connection between maturity
and SS and SBD incidence that was not captured in this study.
Some individuals in this study had no copies of the HDI haplotype but developed
one or both disorders. Most of these individuals were from two families where one parent
was a wild Malus sieversii accession from the USDA Plant Genetic Resources Unit in
Geneva, NY. Different QTL may be segregating in these families, but the small sizes of
these families may have prohibited their identification.
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Conclusion
The consistency between years and individuals for the phenotypic data, the
demonstrated effect of the HDI haplotype across multiple families, and the consistent
effects of HDI haplotype indicate that the LG2 QTL is an attractive MAB target given the
economic impact of SS and SBD. Following the evaluation of the phased marker data at
the LG2 QTL for the parents of the families evaluated in this study, we concluded that
the HDI haplotype could be traced back to the founding individuals ‘Grimes Golden’,
‘Northern Spy’, ‘Rome Beauty’, and ‘Fireside’, although pedigree data were insufficient to
determine whether the HDI haplotype identified in these individuals is also IBD. The
sources of the HDI haplotype identified in a diverse set of germplasm relevant to apple
breeding programs will be useful in future work targeted towards limiting SS and SBD
incidence in breeding populations using MAB.
The best practice to immediately utilize the results in this study for MAB in
seedling selection will be to select against the HDI haplotype at the LG2 QTL as the
effect of the HDI haplotype was the most clear and consistent trend observed and the
highest disorder incidence was consistently observed in individuals that are homozygous
for the HDI haplotype. Prioritizing selecting against seedlings that are homozygous for
the HDI haplotype at the LG2 QTL should be a valuable strategy to develop populations
with lower incidences of SS and SBD, though parental contribution at the LG16 should
be at least a point of consideration until a better understanding of the LG16 QTL and its
interaction with the LG2 QTL is gained.
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Tables
Table 2-1. Families and sample sizes evaluated in total and per year for QTL analyses
of soft scald and soggy breakdown incidence.

Parent 1

Parent 2

Family size
(between both
years)

Honeycrisp
Honeycrisp
Honeycrisp
Honeycrisp
Honeycrisp
Dayton
GingerGold
Sunrise
Honeycrisp
Honeycrisp
Sweet16
Wildung
Honeycrisp
Minnewashta
Honeycrisp
Honeycrisp
Honeycrisp
MN1691
GingerGold
GingerGold
Honeycrisp
Sunrise

Family
size
2014

Family
Size
2015

Monark
77
63 (89) 48 (69)
Jonafree
56
37 (54) 47 (71)
Pitmaston Pineapple
55
23 (27) 41 (58)
MN1702
49
39 (60) 45 (69)
Akane
27
16
13
Minnewashta
25
18
14
GMAL4332
22
9
15
GMAL4329
22
13
18
Silken
15
13
9
MN1964
14
8
8
BC8S-27-43
12
8
4
Pixie Crunch
11
8
8
GMAL4327
10
6
7
BC8S-27-43
10
7
5
Ginger Gold
8
5 (7)
7 (10)
Minnewashta
5
3
2
Regent
4
1
3
Pixie Crunch
4
2
2
GMAL4328
3
2
1
Minnewashta
2
0
2
Honeygold
1
1
1
Minnewashta
1
1
1
Totals:
433
283
301
The family size column represents the total number of individuals evaluated
in each family across all years in the study. The numbers in parentheses
represent the total number of individuals evaluated including replicates.
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Table 2-2: Kendall's tau-b correlation coefficient and p-values for different comparisons
between incidences of soft scald (SS) and soggy breakdown (SBD) and between SS or
SBD incidence and average starch-iodine (SI) maturity rating (Blanpied and Silsby,
1992) at harvest. Some comparisons were made across all genotypes and some were
made in individuals that have two copies of the high disorder incidence (HDI) haplotype
at the LG2 QTL identified in this study.
Comparison
SS ~ SBD
SS ~ SBD
SS ~ SS
SBD ~ SBD
SI ~ SS
SI ~ SS
SI ~ SBD
SI ~ SBD
SI ~ SS, homozygous HDI at LG2 subset
SI ~ SS, homozygous HDI at LG2 subset
SI ~ SBD, homozygous HDI at LG2 subset
SI ~ SBD, homozygous HDI at LG2 subset
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Year

τ-b

p-value

2014
2015
2014~2015
2014~2015
2014
2015
2014
2015
2014
2015
2014
2015

0.731
0.795
0.477
0.428
0.078
-0.022
0.054
-0.020
0.120
0.097
0.033
-0.022

<.0001
<.0001
<.0001
<.0001
0.047
0.577
0.170
0.613
0.096
0.187
0.652
0.577

Table 2-3: Bayes factors (2*ln) for a 1 QTL vs. 0 QTL model per linkage group for soft scald and soggy breakdown incidence for all
years evaluated in this study.
Linkage group
Trait
Year
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
2014 -2.3 14 -0.3 -0.8 -0.4 -1.4 -1.5 -2.1 2.6
-1
-0.6 -2.1 5.2 -2.2 0.3 13 0.1
Soft scald
2015 0.2 18 0.2 -1.9 -2.3 0.5 -2.1 1.9 -0.8 0.9
-3
-1.9 -0.6 -1.5 -1.1 6.7 -2.4
2014 -2.1 9.2 1.3
-2
-1.3 -1.2 -2.3 -1.3 -0.1 -1.5 -1.9 -2.2 2.3
-2
0.2 9.1 -1.2
Soggy
breakdown 2015 0.5 18 -0.9 -1.8 -2.3 -0.1 -1.7 -0.5 0.7 -0.9 -2.7 -0.9
-1
0
0.1 11 -2.5
The 2*ln Bayes factors are interpreted as having hardly any (0 - 2), positive (2 -5), strong (5-10), and decisive (>10) evidence
for a 1 QTL model vs. a 0 QTL model per linkage group. No evidence was observed for a 2 QTL vs 0 QTL model for any LGs
in any of the QTL analyses conducted.
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Table 2-4: QTL regions and peak positions for soft scald and soggy breakdown for QTL
with 2*ln Bayes factors greater than 5.
Trait
LG

Year

QTL
region
(cM)

QTL
peak
(cM)

2014
0-8
2.76
2015
0-4
1.16
2
2014
0-4
2.28
Soggy
breakdown
2015
0-4
1.25
13
Soft scald
2014
34-36
34.86
2014
24-38
30.82
Soft scald
2015
32-42
35.78
16
2014
34-40
37.51
Soggy
breakdown
2015
32-38
35.12
QTL regions reported consist of successive 2cM bins with 2*ln
Bayes factors greater than 5. QTL peaks were recorded as
the median cM value from the Markov chain Monte Carlo
simulation samples within the QTL regions.
Soft scald
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Table 2-5. Haplotype identities assigned by state with founding sources (where known) for each haplotype at the LG2 QTL for all
parents that had unselected seedling individuals that were evaluated in this study, and the cultivar Starr.

Haplotype sequence
AABBA BABBA ABBBB

Haplotype
name
designation

Unselected seedlings with
haplotype (per year evaluated)
2014
298

2015
319

62
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Parents with this haplotype

Founding source(s)

Dayton[d], Honeycrisp (2x)b/c,
Honeygoldb, Jonafree[c,d],
MN1702a, Monark[b],
Wildunga, Sweet 16c
Akanei, MN1702h, Monark[i],
Pixie Crunch, Sweet 16h

Firesidea, Grimes
Goldenb, Northern
Spyc, Rome Beautyd

BBAAB AABBB BAABB

HDI (High
disorder
incidence
haplotype)
H01

AABAB AABAA ABABB

H02

37

45

BC8S-27-43g, Ginger Goldg,
Jonafreef

F2_26829-2-2f, Golden
Deliciousg

AABAB AABAA BAABB

H03

25

32

Pitmaston Pineapple, Silkeni,
Sunrisei

McIntoshi, Starr (2x)

AAABA BBABB ABBBB

H04

24

20

Esopus Spitzenburge

AAAAB AABBA BAABB

H05

15

25

AAABA BBABA BBABA

H06

16

16

Honeygolde, MN1691e,
MN1964e, Regente, Silkene,
Minnewashtae
GMAL4332, Pitmaston
Pineapple
MN1691[k], Minnewashta[k]

AAABA AABBA ABABB

H07

11

19

?

AABBA BBABB BBABA

H08

7

9

GMAL4327, GMAL 4329,
GMAL4332
GMAL4329

BABBA AABBB ABABB

H09

8

7

Malindal

AABBA BABBB ABAAA

H10

6

9

GMAL4327, GMAL4328,
MN1964l
Ginger Gold
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Frostbiteh, Jonathani

?
Duchess of Oldenburgk

?

?

AABBA BABBB ABBBB

H11

5

9

Sunrise

?

BBAAB AAABB BAABB

H12

7

7

Pixie Crunch

?

AAABA BBBBA BBABA

H13

6

6

Wildungm

Sharonm

BBAAB AABBB ABBBB

H14

6

6

Akanen

Worcester Pearmainn

BABBA AABBA ABBBA

H15

7

3

BC8S-27-43j

Deliciousj

AABBA BABBB BBABA

H16

6

3

Dayton

?

BBAAB AABBB BBABA
AAABA BABBA ABABB

H17

0

1

Regento

McIntosho

H18

0

0

GMAL4328

?

The following SNPs from the 8K SNP array Chagné et al., 2012) were used, in order, for haplotyping: ss475876955,
ss475876956, ss475876959, ss475876961, ss475882629, ss475876963, ss475876965, ss475876968, ss475876974,
ss475876975, ss475876980, ss475876983, ss475876985, ss475876988, and ss475876990. The A and B designations in the
haplotype sequences refer to nucleotide variations for the listed SNPs that are outlined in Chagné et al. (2012). Seedlings with
recombinant haplotypes were not included in this table. The founding haplotype sources for parents that were confirmed through
the pedigree-connected dataset are noted by superscript letters. Unconfirmed but likely or multiple possible founding sources are
noted by bracketed superscript numbers. Commas between superscript numbers indicate possible founders. Slashes between
superscript numbers indicate sources for the both haplotypes in individuals that have two copies of the same haplotype.
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Table 2-6. Haplotype identities assigned by state with founding sources (where known) for each haplotype at the LG16 QTL for all
parents that had unselected seedling individuals evaluated in this study.

Haplotype sequence

Haplotype
name
designation

BBBAB BBBAB BAABB

H01

2014
131

2015
119

Dayton, Honeycrispp

Duchess of Oldenburgp

BBBAA BBAAB BBAAB

H02

90

113

Honeycrispo, Sweet 16o

Northern Spyo

BAAAA BBBAA BAAAA

H03

92

83

Firesideg, Malindah

AAAAA BABBA ABBAB

H04

63

74

Honeygoldh, MN1691g,
MN1702g, MN1964h,
Monark, Regenth, Silkenh,
Wildungg, Minnewashta
(2x)g/h
Akane[b,e], BC8S-2743[a,c,d], Ginger Gold[c,d],
Honeygold[c,d], Jonafree[c,d],
Pixie Crunch (2x),
Silken[c,d,f,?], Sunrise
(2x)[c,d,f/?]

BABBA ABBAA BAAAA

H05

39

46

Goodlandi, McIntoshj,
Sharonk, Worcester
Pearmainl

AAAAA BBAAA BAAAB

H06

35

30

Akanel, Ginger Gold,
MN1691i, Pitmaston
Pineapple, Regentj,
Wildungk
Dayton, Monark

BBBAB BBBAB BAABA

H07

21

22

MN1702s

Frostbites

AABBA ABAAB BBAAB

H08

18

20

Jonafreeq

Northern Spy
(recombinant)q

Unselected seedlings with
haplotype (per year evaluated)
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Parents with this haplotype

Founding source(s)

Deliciousa, Esopus
Spitzenburgb, Golden
Delicious (2x)cd,
Grimes Goldend,
Jonathan (2x)be,
McIntoshf

?

BAAAA BBBAA ABBAB

H09

17

20

?

20

GMAL4327, GMAL4329,
GMAL4332
Pitmaston Pineapple

BABBA ABBAB BAABA

H10

11

AAAAA ABBAA ABBAB

H11

6

9

GMAL4327, GMAL4329

?

AAAAA BABAA ABBAB

H12

3

8

GMAL4328, GMAL4332

?

r

?

BABBA ABABA ABBAB

H13

6

5

MN1964

Macounr

BBBAA BBBAA BAAAA
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The following SNPs from the 8K SNP array Chagné et al., 2012) were used, in order, for haplotyping: ss475880845,
ss475881608, ss475881829, ss475881830, ss475881833, ss475881834, ss475876576, ss475876577, ss475876578,
ss475881837, ss475881838, ss475881839, ss475881840, ss475881841, and ss475881842. The A and B designations in the
haplotype sequences refer to nucleotide variations for the listed SNPs that are outlined in Chagné et al. (2012). Seedlings with
recombinant haplotypes were not included in this table. The founding haplotype sources for parents that were confirmed
through the pedigree-connected dataset are noted by superscript letters. Unconfirmed but likely or multiple possible founding
sources are noted by bracketed superscript numbers. Commas between superscript numbers indicate possible founders.
Slashes between superscript numbers indicate sources for the both haplotypes in individuals that have two copies of the same
haplotype.
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Figures
Figure 2-1: Distributions for proportion of harvested fruits per individual having soft scald
and soggy breakdown incidence across all germplasm evaluated in this study for 2014
and 2015.
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Figure 2-2: Distributions for proportion of harvested fruits per individual having soft scald
and soggy breakdown incidence in 2014 and 2015 for the 'Monark' x 'Honeycrisp' family.
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Figure 2-3: Distributions for proportion of harvested fruits per individual having soft scald
and soggy breakdown incidence in 2014 and 2015 for the MN1702 x 'Honeycrisp' family.
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Figure 2-4: Distributions for proportion of harvested fruits per individual having soft scald
and soggy breakdown incidence in 2014 and 2015 for the ‘Jonafree’ x 'Honeycrisp'
family.
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Figure 2-5: Distribution of average starch-iodine values for fruit at harvest for all
seedling individuals, including replicates of individuals in 2014 (top) and 2015 (bottom).
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Figure 2-6: Posterior probability for QTL positions from FlexQTL output for soft scald
and soggy breakdown incidence in 2014 and 2015. Chromosome numbers are indicated
at the top of each graph. Green lines at the bottom of each graph indicate marker
positions.
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Figure 2-7: Mean disorder incidence and 95% confidence intervals of soft scald and
soggy breakdown incidences from 2014 and 2015 for partitions of seedling individuals
from three families segregating for number of copies of the high disorder incidence
haplotype grouped by family and diplotype at the LG2 QTL (bootstrapped data).
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Figure 2-8: Mean disorder incidence and 95% confidence intervals of soft scald and
soggy breakdown incidences from 2014 and 2015 for partitions of seedling individuals
across all families evaluated in this study grouped by number of the high disorder
incidence (HDI) haplotype at the LG2 QTL (bootstrapped data). Numbers below bars
represent the number of individuals within each category with the number in parentheses
representing the number of individuals and their replicates.
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Figure 2-9: Means and 95% confidence intervals of soft scald and soggy breakdown
incidences from 2014 and 2015 for seedling individuals from three families with
'Honeycrisp' as a common parent across all germplasm evaluated, grouped by number
of copies of the high disorder incidence (HDI) haplotype at the LG2 QTL and the non'Honeycrisp' haplotype contribution at the LG16 QTL (bootstrapped data).
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Figure 2-10: Interconnected pedigree for parents evaluated in this study (indicated by an asterisk) depicting the number of copies of
the identical in state and sometimes descent soft scald susceptible (SSS) haplotype at LG2 (Blue = 0 copies, purple = 1 copy, red = 2
copies). White boxes represent individuals that did not have SNP data available. Parents evaluated in this study that did not have
SNP confirmed parent or grandparents were not included. Pedigree relationships shown have been confirmed using SNP data from
the apple 8K Illumina Infinium® SNP array (Chagné et al., 2012), with some data provided by FruitBreedomics (Laurens et al., 2010)
on the apple 20K Illumina Infinium® array (Bianco et al., 2014). The process for identifying the pedigree relationships was similar to
the process outlined in Howard et al. (2017) to identify the parents and grandparents of 'Honeycrisp'.
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Chapter 3
Genetics of zonal leaf chlorosis and relation to crop load and a major gene
regulating skin anthocyanin production (MdMYB1) in the apple (Malus ×
domestica) cultivar ‘Honeycrisp’

Introduction
‘Honeycrisp’ has become a popular apple (Malus × domestica) cultivar in U.S.
markets (Gallardo et al., 2015) and an important parent in apple breeding programs
worldwide. Its high acclaim has been largely due to its strong consumer preference (Yue
and Tong, 2011), the uniquely ultra-crisp texture of its fruit (Mann et al., 2005) that is
retained through extended cold storage (Tong et al., 1999; Rosenberger et al., 2001;
Trujillo et al., 2012), and its reported resistance to apple scab (Clark et al., 2014).
However, growers have been concerned about the tendency of ‘Honeycrisp’ trees to
develop the leaf disorder termed zonal leaf chlorosis (ZLC) (Rosenberger et al., 2001).
This disorder is characterized by yellowing of areas at the outer margins of leaves that
cover more of the leaf surface as the season progresses. These chlorotic areas often
turn necrotic by the end of the growing season. While no literature definitively
demonstrates that ZLC negatively affects the performance of the cultivar at the time of
this writing, growers have expressed concern about the unhealthy appearance of
‘Honeycrisp’ trees affected by ZLC (Schupp et al., 2001). This concern, as well as
interest in the molecular underpinnings of ZLC, has prompted several investigations.
Formation of ZLC in ‘Honeycrisp’ trees has been associated with lower crop load
in several studies (Schupp et al., 2001; Schupp, 2003; Snyder-Leiby and Wang, 2008),
though this relationship was not observed in Fleck et al. (2008). Severity of ZLC in
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‘Honeycrisp’ scions has also been observed to vary depending on which rootstock they
have been grafted onto (Rippke et al., 2016; Takle et al., 2017).
‘Honeycrisp' leaves affected by ZLC can have reduced photosynthetic capacity
(Fleck et al., 2008; Chen and Cheng, 2009). An accumulation of many large starch
granules has been observed in affected areas of leaves and was associated with
damage to chloroplasts (Snyder-Leiby and Wang, 2008; Wang and Cheng, 2010). These
observations and similarities between ZLC and chlorosis disorders not related to nutrient
deficiencies in other crops (Schaffer et al., 1986; Das et al., 1998; Zeeman et al., 1998)
have led investigators to believe that ZLC is due to a problem with phloem loading or
transport from leaves to carbon sinks (Snyder-Leiby and Wang, 2008; Wang and Cheng,
2010).
To date, ZLC has not been commonly reported in any other apple cultivar.
However, populations of apple seedlings in the University of Minnesota (UMN) apple
breeding program that have ‘Honeycrisp’ as a parent have been observed to segregate
for ZLC. Considering the importance of ‘Honeycrisp’ as a breeding parent, grower
concerns over ZLC, and the association between ZLC and low crop load, an
understanding of the inheritance of ZLC could be useful in apple breeding. This study
focuses on the inheritance of ZLC using five segregating families genotyped on the 8K
Illumina Infinium® SNP array v1 (Chagné et al., 2012). The relationship between crop
load and ZLC was also evaluated in subsets of these families to determine whether the
previously described relationship between ZLC and yield in ‘Honeycrisp’ also occur in
offspring of ‘Honeycrisp’.
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Materials and Methods
Plant material
The families evaluated in this study consisted of five biparental families that share
‘Honeycrisp’ as a common parent (Table 3-1). The other parents of these families were
‘Jonafree’ (Dayton et al., 1979), ‘Monark’ (Rom et al., 1998), ‘Pitmaston Pineapple’
(USDA PI 279323) and the UMN apple selections MN1702 (‘Fireside’ x ‘Frostbite’) and
MN1764 (parentage unknown). These families have been previously described in McKay
et al. (2011) and used to create an integrated genetic map described in Howard et al.
(2017). Most individuals in this population have two replicate trees, with some individuals
in the MN1764 population having three or four replicated trees. This population was
evaluated from 2014 to 2016 at the UMN Horticultural Research Center in Chanhassen,
Minnesota, USA. The trees from these families were budded onto ‘Budagovsky 9’
rootstock in 2008 (buds that failed or were damaged were rebudded, primarily in 2009
and 2010).
Phenotypic data
Trees were rated for ZLC on a 1-5 scale similar to that described in Schupp (2003),
where 0 = no observable ZLC, 1 = up to 25% of leaves affected by clearly expressed
ZLC on at least 2 branches, 2 = 25-50% of leaves affected by ZLC, 3 = 50-75% of
leaves affected by ZLC, 4 = 75-100% of leaves affected by ZLC. Zonal leaf chlorosis
scores were not included if chlorosis due to apple scab or cedar apple rust could not be
distinguished from ZLC. Zonal leaf chlorosis scores for genotypes were averaged over
replicates for use in quantitative trait loci (QTL) analyses.
Crop yield was estimated on each tree (including replicates) in the five families using two
methods. Fruit counts were conducted in 2014, 2015, and 2016 per tree after June drop
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and before the harvest period to ensure only fruit that matured were counted prior to any
mature fruit abscising prior to being counted. Crop load by weight was estimated by
taking fruit counts and multiplying them by average fruit weight. Average fruit weights per
tree were estimated in 2014 and 2015 by weighing five apples from fruit harvested as
part of a concurrent study with the same germplasm. Fruit from the concurrent study
were only harvested if there were at least 10 fruit on the tree, so the crop load by weight
for any tree not harvested but with a fruit count that was less than 10 was estimated by
multiplying the fruit count by the average fruit weight of the other replicate tree for that
individual. If that data was not available, the average fruit weight of the tree and/or its
replicate from the other year fruit weight data was available was used instead. If that
data was unavailable, the average fruit weight across all trees from the year the data
was missing was used instead.
Bootstrapping was used to estimate the mean 95% confidence intervals for fruit counts
and estimated crop load of bulks of trees grouped by low ZLC (rating = 0) and two
different partitions of high ZLC rating (rating = 1, 2, 3, or 4 for one partition and a rating
of 2, 3, or 4 for the other partition) using R (R Core Team, 2017). Mean fruit counts and
estimated crop loads and their 95% confidence intervals were generated from 10,000
bootstrap sample means. Each bootstrap mean was comprised of N individual
observations of disorder incidence with replacement, where N was equal to the number
of observations within each bulk from which bootstrap statistics were being generated
irrespective of replicated genotypes. These bulks were also compared using the MannWhitney U test in R (R Core Team, 2017) to determine whether ZLC severity was
associated with crop load.
Genetic data
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DNA extraction protocols were the same as those described in Clark et al. (2014). All
individuals were genotyped on the International RosBREED SNP Consortium 8K
Illumina Infinium® array v1 (Chagné et al., 2012). The marker data was processed as
described in Howard et al. (2017). The genetic map used in this study is also described
in Howard et al. (2017).
QTL analyses
FlexQTL™ software was used to conduct the QTL analyses. The Bayesian statistics and
PBA methodology used in FlexQTL™ have been described previously in Bink et al.
(2002, 2008, 2012) and its implementation has been described in detail in Bink et al.
(2014) in a proof of concept paper, built on approaches and procedures developed in
Sillanpää and Arias (1998). Each separate QTL analysis had Markov chain Monte Carlo
simulation lengths of 2.5*10^5, with every 250th sample stored for a total of 1000
samples for use in posterior QTL inferences. QTL positions were recorded as QTL
intensity estimates via posterior distributions of QTL locations as described in Sillanpää
and Arjas (1998). QTL regions were recorded as consecutive 2 cM bins with 2*ln Bayes
factors (Kass and Raftery, 1995) that were greater than 5, indicating strong evidence for
QTL (Bink et al., 2008). QTL peaks were recorded as the median cM value from the
Markov chain Monte Carlo simulation samples within the QTL regions.
Separate QTL analyses were performed for 2014, 2015, 2016, and for ZLC scores
averaged over all three years. Two QTL analyses were performed for each of the four
data sets with different starting seed numbers for the Markov chain Monte Carlo
simulation for each year-trait combination evaluated in order to ensure the results for the
identified QTL and their positions were reproducible (data from only one simulation is
reported in this paper).
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Haplotype analysis
QTL that were consistently identified in at least two years and present in the QTL
analysis using data averaged over all years with 2*ln Bayes factors greater than 5 were
chosen for haplotype analysis. Groups of SNPs at the same cM position (haploblocks)
containing and bordering the QTL peaks from the QTL analysis using averaged data
were used for haplotype analysis. Additional haploblocks flanking the ends of these
regions were also included if deemed necessary to differentiate haplotypes. The region
included in each haplotype was limited to less than 6 cM to limit recombinant haplotypes
in seedling individuals in subsequent analyses.
Bootstrapping was used to estimate the mean 95% confidence intervals ZLC score for
haplotype bulks at identified QTL using R (R Core Team, 2017). Mean ZLC score and
95% confidence intervals for haplotype bulks were generated from 10,000 bootstrap
sample means. Each bootstrap mean was comprised of N observations of disorder
incidence with replacement, where N was equal to the number of genetically distinct
individuals in the dataset from which bootstrap statistics were being generated. The
replicates for individuals were weighted, meaning both of the disorder incidence
observations for an individual with a replicate were individually half as likely to be chosen
at random for inclusion into a single bootstrap sample mean compared to an individual
that did not have a replicate.
Estimated crop load and fruit counts between haplotype bulks at major QTL were also
compared using the Mann-Whitney U test in R (R Core Team, 2017) to determine
whether haplotypes associated with higher chlorosis were also associated with lower
crop load or fruit counts. Because of variable year effects on individual trees, all
replicates were treated as distinct individuals in this test.
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Results
QTL analyses
One major QTL was consistently identified in all QTL analyses for ZLC near the
end of linkage group (LG) 9 (Table 3-2; Table 3-3; Figure 3-1). The peak for this QTL
ranges from 49.51 cM to 54.19 cM (Table 3-3) and from approximately 24.5 Mbp (SNP
ss475877680) to 32.4 Mbp (ss475879580) on version 1.0 of the apple reference
genome (Velasco et al., 2010). Two smaller QTL were identified on LGs 5 and 8 in both
2014 and 2016, as well as in the QTL analysis using ZLC scores averaged over all three
years (Table 3-2; Table 3-3; Figure 3-1). The LG5 QTL peaks range from 25.82 cM to
28.01 cM and from approximately 11.1 Mbp to 21.6 Mbp on version 1.0 of the apple
reference genome. The LG8 QTL peaks range from 3.83 cM to 9.79 cM and from
approximately 1.7 Mbp to 8.0 Mbp on version 1.0 of the apple reference genome.
The location of the LG9 ZLC QTL is close to the previously reported location of
the major QTL associated with fruit skin over color due to anthocyanin production (Ban
et al., 2007, Moriya et al., 2017). ‘Honeycrisp’ is heterozygous for this locus based on
observed offspring segregations and DNA marker data (not presented). In order to
determine the genetic distance between the ZLC QTL on LG9 and the QTL for skin
color, and to determine phasing of functional haplotypes for the two QTL, skin color was
phenotyped in fruit harvested and stored for concurrent studies involving the ‘Jonafree’,
MN1702, ‘Monark’, and ‘Pitmaston Pineapple’ x ‘Honeycrisp’ families in 2015, and on
fruit from all trees bearing in 2016 following the phenotyping protocol used in
RosBREED for “Blush/stripe color” (Evans et al., 2011). Following this scale, 1 = no
blush/stripe coverage, 2 = less than 25% blush/stripe coverage, 3 = 25 to 50%
blush/stripe coverage, 4 = 50-75% blush/stripe coverage, and 5 = 75-100% blush/stripe
coverage. The expected major QTL for skin color at the end of LG9 (Figure 3-2) was
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confirmed in both 2015 and 2016. An additional smaller QTL for skin color was identified
in the middle of LG9 in 2016 but not further evaluated. The peak for the consistent and
larger QTL was located 5 to 10 cM from the LG9 QTL for ZLC (Table 3-3).
Haplotype analysis at the major ZLC QTL on LG9
Eight haplotypes assigned by marker state at the LG9 QTL were represented in
seedlings across the ‘Honeycrisp’ families using 17 markers between 50.11 cM and
55.84 cM (Table 3-4). One of the haplotypes present in ‘Honeycrisp’ and MN1702 (LG9H1; Table 3-4) was associated with higher average ZLC scores, but only when inherited
from ‘Honeycrisp’ (Figure 3-3). This trend was consistent in all families in each year,
though less pronounced in the ‘Jonafree’ and ‘Pitmaston Pineapple’ families.
Segregation distortion resulting in a deficiency of individuals with the LG9-H1 haplotype
was detected in the ‘Pitmaston Pineapple’ family. This genomic region exhibited the
most severe segregation distortion of anywhere across the genome for ‘Honeycrisp’
haplotypes in this family. Additionally, although the diplotype of ‘Pitmaston Pineapple’ is
LG9-H3 + LG9-H6 (Table 3-4), the ‘Pitmaston Pineapple’ family contained no individuals
with the LG9-H1 + LG9-H3 diplotype and only three individuals with the LG9-H2 + LG9H6 diplotype.
The LG9-H1 haplotype in ‘Honeycrisp’ is a recombinant haplotype ‘Honeycrisp’
inherited from its grandparent ‘Duchess of Oldenburg’ through parent MN1627. The
recombination of the ‘Duchess of Oldenburg’ haplotypes occurred between two
haploblocks. One haploblock is at 52.23 cM and contains SNPs ss475879578,
ss475882948, ss475883726, and ss475879580. The other haploblock is at 55.84cM and
contains SNPs ss475882939, ss475879523, and ss475879524. The area between these
haploblocks contains the QTL peak identified in 2015, 2016, and the QTL analysis using
ZLC scores averaged across all three years (Table 3-3). To determine whether either
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‘Duchess of Oldenburg’ haplotype could be associated with the high ZLC phenotype
observed in ‘Honeycrisp’, other individuals that inherited either haplotype from ‘Duchess
of Oldenburg’ were identified.
The LG9-H5 haplotype that MN1702 inherited from ‘Frostbite’ was likely inherited
from ‘Duchess of Oldenburg’, as ‘Duchess of Oldenburg’ is the likely grandparent of
‘Frostbite’ (Howard et al., 2017) and the entirety of LG9 in ‘Frostbite’ is composed of
‘Duchess of Oldenburg’ haplotypes, with evidence for a recombination having occurred
at approximately 30 cM in the map used in this study. This would make a portion of the
LG9-H5 haplotype identical by descent with the last three markers of the LG9-H1
haplotype in ‘Honeycrisp’. Progeny of MN1702 that inherited the LG9-H5 haplotype were
not found to have a significantly different ZLC rating compared to progeny that inherited
the other haplotype from MN1702 (which coincidentally is identical by state with the
LG9-H1 haplotype in ‘Honeycrisp’ that is associated with increased ZLC rating in
progeny when inherited from ‘Honeycrisp’). MN1764 is homozygous for the LG9-H5
haplotype and, although there are no pedigree records available for MN1764, this
selection possibly inherited both haplotypes from ‘Duchess of Oldenburg’ considering
the prevalence of ‘Duchess of Oldenburg’ in the pedigrees of UMN material. Additionally,
MN1764 is homozygous for a ‘Duchess of Oldenburg’ haplotype for 28.0 cM of LG9
(including the LG9 QTL region for ZLC), as well as for the first 24.6 cM and last 22.0 cM
of LG12 and there are large stretches of the SNP genome of MN1764 that are
composed of haplotypes identical by state with haplotypes in ‘Duchess of Oldenburg’.
MN1764 itself is not associated with ZLC and ‘Honeycrisp’ x MN1764 family is not
associated with higher average ZLC rating compared to other families evaluated in this
study. Several cultivars released from the UMN apple breeding program contain one
copy of the LG9-H5 haplotype from ‘Duchess of Oldenburg’, including ‘Haralson’,
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‘Regent’, and ‘Red Baron’, as well as multiple other UMN selections, but no cultivars or
selections with the other haplotype from ‘Duchess of Oldenburg’ were identified.
Haplotype analysis at QTL on LG9 for over color
Linkage was observed between the LG9 ZLC QTL and the major QTL for skin
color QTL on LG9. Because of the large apparent effect of this skin color QTL and
because ‘Honeycrisp’ is heterozygous at this QTL, simple means were used for bulks of
seedling individuals across all families carrying different ‘Honeycrisp’ haplotypes at this
QTL to determine which ‘Honeycrisp’ haplotype was associated with higher average skin
color (data not shown). The haplotype ‘Honeycrisp’ inherited from grandparent ‘Duchess
of Oldenburg’ had clear and consistently higher average skin color in all families over the
other haplotype inherited from grandparent ‘Frostbite’. Thus, the red haplotype at the
skin color QTL is linked in coupling phase with the haplotype associated with higher
average ZLC score at the LG9 ZLC QTL.
Haplotype analysis at QTL for ZLC on LGs 5 and 8
The LG5-H4 haplotype in ‘Pitmaston Pineapple’ (Table 3-5) at the LG5 QTL was
associated with higher ZLC scores in 2015 and 2016 (Figure 3-4). The LG8-H1
haplotype in ‘Honeycrisp’ at the LG8 QTL (Table 3-6) inherited from grandparent
‘Northern Spy’ through parent ‘Keepsake’ was associated with higher ZLC scores in the
‘Monark’ x ‘Honeycrisp’ family when paired with the LG9-H1 haplotype in 2015 and 2016
(Figure 3-5). No other clear trends were observed between average ZLC scores and
other haplotypes at the LG5, LG8, or LG9 QTL.
ZLC, the ‘Honeycrisp’ haplotype at LG9 QTL, and their associates with crop load
Increased ZLC was associated with lower estimated crop loads (Figure 3-6) and
fruit counts (Figure 3-7) across all trees evaluated in the ‘Honeycrisp’ families. This trend
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was significant in some instances using the Mann-Whitney U test (p-value < 0.01). This
test was not conducted by family because of small numbers of observations of high ZLC
ratings in some families, but the same trend was observed within families.
A trend of lower estimated lower crop load (Figure 3-8) and fruit counts (Figure 39) was observed in groups of individuals with the LG9-H1 ‘Honeycrisp’ haplotype versus
the LG9-H2 ‘Honeycrisp’ haplotype. This trend was occasionally significant in some
family-year combinations in a Mann-Whitney U test (p-value < 0.05).

Discussion
Major QTL for ZLC on LG9
A major QTL was identified on LG9 in all years evaluated in this study (Table 3-2;
Table 3-3; Figure 3-1). This is the first study to identify a genetic component for this
disorder. The LG9-H1 haplotype (Table 3-4) from ‘Honeycrisp’ was associated with
higher average ZLC scores in all families and all years evaluated (Figure 3-3). The LG9
QTL provides a region to target for fine mapping and candidate genes that might be
involved with the hypothesized physiological basis for ZLC. Combining knowledge of this
QTL location with other data (e.g. differential expression studies) could direct future
studies aimed at understanding the carbohydrate transport system, introducing specific
hypotheses that were not conceivable in previous studies of ZLC in ‘Honeycrisp’
(Snyder-Leiby and Wang, 2008; Chen and Cheng, 2010; Wang et al., 2010).
Variation in ZLC not due to the major QTL on LG9
The genetics and expression of ZLC in ‘Honeycrisp’ were not explained solely by
the LG9-H1 haplotype at the LG9 for ZLC incidence. The majority of ‘Honeycrisp’
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progeny with the LG9-H1 haplotype did not express ZLC at the same severity as
‘Honeycrisp’, which was consistently at a score of 4 each year in two trees grown
alongside its progeny evaluated in this study. It is possible that the specific diplotype
‘Honeycrisp’ has at the LG9 QTL for ZLC is responsible for its high level of ZLC.
Alternatively or perhaps additionally, the specific diplotypes ‘Honeycrisp’ has at the
smaller effect QTLs identified on LGs 5 (Figure 3-4) and 8 (Figure 3-5) that were only
relevant in particular families may also play a role. It is also possible that other QTL were
not able to be identified due to the parents used in the study. Genotype by year
interactions also played a role in ZLC severity in ‘Honeycrisp’ progeny as the QTLs on
LGs 5 and 8 were not identified in 2015. This year was also marked by a lower average
population wide ZLC rating compared to 2014 and 2016. The observation of year effects
on ZLC severity have also been noted in studies involving ‘Honeycrisp’ (Snyder-Leiby
and Wang, 2008; Rippke et al., 2016; Takle et al., 2017). All of these findings should be
taken into consideration in future studies investigating ZLC in ‘Honeycrisp’ and its
progeny.
Breeding implications of the major QTL on LG9
The presence of severe segregation distortion in the ‘Honeycrisp’ x ‘Pitmaston
Pineapple’ family raises the question of whether the LG9-H1 haplotype in ‘Honeycrisp’
combines deleteriously with other haplotypes and is detrimental in seedling survival. This
was the only family where segregation distortion was observed, but as breeding
programs continue to use ‘Honeycrisp’ and its offspring in crosses, the potential for
segregation distortion in this area remains, particularly in inbreeding circumstances if the
homozygous LG9-H1 ‘Honeycrisp’ diplotype is especially deleterious. Both cultivar
releases from the UMN apple breeding program that have ‘Honeycrisp’ as a parent,
‘MN55’ and ‘Minneiska’, carry the LG9-H1 ‘Honeycrisp’ haplotype. Whether the offspring
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of a cross between these cultivars would result in segregation distortion disfavoring the
LG9-H1 ‘Honeycrisp’ haplotype is currently unknown.
Linkage was observed between the LG9 QTL for ZLC and the major QTL for skin
over color on LG9 (Table 3-3; Figure 3-2). The location of the LG9 QTL for skin over
color is consistent with other studies (Ban et al., 2007, Moriya et al., 2017). The MYB
transcription factor gene, MdMYB1, which has been demonstrated to regulate
anthocyanin biosynthesis in apple skin color (Takos et al., 2006, Ban et al., 2007) has
been suggested as the causative gene underlying this QTL (Cheng et al., 1996;
Maliepaard et al., 1998; Ban et al., 2007. MdMYB1 (MDP0000259614) is located on
linkage group 9 between 29,471,894 and 29,475,878 bp (Moriya et al., 2017) of the
Malus x domestica genome v1.0 (Velasco et al., 2010). The physically closest SNP,
ss475879555, is located at 29,470,268 bp (5,610 bp difference) and is at 60.13 cM in the
linkage map used in this study (Howard et al., 2017). The distances between this SNP
and the QTL peaks we identified for over color are 1.39 cM and 0.17 cM for 2015 and
2016 (Table 3-3), respectively. This places MdMYB1 as close as 5.92 cM or as far as
10.6 cM away from the QTL peaks identified for ZLC (Table 3-3). The ‘Honeycrisp’
haplotype associated with the red skin over color is in coupling phase with the LG9-H1
haplotype associated with increased ZLC. Because red skin over color is often under
positive selection pressure in apple breeding programs, this linkage could pose a
problem particularly in crosses between ‘Honeycrisp’ and a parent that has no red skin
over color. Most seedlings selected for red skin over color will also inherit the LG9-H1
haplotype for ZLC from ‘Honeycrisp’.
Zonal leaf chlorosis incidence and higher ZLC severity was weakly associated
with mean lower crop loads (Figure 3-6) and fruit counts (Figure 3-7), which is consistent
with observations regarding the relationship between ZLC and crop load in ‘Honeycrisp’
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from other studies (Schupp et al., 2001; Schupp, 2003; Snyder-Leiby and Wang, 2008).
There was also a weak general trend of lower mean crop loads (Figure 3-8) and fruit
counts (Figure 3-9) in progeny that have the LG9-H01 haplotype from ‘Honeycrisp’. This
trend was significant in a Mann-Whitney U test in some parent year combinations. These
observations may indicate a performance detriment for the LG9-H1 ‘Honeycrisp’
haplotype.
The LG9 QTL for ZLC would be challenging to target using marker assisted
seedling selection. In addition to the example provided previously where selecting for red
skin color in ‘Honeycrisp’ progeny would result in selection for the linked LG9-H1
‘Honeycrisp’ haplotype associated with high ZLC, it would also be logistically difficult to
select against the LG9-H1 haplotype in ‘Honeycrisp’ because it is identical by state with
other common haplotypes. Specifically, ‘Northern Spy’ and ‘Jonathan’ carry the same
identical by state LG9-H01 haplotype. The ‘Jonathan’ source was inherited by MN1702
in this study and was not associated with increased ZLC incidence. It is unknown why
increased ZLC was only observed in individuals who inherited the LG9-H1 haplotype
from ‘Honeycrisp’. A greater understanding of the underlying genetics of this disorder will
need to be gained in order to identify the reason. The causative haplotype came from
‘Duchess of Oldenburg’, which has not been noted in the literature as being prone to
ZLC. In this hypothesis, ‘Duchess of Oldenburg’ would be a carrier of the ZLC genetic
disorder but not express the disorder because of the lack of additional genetic factors,
much like many of the ‘Honeycrisp’ progeny evaluated in this study that have the LG9H1 ‘Honeycrisp’ haplotype but did not express high ZLC. If this hypothesis is true, the
‘Duchess of Oldenburg’ haplotype that contributed to the first portion of the recombinant
LG9-H1 haplotype in ‘Honeycrisp’ is likely to be the haplotype conferring increased ZLC,
as the other ‘Duchess of Oldenburg’ haplotype (LG9-H5; Table 3-5) is prevalent in
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selections and cultivars in the UMN apple breeding program, and those selections and
cultivars do not express high ZLC. Another possibility is that the causative underlying
genetic factor is at the area of recombination in the recombinant LG9-H1 haplotype that
‘Honeycrisp’ inherited from ‘Duchess of Oldenburg’. The only evidence from this study
that supports this hypothesis is that the peaks for the LG9 ZLC QTL in 2015, 2016, and
the QTL analysis using ZLC scores averaged across all three years are all located
between markers that border the area of recombination within the recombinant LG9-H1
haplotype that ‘Honeycrisp’ inherited from ‘Duchess of Oldenburg’.
Conclusion
This is the first study evaluating the genetics of ZLC in ‘Honeycrisp’. A large
effect QTL for ZLC was identified on LG9 and a recombinant haplotype that ‘Honeycrisp’
inherited from ‘Duchess of Oldenburg’ at this QTL is associated with increased ZLC in
offspring of ‘Honeycrisp’. The consistent location of this QTL and the consistent effect of
the LG9-H1 haplotype from ‘Honeycrisp’ in its offspring indicate this genomic region is a
good target for further inquiries into the genetics and physiology of ZLC. Several
breeding implications of the LG9 QTL were discussed, including the segregation
distortion observed in one family, the linkage between the LG9 QTL for ZLC and the LG9
QTL for skin over color and coupling between the high ZLC and red skin over color
haplotypes in ‘Honeycrisp’, and the possible negative correlation between the LG9-H01
‘Honeycrisp’ haplotype and estimated crop load and fruit count. These considerations
will be important to apple breeding programs that are increasingly relying upon using
‘Honeycrisp’ and derivative germplasm for highly crisp fruit texture.

86

Tables
Table 3-1: Biparental families and sample sizes evaluated in total and per year for QTL analyses for zonal leaf chlorosis. Numbers in
parentheses represent the total number of genotypes and their replicates evaluated.

Parent 1

Parent 2

'Honeycrisp'
'Honeycrisp'
'Honeycrisp'
'Honeycrisp'
'Honeycrisp'

'Monark'
'Jonafree'
'Pitmaston Pineapple'
MN1702
MN1764
Totals:

Total family size (between
all years evaluated)
88(171)
57(107)
59(113)
49(95)
156(348)
409(834)
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Family
size
2014

Family
size
2015

Family
size
2016

86(163)
85(159)
87(167)
56(97)
57(106)
56(100)
58(109)
59(111)
59(110)
48(86)
49(89)
49(91)
156(310) 155(319) 155(332)
404(765) 405(784) 406 (800)

Table 3-2: Bayes factors (2*ln) from FlexQTL for a 1 QTL vs. 0 QTL model per linkage group for zonal leaf chlorosis for all years
evaluated in this study for five families with ‘Honeycrisp’ as a common parent.

Linkage group
Year

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

2014
2015
2016
Averaged

-1.5
3.4
1.1
2.6

6.1
2.4
2.9
3.5

-1.3
3.3
-2.3
-2.4

-4.1
-2
-1.8
-5.1

6.7
1.6
5.9
7.3

-1.9
-2.6
-1.9
-4.1

-2.9
-2.5
-2.5
-3

6.4
-1.6
6
5.2

31
9.8
31
31

-3.6
1.1
-2
-4.2

-4.2
0.7
-2.6
-4.5

-3.1
-2.1
-1.3
-3.7

-2.9
-3.1
-2.8
-4.2

-1.5
-0.8
-2.1
-2

-1.6
-1.1
-1.6
-2.5

1.9
0.8
-0.6
4.6

-2.6
-0.1
-1.9
-3.2

88

Table 3-3: QTL regions and peak positions for zonal leaf chlorosis and over color rating for QTL with 2*ln Bayes factors greater than
5.
Trait
Zonal
leaf
chlorosis

Population
Five families with
'Honeycrisp' as a common
parent

Year
2014

2015
2016

Over
color

Four families with
'Honeycrisp' as a common
parent ('Honeycrisp' x
MN1764 was not included)
Five families with
'Honeycrisp' as a common
parent

Averaged
between
20142016
2015

2016

LG
2
5
8
9
9
5
8
9
5
8
9

QTL region
(cM)
8-12
20-32
2-18
44-54
48-58
20-38
0-6
50-56
22-36
0-14
50-56

QTL peak
(cM)
9.86
25.82
9.79
49.51
54.19
28.01
3.83
51.62
27.58
5.42
53.2

9

56-60

58.74

9
9

30-48
56-62

37.58
59.96

QTL regions reported consist of consecutive 2cM bins with 2*ln Bayes factors greater
than 5. QTL peaks were recorded as the median cM value from the Markov chain Monte
Carlo simulation samples within the QTL regions.
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Table 3-4: Haplotype identities assigned by state with founding sources (if known) for each haplotype at the LG9 zonal leaf chlorosis
QTL for all parents of families in this study.
Haplotype sequence

Haplotype name
designation

ABBBA BBAAB ABBAB AB

LG9-H1

Honeycrispa, MN1702b

Duchess of Oldenburg
(recombinant)a, Jonathanb

ABABA ABBBA BBABB AA

LG9-H2

Honeycrispc

Frostbitec

ABBBA BBAAB ABBAA BB

LG9-H3

Pitmaston Pineapple

ABABB ABBAB BBABB AB

LG9-H4

Jonafreed

F2_26829-2-2d

ABABB ABBAB BBBBB AB

LG9-H5

MN1702e, MN1764 (2x), Monark

Frostbitee

BBABA BAAAB AABAB AB

LG9-H6

Pitmaston Pineapple

LG9-H7

Parents with this haplotype

Jonafree

BBAAA BAAAB ABBAB AB

f

Founding source(s)

?

?
Rome Beauty
(recombinant)f
?

LG9-H8
Monark
AAABB ABBAA ABBBB AB
The following SNPs from the 8K SNP array (Chagné et al., 2012) were used, in order, for haplotyping:
ss475879510, ss475879512, ss475882938, ss475879513, ss475879514, ss475879516, ss475879520,
ss475879521, ss475879576, ss475879577, ss475879578, ss475882948, ss475883726, ss475879580,
ss475882939, ss475879523, and ss475879524. The A and B designations in the haplotype sequences refer to
nucleotide variations for the listed SNPs that are outlined in Chagné et al. (2012). Seedlings with recombinant
haplotypes were not included in this table. The founding haplotype sources for parents that were confirmed
through the pedigree-connected dataset are noted by superscript letters.

90

Table 3-5: Haplotype identities assigned by state with founding sources (if known) for each haplotype at the LG5 zonal leaf chlorosis
QTL for all parents of families in this study.
Haplotype sequence

Haplotype name
designation

AABBB AABA

LG5-H1

Honeycrispa

Northern Spyb

ABBBB BAAA

LG5-H2

Honeycrispb

Grimes Goldenb

BBBBA BAAB
BBBBA BAAA

LG5-H3

MN1702c, Pitmaston Pineapple

Frostbitec

LG5-H4
LG5-H5

Pitmaston Pineapple
MN1702d, Jonafreed

BBBBB ABBA

Parents with this haplotype

e

Founding source(s)

?
Jonathan

d

LG5-H6
Jonafree , MN1764
Rome Beautye
AABBB ABAA
LG5-H7
MN1764
?
ABABB AAAB
LG5-H8
Monark
?
AABBB BABA
LG5-H9
Monark
?
ABAAB BBBA
The following SNPs from the 8K SNP array (Chagné et al., 2012) were used, in order, for
haplotyping: ss475882785, ss475878387, ss475878389, ss475878392, ss475878399,
ss475878393, ss475878323, ss475878324, and ss475878325. The A and B designations in the
haplotype sequences refer to nucleotide variations for the listed SNPs that are outlined in
Chagné et al. (2012). Seedlings with recombinant haplotypes were not included in this table. The
founding haplotype sources for parents that were confirmed through the pedigree-connected
dataset are noted by superscript letters.
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Table 3-6: Haplotype identities assigned by state with founding sources (if known) for each haplotype at the LG8 zonal leaf chlorosis
QTL for all parents of families in this study.

Haplotype sequence

Haplotype name
designation

Parents with this haplotype

Founding source(s)

AAAAB ABAAA BBBAB
ABABA BBAAB BBBAA

LG8-H1

Honeycrispa

Northern Spya

LG8-H2

Honeycrispb, Pitmaston Pineapple,
MN1764

Grimes Goldenb

BBBAB AABBB BABAA
ABABB BAAAA BBBBB

LG8-H3
LG8-H4

Pitmaston Pineapple
MN1702c

Firesidec

BBABB AABBB ABAAB

LG8-H5

MN1702d

Frostbited

ABBAB BBAAB BBBAA

LG8-H6

Jonafreee, Monark

Esopus Spitzenburge

?

LG8-H7
Jonafreef, MN1764
Northern Spyf
AABAB AABBB BABAA
LG8-H8
Monark
?
ABABA AABBB BABAA
The following SNPs from the 8K SNP array Chagné et al., 2012) were used, in order, for haplotyping:
ss475883279, ss475882867, ss475878970, ss475878972, ss475878973, ss475882868, ss475878982,
ss475878975, ss475878977, ss475878978, ss475878979, ss475882869, ss475879014, ss475879015,
and ss475879016. The A and B designations in the haplotype sequences refer to nucleotide variations
for the listed SNPs that are outlined in Chagné et al. (2012). Seedlings with recombinant haplotypes
were not included in this table. The founding haplotype sources for parents that were confirmed through
the pedigree-connected dataset are noted by superscript letters.
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Figures
Figure 3-1: Posterior probability for QTL positions from FlexQTL output for zonal leaf
chlorosis. Year evaluated is indicated in each graph. Chromosome numbers are
indicated at the top of each graph. Green lines at the bottom of each graph represent
SNP marker coverage. The numbers below each graph represent cumulative cM
position.
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Figure 3-2: Posterior probability for QTL positions from FlexQTL output for over color rating. Year evaluated is indicated in each
graph. Chromosome numbers are indicated at the top of each graph. Green lines at the bottom of each graph represent SNP marker
coverage. The numbers below each graph represent cumulative cM position.
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Figure 3-3: Mean and 95% confidence intervals for zonal leaf chlorosis between
different partitions of seedling individuals grouped by family and 'Honeycrisp' haplotype
contribution at the LG9 QTL for zonal leaf chlorosis (bootstrapped data).

95

Figure 3-4: Mean and 95% confidence intervals for zonal leaf chlorosis between
partitions of seedling individuals grouped by family, 'Honeycrisp' haplotype contribution
at the LG9 QTL, and the non-'Honeycrisp' haplotype LG5 QTL for zonal leaf chlorosis in
all years evaluated and averaged across all years evaluated (bootstrapped data).
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Figure 3-5: Mean and 95% confidence intervals for zonal leaf chlorosis between
partitions of seedling individuals grouped by family, 'Honeycrisp' haplotype contribution
at the LG8 and LG9 QTL for zonal leaf chlorosis in all years evaluated and averaged
across all years evaluated (bootstrapped data).
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Figure 3-6: Mean crop load and 95% confidence intervals across all trees evaluated in
this study in 2014 and 2015, grouped by the zonal leaf chlorosis ratings indicated
(bootstrapped data). Numbers below the bars represent the number of trees present in
each zonal leaf chlorosis rating bulk. An asterisk represents significance of p< 0.01 in a
Mann-Whitney U test, indicating whether higher zonal leaf chlorosis rating bulks have
different estimated crop load distributions than groups of trees with no zonal leaf
chlorosis.
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Figure 3-7: Mean fruit counts and 95% confidence intervals across all trees evaluated in
this study in 2014, 2015, and 2016, grouped by the zonal leaf chlorosis ratings indicated
(bootstrapped data). Numbers below the bars represent the number of trees present in
each zonal leaf chlorosis rating bulk. An asterisk represents significance of p< 0.01 in a
Mann-Whitney U test, indicating whether higher zonal leaf chlorosis rating bulks have
different fruit count distributions than groups of trees with no zonal leaf chlorosis.
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Figure 3-8: Mean crop load and 95% confidence intervals of individuals grouped by
family and the 'Honeycrisp' haplotype contribution at the LG9 QTL for ZLC in 2014 and
2015 (bootstrapped data). A black asterisk represents significance of p < 0 .01 and a
grey asterisk represents significance of p < 0.05 in a Mann-Whitney U test, indicating
whether the average fruit count distributions are different between individuals grouped
by 'Honeycrisp' haplotype at the LG9 QTL for ZLC.
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Figure 3-9: Mean fruit counts and 95% confidence intervals of individuals grouped by
family and the 'Honeycrisp' haplotype contribution at the LG9 QTL for ZLC in 2014,
2015, and 2016 (bootstrapped data). An asterisk represents significance of p < 0.05 in a
Mann-Whitney U test, indicating whether the average fruit count distributions are
different between individuals grouped by 'Honeycrisp' haplotype at the LG9 QTL for ZLC.
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Conclusions
The research and methodologies described and used in this dissertation will
further enable future apple cultivar development. The integrated genetic map presented
in chapter 1 will be a valuable tool in future genetic research and for relating findings
between different apple genetics studies. The creation of this high quality integrated
genetic map that is cross compatible with the 8K and 20K SNP arrays and with another
similar genetic map previously created using the 20K array (Di Pierro et al., 2016) will
facilitate integration of research findings across apple research projects and breeding
programs worldwide. The high quality of this new genetic map, coupled with new
pedigree data similar to the pedigree relations identified and described in chapter 1, will
enhance cross compatibility between studies similar to those detailed in chapters 2 and
3, yet involving different germplasm, through the use of pedigree-based analyses.
The findings described in this dissertation are of particular importance to
researchers using ‘Honeycrisp’ and related germplasm. The new pedigree and genetic
information now available for ‘Honeycrisp’ will be useful in future pedigree-based genetic
studies to connect ‘Honeycrisp’ with other cultivars used widely in apple breeding
programs worldwide. These pedigree relations were utilized in the QTL studies
described for soft scald and soggy breakdown in chapter 2 and for zonal leaf chlorosis in
chapter 3 of this dissertation, but inferences from previous studies can also now be
framed in the light of these newly characterized relationships as well. For example, the
LG1 scab resistance QTL in ‘Honeycrisp’ was previously described in Clark (2014) as
inherited from ‘Frostbite’. This haplotype is identical in state and almost certainly by
descent with ‘Duchess of Oldenburg’, which was identified in this dissertation to be the
likely grandparent of ‘Frostbite’. Hence, ‘Duchess of Oldenburg’ is likely the ancestral
source of the observed scab resistance. This detail is important because ‘Duchess of
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Oldenburg’ is a cultivar that is common in pedigrees of many cultivars of worldwide
significance. Similar new insights could be gained by reexamining other previous studies
involving ‘Honeycrisp’ that identified QTL for texture (Zhu and Barritt, 2008; Schmitz
2013; Verma, 2014), color (Zhang et al., 2002), bitter pit (Buti et al., 2015), harvest date
(Chagné et al., 2014), acidity (Verma, 2014), sugar content (Guan et al., 2015), etc.
Previous studies (Schmitz 2013; Verma, 2014) have suggested that ‘Frostbite’, a cultivar
with crisp fruit, is responsible for the unique crispness in ‘Honeycrisp’. Considering the
lack of similar crispness in fruit of the other three grandparents of ‘Honeycrisp’, this new
pedigree information may also be able to aid in targeting genetic region(s) ‘Honeycrisp’
inherited from ‘Frostbite’ that could be responsible for this difficult to study but extremely
important trait.
The identification of major QTLs with consistent haplotype effects for soft scald
and soggy breakdown described in chapter 2 will enable breeders to limit SS and SBD
incidence in breeding populations using MAB. These specific findings will also be
applicable across some germplasm not derived from ‘Honeycrisp’, as founding sources
for the haplotype of interest were identified and are common in many important cultivars.
The identification of a major QTL for zonal leaf chlorosis with an underlying ‘Honeycrisp
haplotype associated with a higher zonal leaf chlorosis rating in progeny will also be
useful for breeding purposes. As major QTL and underlying functional haplotypes are
defined and characterized for additional traits, breeders can start thinking of breeding
with a desired genetic ideotype in mind, as has been described by Trethowan (2014).
With this breeding mindset, breeders can think in terms of combining parents with
complementing haplotypes at multiple important major QTL, rather than simply basing
parental decisions on simply phenotypic performance and/or a few QTL. Characterizing
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haplotypes at important QTL for key breeding parents such as ‘Honeycrisp’, as in
chapters 2 and 3, will enable parental selection with apple genetic ideotypes in mind.
Further work will be needed to transform the findings regarding the major QTL
discussed in this dissertation into tests suitable for enabling marker assisted seedling
selection for identification of genetic ideotypes at the seedling level. These types of
genetic tests have been developed for some traits including disease resistance and fruit
texture (Baumgartner et al., 2016) and this previous work could be used as a guide to
develop future marker tests, particularly with respect to the QTL for soft scald and soggy
breakdown incidence on LG2 detailed in chapter 2.
The advances described in this dissertation include new highly cross compatible
integrated genetic map created using the 8K SNP array, a revised pedigree for the
important cultivar ‘Honeycrisp’, major QTL on LGs 2 and 16 for soft scald and soggy
breakdown, and a major QTL LG9 for zonal leaf chlorosis. These findings will add to a
growing body of research that will help us to move towards an era of ever more informed
breeding decisions for apple cultivar development.
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Appendix
Table A1: Means and 95% confidence intervals for soft scald and soggy breakdown
incidence between partitions of individuals from three 'Honeycrisp' families grouped by
their number of the high disorder incidence (HDI) haplotypes at the LG2 QTL and their
non-'Honeycrisp' haplotype contribution at the LG16 QTL (bootstrapped data).
Family

Trait

Year
LG2
2014

Soft Scald
2015
Honeycrisp
x MN1702
2014
Soggy
Breakdown
2015
Family

Trait

Year
2014

Soft Scald
2015
Honeycrisp
x Monark
2014
Soggy
Breakdown
2015
Family

Trait

Year
2014

Soft Scald
2015
Honeycrisp
x Jonafree
2014
Soggy
Breakdown
2015

Disorder Incidence
LG16
H07 H03 Average

1
0.065
2
0.585
Average 0.364
1
0.031
2
0.604
Average 0.396
1
0.032
2
0.447
Average 0.281
1
0.019
2
0.537
Average 0.348
LG16
H06
LG2
1
0.093
2
0.344
Average 0.214
1
0.051
2
0.267
Average 0.155
1
0.076
2
0.281
Average 0.175
1
0.023
2
0.215
Average 0.115
LG16
H04
LG2
1
0.220
2
0.485
Average 0.336
1
0.021
2
0.430
Average 0.217
1
0.198
2
0.375
Average 0.259
1
0.011
2
0.349
Average 0.174

0.017
0.126
0.081
0.136
0.098
0.114
0.019
0.052
0.038
0.114
0.065
0.086

95% Confidence intervals
LG16
LG2

H07

0.042
0.375
0.231
0.082
0.356
0.247
0.024
0.268
0.164
0.065
0.306
0.210

H03

1
0.007 - 0.152 0.000 - 0.066
2
0.388 - 0.769 0.030 - 0.251
Average 0.21 - 0.525 0.02 - 0.163
1
0.000 - 0.092 0.011 - 0.316
2
0.457 - 0.748 0.024 - 0.196
Average 0.232 - 0.566 0.026 - 0.231
1
0.000 - 0.104 0.000 - 0.071
2
0.230 - 0.670 0.000 - 0.129
Average 0.127 - 0.451 0.000 - 0.089
1
0.009 - 0.140 0.000 - 0.289
2
0.385 - 0.687 0.000 - 0.075
Average 0.189 - 0.516 0.007 - 0.198
LG16
H03 Average
H06
H03
LG2
0.314 0.202
1
0.026 - 0.177 0.124 - 0.520
0.761 0.606
2
0.170 - 0.528 0.622 - 0.88
0.587 0.427 Average 0.113 - 0.327 0.452 - 0.714
0.033 0.046
1
0.000 - 0.150 0.000 - 0.086
0.598 0.457
2
0.141 - 0.396 0.463 - 0.729
0.450 0.298 Average 0.062 - 0.26 0.295 - 0.608
0.212 0.144
1
0.018 - 0.155 0.052 - 0.405
0.733 0.565
2
0.120 - 0.467 0.582 - 0.863
0.529 0.378 Average 0.084 - 0.282 0.387 - 0.666
0.000 0.016
1
0.000 - 0.063 0.000 - 0.000
0.517 0.392
2
0.095 - 0.341 0.365 - 0.668
0.384 0.244 Average 0.04 - 0.202 0.223 - 0.556
LG16
H08 Average
H04
H08
LG2
0.318 0.288
1
0.043 - 0.443 0.112 - 0.544
0.289 0.437
2
0.266 - 0.677 0.048 - 0.592
0.308 0.330 Average 0.183 - 0.494 0.146 - 0.487
0.273 0.143
1
0.000 - 0.053 0.084 - 0.488
0.648 0.540
2
0.212 - 0.660 0.372 - 0.881
0.423 0.322 Average 0.091 - 0.362 0.245 - 0.603
0.274 0.254
1
0.005 - 0.444 0.077 - 0.504
0.219 0.328
2
0.143 - 0.629 0.017 - 0.544
0.255 0.265 Average 0.106 - 0.432 0.094 - 0.444
0.237 0.120
1
0.000 - 0.028 0.063 - 0.445
0.636 0.491
2
0.133 - 0.582 0.372 - 0.863
0.397 0.288 Average 0.059 - 0.309 0.225 - 0.573
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Average
0.005 - 0.092
0.231 - 0.528
0.136 - 0.337
0.008 - 0.207
0.214 - 0.504
0.146 - 0.357
0.000 - 0.073
0.129 - 0.426
0.076 - 0.266
0.000 - 0.186
0.172 - 0.451
0.117 - 0.315
Average
0.096 - 0.323
0.478 - 0.728
0.33 - 0.527
0.000 - 0.129
0.329 - 0.589
0.199 - 0.402
0.053 - 0.253
0.432 - 0.693
0.276 - 0.479
0.000 - 0.053
0.256 - 0.530
0.149 - 0.347
Average
0.148 - 0.439
0.254 - 0.627
0.218 - 0.447
0.042 - 0.264
0.371 - 0.702
0.211 - 0.439
0.110 - 0.413
0.151 - 0.530
0.152 - 0.388
0.030 - 0.233
0.321 - 0.661
0.178 - 0.405

Total number of observations
LG16
H07 H03 Average
LG2
1
9 (13) 7 (9) 17 (24)
2
12 (20) 10 (15) 22 (35)
Average 21 (33) 17 (24) 39 (59)
1
8 (12) 9 (14) 18 (28)
2
14 (23) 12 (17) 27 (41)
Average 22 (35) 21 (31) 45 (69)
1
9 (13) 7 (9) 16 (24)
2
12 (20) 10 (15) 22 (35)
Average 20 (33) 17 (24) 38 (59)
1
8 (12) 9 (14) 19 (26)
2
14 (23) 12 (17) 27 (41)
Average 22 (35) 21 (31) 45 (69)
LG16
H06 H03 Average
LG2
1
14 (21) 14 (17) 28 (38)
2
13 (18) 22 (33) 35 (51)
Average 27 (39) 36 (50) 63 (89)
1
13 (19) 6 (7) 19 (26)
2
12 (17) 17 (26) 29 (42)
Average 25 (36) 23 (33) 48 (69)
1
14 (21) 14 (17) 28 (38)
2
13 (18) 22 (33) 35 (51)
Average 27 (39) 36 (50) 63 (89)
1
13 (19) 6 (7) 19 (26)
2
12 (17) 17 (26) 29 (43)
Average 25 (36) 23 (33) 48 (69)
LG16
H04 H08 Average
LG2
1
9 (13) 11 (15) 21 (30)
2
7 (12) 6 (9) 14 (22)
Average 16 (25) 17 (24) 34 (51)
1
13 (20) 12 (18) 25 (38)
2
12 (16) 8 (14) 22 (33)
Average 25 (36) 20 (32) 46 (69)
1
9 (13) 11 (15) 21 (30)
2
7 (12) 6 (9) 14 (23)
Average 17 (26) 17 (24) 35 (52)
1
13 (20) 12 (18) 25 (38)
2
12 (16) 8 (14) 22 (33)
Average 25 (36) 20 (32) 46 (69)

