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ABSTRACT
Genetic studies of peach flower and fruit characteristics have important implications in
breeding efforts for improving fruit quality and availability for consumer acceptance. Currently,
peach breeders lack molecular tools to enhance breeding for fruit quality traits. There is a need to
discover molecular markers associated with flowering and fruit quality traits for use in marker
assisted seedling selection (MASS) in order to enhance the efficiency and reliability of breeding
for flowering season, maturity season and fruit quality in peach. MASS for fruit quality traits
eliminates the ambiguity of modeling fruit quality attributes that are measured analytically and
directly selects the characters themselves. The objective of this research project was to identify
SNPs and genomic region(s) that hold major loci for bloom date (BD), maturity date (MD), fruit
development period (FDP), fruit mass (FM), fruit size (FS), global fruit shape (GFS), fruit
firmness (FF), soluble solid content (SSC), titratable acidity (TA) and sugar to acid ratio
(SSCTA) using an association mapping population consisting of 132 genotypes. Each genotype
was phenotypically evaluated for each trait over 2-3 years and sequenced using the genotyping
by sequencing (GBS) protocol. The phenotypic and genotypic data were used to conduct a
genome-wide association study (GWAS). We were able to identify SNPs and genomic regions
that were significantly associated with BD, FDP, MD, GFS, TA and SSCTA using either the
MLM or GLM procedure. At least one SNP for each of these traits was identified as a candidate
for use in MASS targeted at improving flowering and fruit quality traits. We were unable to
detect any SNPs that were significantly associated with FF, FM, FSD and SSC. Environmental
variability between years, low variation within traits and factors associated with the preciseness
of obtaining measurements are likely the reasons we were unable to identify significant SNPs for
these traits. The data reported here will aid peach and other Prunus spp. breeders in MASS
targeted towards widening peach germplasm for maturity, fruit shape and acidity. The data will
also allow for a transferable enhanced understanding of the genetic mechanisms underlying
maturity, ripening and acidity in other fruit.
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CHAPTER 1: GENERAL INTRODUCTION
Peach [(Prunus persica L. (Batsch)] is a highly valued, temperate stone fruit crop of the
Rosaceae. When considering a wide range of climates and growing conditions, peach is the most
widespread of the stone fruits, rivaling apple in terms of adaptation (Bielenberg et al., 2009). The
widespread circulation of peach reflects its extensive cultivation due to its valued fruits, which
drove its rapid propagation and selection for adaptation to novel areas. Due to its relatively short
juvenility period and ease of making controlled crosses, peach is the most successfully bred tree
fruit species worldwide (Layne and Bassi, 2008). This highly perishable crop can be very
profitable for farmers in temperate regions. Currently, peach is a major fruit crop of commerce in
several countries across the world. China, Italy, Spain, the United States of America (U.S.A) and
Greece are the top five peach producing countries, respectively (Layne and Bassi, 2008). Close
to 1.5 million hectares (ha) of peaches are planted across the globe, with China contributing to
approximately 46% of this area (Layne and Bassi, 2008).
The majority of traits selected for in peach breeding programs are related to productivity,
growth habit, disease resistance and fruit characteristics (Okie et al., 2008). More recently,
several other aspects of peach tree and fruit characteristics including expanding environmental
ranges, reducing chilling requirements, increasing frost tolerances, enhancing fruit quality and
appearance, improving shelf life and widening the range of fruit development periods (FDPs)
and maturity dates (MDs) have become important traits targeted by peach breeders (Bielenberg
et al., 2009). More Mendelian transmitted traits are understood in peach than in any other tree
species (Scorza and Sherman, 1996)
A huge amount of diversity is found within peach germplasm for tree size and growth
habit, flower size and colour, fruit size, shape, texture, acidity, firmness, sugar content, skin and
flesh colour, stone adherence to flesh, flowering and maturation date and chill hour requirements.
Peach fruit are a nutritional source of energy, carbohydrates, protein, fat, dietary fiber, vitamin
A, vitamin C, vitamin E, vitamin K, folate, niacin, pantothenic acid, pyridoxine, riboflavin,
thiamin, potassium, calcium, copper, iron, magnesium, manganese, phosphorus, zinc and sugar
(Elsadr and Sherif, 2016).
Peaches have many health promoting benefits including promotion of longevity,
anticancer activities, prevention and reduction of obesity and anti-allergic inflammatory
1

properties. Peaches are a rich source of bioactives including ascorbic acid (vitamin C),
carotenoids (provitamin A) and phenolic compounds. The bioactive compound profiles in
peaches and nectarines show similar trends (Elsadr and Sherif, 2016). Peaches can be
categorized into clingstone and freestone varieties. Clingstone peaches are primarily used for
processing while freestone peaches are consumed fresh. Clingstones differ from freestone
peaches in that they are considerably firmer in texture and owing to a lack of the enzyme
polygalacturonase the stone clings to the flesh (Layne and Bassi, 2008). Peaches are eaten fresh
(as a fruit) or may be frozen, canned or dried for raw consumption or for cooking purposes.
Peach retains importance in a diversity of cultures and traditions across the globe.
Peach is cultivated in almost every temperate country of the world. However, peach
originated in China and not Persia (now Iran) as its botanical name might indicate; hence, China
represents the centre of diversity of peach (Layne and Bassi, 2008). Peach trees were introduced
into Europe 2,000 years ago from Persia and were brought to North America in the 16th century.
This region gave rise to peaches with a diverse array of visual characteristics such as colour,
shape and size, which form the foundation of the marketing system known today. Freestone,
clingstone, flat, round/elongated, pubescent skin (peach), glabrous skin (nectarine), melting, nonmelting, stone hard, acid, non-acid, white fleshed and yellow fleshed are some of the more
popular market classes of peaches grown in North America (Layne and Bassi, 2008).
Peach has been selected as the model species for studying genomics in the Rosaceae. This
species was chosen due to its relatively small genome size (approximately twice the size of the
Arabidopsis genome), ability to self pollinate, relatively short juvenile period and tremendous
amount of diversity (Abbott et al., 2002; Byrne, 1990; Rieger, 2006; Shulaev et al., 2008;
Zhebentyayeva et al., 2008). Extensive physical and genetic maps have been developed for
peach. The development of molecular tools for peach is underway and these technologies will
undoubtedly aid conventional breeders in developing new peach cultivars with enhanced tree and
fruit quality traits.
Bloom date (BD), maturity date (MD), fruit development period (FDP) and fruit mass
(FM), fruit size (FS), fruit firmness (FF), soluble solid content (SSC) and titratable acidity (TA)
are highly sought out traits in peach (Badenes et al., 2006; Bassi and Selli, 1990; Cantín et al.,
2010; Dirlewanger et al., 1999; Etienne et al., 2002b; Lesley, 1940; Monet, 1979). These traits
are also highly variable between (genetic variance) and within (environmental variance) peach
2

genotypes. Genetic studies of peach flower and fruit characteristics have important implications
in breeding efforts for improving fruit quality and availability for consumer acceptance.
Currently, peach breeders lack molecular tools to enhance breeding for fruit quality traits
(Ru et al., 2015). Furthermore, most early and late maturing peach cultivars produce fruit that are
of inferior quality compared to fruit produced on mid maturing cultivars. There is an interest
among peach growers to produce quality fruit over an extended season to accommodate
consumer demand for fresh market peaches. Variability of MD and FDP in peach can be
exploited by peach producers to alleviate sudden labour demands, reduce storage costs and risks
and spread out sales by extending the harvest season.
There is a need to determine molecular markers associated with flowering and fruit
quality traits for use in marker assisted seedling selection (MASS) in order to enhance the
efficiency and reliability of breeding for maturity season and fruit quality in peach. This research
project aims to determine the genomic regions and molecular markers that play a role in
regulating flowering and fruit maturity and quality traits in peach. The results of this thesis detail
the genome-wide association study (GWAS) of BD, MD, FDP, FM, FS, FF, SSC and TA using
an association mapping population. The findings reported here may also be used towards an
understanding of the variability of fruit quality parameters in other Prunus spp. and other
temperate and tropical fruit crops.
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CHAPTER 2 : LITERATURE REVIEW
2.1 Peach [Prunus persica L. (Batsch)]
2.1.1 History
The centre of diversity, and hence, the origin of peach is believed to be eastern and
southeastern Asia (Hedrick, 1991). Peach has been cultivated for at least 4,000 years (Scorza and
Okie, 1991; Wang, 1985). China is believed to be the first centre of domestication of peach with
three distinct regions of peach cultivation recognized in the country (Scorza and Okie, 1991;
Wang, 1985). The region along the Yangtze River in the provinces of Jiangsu, Zhejiang, Jiangxi,
Hubei, Hunan and Sichuan represents the southern group of peaches; the climate in this region is
characterized by mild winters and hot, wet summers, which is similar to the climate of
southeastern USA (Scorza and Okie, 1991; Wang, 1985). The region along the Yellow River in
the provinces of Shandong, Hebei, Henan, Shanxi, Shaanxi and Gansu represents the northern
group of peaches; the climate in this region is characterized by cold winters and hot dry
summers. The third region is located in the arid northwest of China. Peaches were spread from
China to Persia along trade routes and the Romans introduced and distributed peaches
throughout Europe (Scorza and Okie, 1991; Wang, 1985). Peaches were first introduced to North
and South America by early Spanish explorers through St. Augustine (Scorza and Okie, 1991).
The First Nations of North and South America distributed peaches across the American
continents (Scorza and Okie, 1991; Wang, 1985). Glaborous peaches, otherwise known as
nectarines, are also popular and were spread across the world. Discrimination between peach and
nectarine plants has been shown to be controlled by a MYB gene that regulated trichome
formation on chromosome 5 (Vendramin et al., 2014). It is believed that a unique mutation gave
rise to the nectarine trait.
2.1.2 Botany
Peach is a self pollinated, dicotyledonous, frost sensitive, semi-hardy woody perennial of
the Rosaceae. It is a diploid species with 8 chromosome pairs (2n = 16). Trees have several types
of growth habits including standard, columnar, upright, compact, weeping and open (Layne and
Bassi, 2008). Peach trees can grow in height between approximately two meters (dwarf trees) to
five meters (standard tree) and can have a spread of approximately five meters (diameter) (Layne
and Bassi, 2008). Peach shoots and leaves form following anthesis. Leaf blades may be flat or
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wavy and narrow or oblong. Two lateral stipules that abscise with leaf maturity are found at the
petiole base of each leaf. Peach trees produce hermaphroditic, perigynous flowers. Each flower
contains a reddish-green calyx, which is gamosepalous and falls off at the split-jacket or shucksplit stage after initial swelling of the fruitlet (Layne and Bassi, 2008). Flower petals can be
showy (rose-shaped) with large petals or non-showy (bell-shaped) with small petals; petals are
separated on each flower and there are normally 5 petals per flower (Layne and Bassi, 2008).
Flower colour ranges from pure white to dark red with pale to dark pink flowers being most
common. Non-showy flowers are dominant to showy flowers (Sh/sh) and large-sized showy
flowers are dominant over small-sized showy flowers (L/l) (Baily and French, 1949; Connors,
1920).
Peach is primarily a temperate zone fruit crop with production ranging between 30-45º N
and S latitude (Scorza and Sherman, 1996). Low winter temperatures and spring frost injury to
flower buds can threaten peach production at higher latitudes. Peach trees require a chilling
period of at least 25-42 days to induce flower production (Biggs et al., 1997; Janick, 1982).
Peach trees can tolerate cold winter temperatures, but flower buds are less cold hardy. Spring
frosts can cause flower drop rendering trees unproductive in growing seasons where spring frosts
occur during flowering. Peaches are somewhat drought tolerant but require irrigation during
extensive periods of heat. Irrigation is particularly necessary during flower and fruit development
because flower buds and fruit will senesce if the tree begins to wilt. Peach cultivars have varying
hardiness zones and choosing the right cultivar for a growing region is essential. Peaches have a
main taproot extending several feet deep and a fibrous root system near the soil surface. Peaches
grow best in loamy well-drained soils with high organic matter and a pH between 6.0 and 7.5
(Biggs et al., 1997; Janick, 1982). Peaches require 37-195, 22-224, and 22-224 kg/ha of nitrogen
(N), phosphorus (P2O5) and potassium (K2O), respectively (Seagle et al., 1995).
Peaches are produced from flowers emerging from one-year-old wood; therefore, pruning
is aimed at maintaining new shoot growth as well as achieving a desirable tree shape and keeping
tree height appropriate for ease of harvesting (Seagle et al., 1995). Trees should be pruned just
after fruit set to encourage new shoot growth on stem sections closest to the trunk. Lateral
branches should be promoted, while sprouts should be removed because laterals bear most of the
fruit. Peach trees are usually trained to have an open centre canopy, although espalier is a
common training method in some regions (Seagle et al., 1995). Peach is self-fertile and naturally
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self pollinating (Dirlewanger et al., 2002), however, cross-pollination is also possible; nectarine
and peach trees can cross-pollinate (Seagle et al., 1995). Nectarines differ from peaches as they
possess a recessive gene, G, (Blake, 1993) that prevents pubescence from forming on fruit,
therefore, causing the glabrous character of the fruit skin; this trait has been mapped on linkage
group (LG) 5 (Dirlewanger et al., 1998). Peach trees may begin fruiting after one year if a
rootstock is used, however, trees are usually short lived and usually do not fruit for more than
15-20 years if conditions are favourable (Seagle et al., 1995).
2.1.3 Utilization and Importance
The Rosaceae family ranks as the third most economically important plant family in
temperate regions (Dirlewanger et al., 2002) and includes economically valuable sources of fruit,
nuts and timber. Peach is widely grown and economically important in temperate and subtropical
regions of the world (Fan et al., 2010). After apples, peaches and nectarines are the second most
economically important fruit crop in the European Union (E.U.) and the most important within
the genus Prunus (Cantin et al., 2010). China is the leading producer of peaches and nectarines
followed by Italy, the U.S.A and Spain (FAOSTAT 2009: http://faostat.fao.org/). The top peach
exporting countries are Spain, Italy, E.U. and the U.S.A. The top 4 peach importers are
Germany, Russia, France and Poland. Canada is the 8th largest importer of peaches producing
about 25,000 tons of peaches annually and hence ranks well below the top 20 peach producing
countries. Peach and nectarine production in the EU lies in access of 4.2 million tons. Spain is
the second largest producer of nectarines and peaches in Europe producing over one million tons
annually (FAOSTAT 2009). Peach production and breeding is a growing industry and is the
most dynamic among the temperate fruit crops with new cultivars being released yearly (Byrne,
2001; Fideghelli et al., 1998; Sansavini et al., 2006). According to FAO figures (FAOSTAT,
http://apps.fao.org/) worldwide production of peaches and nectarines doubled within the past 40
years with China showing the greatest increase in production (Byrne, 2002). Most of this
increase has occurred in developing countries (Byrne, 2002). By contrast, peach production in
developed countries such as Japan, Canada, U.S.A. and many of the European countries has
leveled off or decreased over the past 25 to 30 years. The stagnant or slightly decreasing
production and consumption of peaches over the past few decades resulted from the marketing of
poor quality fruits. Fruits were of poor quality because they were harvested at an immature stage
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of development to satisfy the need for prolonged storage and shipment (Dirlewanger and Arús,
2005; Sansavini et al., 2006). This unfavourable trend has led peach breeders to select cultivars
with the right compromise between quality and immaturity at harvest (Fideghelli et al., 1998) in
order to increase market demand for peaches in developed countries. Variability of fruit quality
at harvest involves several interrelated factors (Genard and Bruchou, 1992) of which organic
acid and soluble sugar contents and composition are major components (Esti et al., 1997). The
majority of traits associated with fruit quality are quantitatively inherited, and therefore, difficult
to breed (Bielenberg et al., 2009).
Over the last 30 years approximately 60-70 peach and nectarine cultivars have been
released yearly (Della Strada et al., 1996; Fidghelli et al., 1998). Approximately two-thirds of
these releases are peaches and the remaining third are nectarines. Over the past 30 years nearly
half of the cultivars released worldwide were developed in the USA while approximately 30% of
the varietal releases are from Europe, mainly France and Italy. Fewer varieties are developed in
South Africa, Australia, Asia (mainly China and Japan), and Latin America (mainly Mexico and
Brazil) (Byrne et al., 2002).
2.1.4 Peach as a Model Species for Rosaceae
Peach is one of the three phylogenetically distinct genomic models within the Rosaceae
and serves as the reference model species for stone-fruit (Abbott et al., 2002; Shulaev et al.,
2008). In peach, expanding genomic resources highlight this crop as a model species for
genomics studies of tree fruits (Abbott et al., 2002; Byrne, 1990; Shulaev et al., 2008;
Zhebentyayeva et al., 2008). Details of these genetic and genomic resources can be found on the
updated Genomic Database for Rosaceae (GDR) (Jung et al., 2008). Peach is a useful model
species for experimentation in stone-fruit genetics and genomics due to several advantageous
characteristics. Peach is a diploid species with eight chromosomes (2n = 16) with no reported
history of significant genomic duplication. Peach trees are monoecious and self-compatible,
thereby, allowing for selfed F2 population development for genetic mapping projects. Peach trees
reach reproductive maturity after 3-5 years of seeding (Rieger, 2006), which is relatively short
compared to most other tree crop species. Most other fruiting tree species require approximately
6-10 years to produce fruit (Dhanapal and Crisosto, 2013). The short juvenility period of peach
enables early characterization of floral, fruit and seed related traits. The use of soft and hardwood
cuttings to generate clonally propagated material to replicate plantings and maintain individuals
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is relatively easy (Okie, 1984). Thousands of cultivars of peach are grown on an international
scale and many of these cultivars have been phenotypically well characterized (Scorza and
Sherman, 1996). Many mutations and ‘simple’ segregating traits have been identified in peach
(Scorza and Sherman, 1996). The peach genome is relatively small [( 220-290 Megabase pairs
(Mbp)/Chromosome (C)] (Baird et al., 1994; Dhanapal and Crisosto, 2013; Dirlewagner et al.,
2002; Potter et al., 2007; Tuskan et al., 2006), which is less than double the size of the
Arabidopsis genome (145 Mbp/C) (Arumuganathan and Earle, 1991).This small genome size
coupled with the extensive genomics and genetics resources available at the Genome Database
for Rosaceae website (http://www.bioinfo.wsu.edu/gdr) allow the map-based cloning and
annotation of genes that regulate important agronomic traits, as well as the development of
molecular markers inside or tightly linked with genes for usage in marker-assisted breeding
(MAB) (Fan et al., 2010). The diploid nature of peach and the availability of many mapped
simple sequence repeat (SSR) markers, which are transferable within Prunus, facilitate linkage
map construction (Fan et al., 2010). The expanding integration of genetic and physical maps as a
result of the sequenced peach genome will enhance the development of candidate gene
identification, thereby, providing a bounty of knowledge and tools for Prunus researchers
(Bielenberg et al., 2009). Currently there are over 80,000 expressed sequence tags (ESTs),
multiple BAC genomic libraries, cDNA libraries, several genetic maps anchored to a common
genetic map and physical genetic maps with anchored genetic markers and (ESTs) for peach
(Bliss et al., 2002; Boudehri et al., 2009; da Silva Linge et al., 2015; Dirlewanger et al., 1999,
2002, 2006, 2009, 2012; Eduardo et al., 2011; Etienne et al., 2002b; Fan et al., 2010; Horn et al.,
2005; Illa et al., 2011; Joobeur et al., 1998; Jung et al. 2004; Le Dantec et al., 2010; Ogundiwin
et al., 2009; Pirona et al., 2013; Quarta et al., 2000; Quilot et al., 2004, 2005; Romeu et al., 2014;
Shulaev et al., 2008; Sosinski et al., 1998; Yamamoto et al., 2001, 2005; Zhebentyayeva et al.,
2014).
2.1.5 Peach Breeding Trends
In Rosaceous tree fruit crops the development of new cultivars with improved fruit
quality and other economically valuable traits through breeding is highly valued (Hummer and
Janick, 2009; Iezzoni et al., 2010). Currently, the most common breeding strategy for peach and
other Rosaceous tree fruit is to generate desirable genetic combinations through the use of
biparental crosses and making selections among the resulting progenies with required genotypes
8

(Badenes and Byrne, 2012; Bliss, 2010; Janick and Moore, 1975) (Figure 1). These individuals
then become the foundation for replicated plant, location and year trials and may potentially
become new cultivars after multiple years of evaluation (Bliss, 2010; Kumar et al., 2012; Luby
and Shaw, 2001).

Figure 1 A general breeding scheme
for rosaceae tree fruit crops.
Adapted from “Current applications,
challenges, and perspectives of marker–assisted
seedling selection in Rosaceae tree fruit
breeding”. By Ru et al. (2015). Tree Genetics
and Genomes. 11:8.

Due to market competition, consumer approval of fruit quality is essential for the success
of newly developed peach and nectarine cultivars (Crisosto and Crisosto, 2005; Crisosto et al.,
2006b; Iglesias and Echeverría, 2009). Fruit quality is defined as the chemical and physical
components of the fruit that make it acceptable and appealing to consumers (Kramer and Twigg,
1966). Some of the key factors that determine good quality fresh peaches and nectarines include
skin appearance (colour and freedom from defects), texture, flavour, sugar content, acid content
(Cantín et al., 2010) and the shape and proportions of the fruit (Badenes et al., 2006). Many of
these quality parameters are dependant on and/or interrelated to one another, and therefore,
should be considered jointly in breeding programs when targeting choices of production
objectives (Cantín et al., 2010). Several phenotypic and genetic studies carried out in peach
report correlations among several pomological characters related to fruit quality (Byrne et al.,
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1991; Esti et al., 1997; Génard et al., 1994, 1999). In some cases important agronomic and fruit
quality traits such as peach flesh texture (Bassi and Selli, 1990), flesh adhesion (Yamamoto et
al., 2001), flesh colour, (Connors, 1920), skin colour (Yamamoto et al., 2001), Low-acid (LA)
fruit (Monet, 1979), skin hairiness (Dirlewanger et al., 1998) and fruit shape (Lesley, 1940) are
controlled by major genes transmitted through a Mendelian pattern of inheritance (Cantín et al.,
2010). However, the majority of traits selected for in fruit trees as in most cultivated species are
quantitatively inherited and include characters related to plant growth and architecture, yield,
fruit quality and bloom and harvest dates (Dirlewanger et al., 1999; Etienne et al., 2002b).
Traditional peach breeding is a long process that may take up to 20 years before the
release of initial desirable cultivars. The first step in the breeding process is to select parental
genotypes that contain the desirable characteristics that producers and consumers want. Once the
parents are selected the flowers must be emasculated and hand pollinated. Average breeding
programs may end up pollinating up to 15,000 flowers annually, of which only 200-300 seedling
trees from these pollinations make it through the initial screens. It is these trees that end up
representing the pool from which new peach cultivars will be selected. Modern peach breeding
uses DNA technology to make the breeding process more efficient. DNA technology is a
wonderful alternative where a genetic marker, a segment of a plant’s genetic makeup that is
associated with a trait, is used to select for a particular phenotype. If a seedling tree is positive
for the genetic marker associated with a particular fruit trait, the breeder knows with certain
certainty, that the tree will produce fruit with that sought after trait without having to evaluate the
tree in the field. Therefore, the use of DNA marker technology means a seedling tree can be
tested for a marker when it is only weeks or months old, which allows unfit material to be
discarded at the front end of a breeding program. In turn, this allows breeders to quickly enrich a
population with trees that have desirable characteristics in less time and with less effort and
resources compared to traditional breeding techniques.
2.1.6 Molecular Markers in Peach
Molecular markers (syn; genetic markers, DNA markers) are single loci with detectable
alleles and/or allelic combinations (haplotypes). Molecular markers are the richest form of
markers in Rosaceae tree fruit genomes, including peach, and are accessible through many
technological platforms (Ru et al., 2015). Genetic markers enable the identification of sites and
degrees of variation among individuals at the DNA sequence level (Collard et al., 2005; Jones et
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al., 1997). However, the long juvenility period and large size of fruit trees makes it difficult to
obtain data on the mapping or co-segregation of markers with agronomic characters compared to
other species (Joobeur et al., 1998). This impediment means that research leading to the
development of marker maps and their use in fruit improvement could have practical impacts,
which are larger than what can be attained in herbaceous species (Joobeur et al., 1998). Hence,
molecular markers linked to fruit-specific traits are a great asset for the identification and
selection of genotypes that contain desirable fruit phenotypes long before the fruit is produced on
the tree (Dirlewanger et al., 2006).
Many different molecular markers are available in peach including isozymes (Durham et
al., 1987; Messeguer et al., 1987; Mowrey et al., 1990a and b), random amplified polymorphic
DNAs (RAPDs) and restriction fragment length polymorophic DNAs (RFLPs) (Arús et al., 1994;
Chaparro et al., 1994; Dirlewanger and Bodo, 1994; Quarta et al., 1998; Rajapakse et al., 1995),
microsatellites or simple sequence repeats (SSRs) (Aranzana et al., 2002, Aranzana et al., 2003a
and b; Cipriani et al., 1999; Dirlewanger eta l., 2002; Sosinski et al., 2000; Testolin et al., 2000;
Wang et al., 2002) and single nucleotide polymorphisms (SNPs) (Eduardo et al., 2012; MartinezGarcia et al., 2013; Verde et al., 2012). These various genetic markers have been used to
investigate genetic diversity and genome structure changes associated with peach and other
members of the Rosaceae (Wünsch and Hormaza, 2002). SSRs have become markers of choice
for the construction of genetic maps in many plant species due to their abundance, high degree of
polymorphisms, suitability for automated analysis, co-dominant inheritance and large number of
alleles per locus (Weber and May, 1989). Many SSR markers have been developed from several
stone fruit species within Prunus (i.e. peach, cherry and apricot) (Aranzana et al., 2002; Cantini
et al., 2001; Cipriani et al., 1999; Dirlewanger et al., 2002; Lopes et al., 2002; Sosinski et al.,
2000; Struss et al., 2002; Testolin et al., 2000; Yamamoto et al., 2002; Yamamoto et al., 2003).
SSR markers are highly applicable in Prunus and very effective in comparative mapping within
this genus (Dirlewanger et al., 2002; Lambert et al., 2004). For these reasons, SSRs are
considered the best choice of markers for aligning different linkage maps that are used as anchor
loci and to compare genus structure within Prunus (Yamamoto et al., 2005).
2.1.7 Quantitative Trait Loci in Peach
French (1951) was the first to introduce quantitative genetics for peach (Monet, 1989).
After this initial introduction of peach quantitative genetics, peach genetic studies appeard to be
11

abandoned until the first publication by Monet (1967). After this publication, peach genetic
studies advanced steadily.
Quantitative triat loci (QTLs) are sections of DNA that correlate with variation in a
phenotype. QTLs are typically linked to, or contain, the gene(s) that control the phenotype of a
particular trait. The mapping of QTLs is accomplished by identifying the molecular markers that
correlate with an observed trait. The identification of QTLs is usually the first step associated
with determining and sequencing the genes that cause trait variation.
QTL analysis is the study of the overall effect of all the genes associated with a trait.
QTL analysis mainly deals with many minor genetic changes associated with several genes as
opposed to major genetic changes associated with one or a few genes (Kearsey, 1998). QTL
analysis, therefore, is the study of the genetic variation of a character and is used to locate the
genes responsible for the observed variation and quantify their effects and interactions (Kearsey,
1998; Quilot et al., 2005). The quantification of the effects and interactions of QTL enable
breeders to predict the behaviour of genotypes with any given combination of alleles (Quilot et
al., 2005). However, these predictions are commonly only valid under environmental conditions
similar to those where the QTLs were originally detected (Quilot et al., 2005). The ability to
conduct QTL analysis is dependant on the development and use of molecular markers
Very few QTLs associated with organoleptic fruit quality have been mapped (Abbott et
al., 1998a; Quarta et al., 1998) and the genes that regulate organoleptic fruit quality are mainly
unknown (Etienne et al., 2002a; Saliba-Colombani et al., 2001). QTLs for FDP, FM, FF, FS, pH,
TA, SSC and soluble sugar (SS) have been detected in peach (Abott et al., 1998; Quarta et al.,
2000). Fruit quality QTLs tend to be clustered in a few genomic regions, particularly on linkage
groups (LGs) 4, 5 and 6 (Dirlewanger et al., 2009). Similarly, most disease resistance QTLs and
genes are also clustered (Pflieger et al., 1999). This observation suggests that (1) a small number
of Mendelian factors can explain a large part of the genetic variance of fruit quality traits and (2)
traits for different characters frequently share common QTLs (Dirlewanger et al. 1999).
Therefore, co-located QTLs will generally correspond to distinct, closely linked genes or to a
unique gene with a pleiotropic effect on many traits influenced by the same physiological
process (Quilot et al., 2004). In contrast the genes involved in fruit development, SS and organic
acid metabolism and accumulation are generally not clustered (Etienne et al., 2002a). The
identification of genes involved in peach fruit quality variation will assist breeders in developing
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new cultivars with enhanced fruit quality characteristics (Etienne et al., 2002a). Many research
groups are attempting to identify the genes regulating important peach fruit quality traits. The
candidate gene (CG) approach is the most common and simplest method currently used to
identify important traits in peach (de Vienne et al., 1999). This approach is based on the priori
choice of genes that might be functionally related to the trait of interest. Correlations between the
trait of interest and allelic polymorphisms at CGs are used to determine whether a gene is a
likely candidate for playing a part in regulating a trait. The use of quantitative genetics in peach
through the use of QTLs will hopefully permit the implementation of more rational
methodologies of selection that are not so subject to chance (Monet, 1989) as has been the case
throughout breeding history.
2.1.8 Marker Assisted Selection in Peach
Peach breeding is time-consuming, particularly for fruit-specific traits, because trees take
several years before they produce fruit once they are seeded. This long inter-generation period
coupled with the large size of tree species are responsible for the sluggish progress of fruit
breeding. Throughout history breeders who selected genetically superior seedlings focused on
phenotypic information obtained from each seedling. This method of breeding is termed
traditional seedling selection (TSS). Although considerable genetic improvement has been
achieved in the past centuries using this technique, this breeding method is generally inefficient
in rosaceous tree fruit crops (Ru et al., 2015). The most important traits that are selected in fruit
tree breeding programs are related to fruit quality, and fruit can only be phenotypically assessed
once trees are physiologically mature (Dirlewanger et al., 2004: Janick and Moore, 1975; Luby
and Shaw, 2001). TSS targeting the improvement of traits that require trees to be physiologically
mature is expensive and time-consuming due to the relatively long juvenility and large plant size
of peach and other tree fruit species.
TSS is also limited by environmental factors or when unanticipated genotype x
environment (GxE) interactions are at play (Kumar, 1999). These variables make the
identification of truly genetically superior seedlings difficult to discover using TSS when
heritability is low or when GxE interactions are high. Despite these difficulties, improving the
predictiveness of phenotypic information for traits with low heritability or high GxE interactions
is possible if seedlings are replicated in time and space (Asea et al., 2012; Luby and Shaw, 2001;
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Moreau et al., 2000). However, this strategy is not realistic for peach breeding programs due to
the high costs and time associated with large seedling numbers (Luby and Shaw, 2001).
Currently, peach breeding programs first focus on phenotypically evaluating large
numbers of seedlings for highly heritable traits (Evans et al., 2011; Kumar et al., 2012; Peace and
Norelli, 2009). This process enables the reduction of the numbers of seedlings required for
replicated trials, and enables breeders to focus on identifying more recalcitrant traits during
advanced evaluation trials when seedling numbers are lower. This method enables a reduction in
cost, space and time associated with subsequent advanced evaluation trials (Ru et al., 2015).
However, this method of reducing seedling numbers has its limitations because selection
intensity is low when seedling numbers are reduced in advanced trials. Therefore, unless the
frequency of genetically superior seedlings is high for each of the fruit traits, breeders are often
compromising quality across traits (Ru et al., 2015).
In order to make TSS more efficient and practical, molecular based markers may be used
to select genotypes for fruit quality traits using MAS. MAS is an indirect form of selection where
a character of interest is selected based on a marker linked to the character and not the character
itself. The use of MAS allows the selection of genotypes for adult traits such as fruit quality,
maturity and tree architecture as well as difficult-to-select traits such as disease resistance and
post harvest characters (Byrne, 2002). The purpose of MAS is to overcome many of the
limitations associated with phenotypic-based selection. MAS enables the implemention of a
method of selection that is partially based on the trait-level predictive genotypes of genetic
markers (Asins et al., 2010; Collard et al., 2005; Tester and Langridge 2010).
Classically the term marker-trait association has been used to describe the process of
seeking associations between allelic variations at DNA markers with phenotypic variation in
traits of interest (Lynch and Walsh, 1998). However, this term gives a false impression that
associations are between traits and markers instead of between traits and one or more genetically
variable loci (i.e. QTL), each of which contributes to the phenotypic variation of the trait (Ru et
al., 2015). Each of these loci has one or more nearby DNA marker, which provides a picture of
the genomic make up of the trait under selection (Ru et al., 2015). To account for the false
impression perceived by marker-trait association, the term marker-locus-trait (MLT) association
was introduced by Bliss (2010).
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The use of the concept MLT association is useful in applying MAS as it ensures the
consideration of the extent to which the various loci controlling a particular trait contribute to a
traits phenotypic variation, and therefore, the extent to which DNA markers have been tagged to
the trait. Once these DNA markers are confirmed in relevant breeding germplasm, accessions of
one or more DNA markers for each trait locus may be utilized as indicators for trait levels (Ru et
al., 2015). Upon confirming MLT associations in a breeding program, recombination frequencies
between markers and trait loci must be taken into account in order to reduce the occurrence of
false positives; the higher the recombination frequency the less often a marker allele will be
predictive of the presence of a target trait locus allele (Bliss, 2010; Tartarini and Sansavini, 2003;
Testolin, 2003). Therefore, it is of utmost importance to use markers within or closely linked to
target trait loci (Edge-Garza et al., 2010; Halder et al., 2010) or to have several flanking markers
(Kellerhals et al., 2011; Tartarini et al. 2000). It is important to note that MLT associations
identified in one population under certain environmental conditions may not be consistant in
other populations or in another environment (Collard and Mackill, 2008; Dwivedi et al., 2007;
Peace and Norelli, 2009).
To date, molecular markers in peach have been developed for disease resistance
(powdery mildew, peach leaf curl, root knot nematodes), early ripening and several fruit quality
traits such as sugar, pH, maturity, fruit size and skin color (Bellini et al., 2001; Blenda et al.,
2001; Dirlewanger et al., 1999; Foulongne et al., 2001; Kervella et al., 1998b; Lu et al., 1999;
Sosinski et al., 1998). Currently, in peach, MAS is only used for rootstock breeding programs to
pyramid root-knot nematode resistance (Arús et al., 2004; Claverie et al., 2004; Lu et al., 1998;
Yamamoto and Hayashi, 2002). MAS for other well-characterized genes affecting fruit quality
traits such as flesh colour, skin pubescence, fruit shape and sweetness have not been reported.
MAS has not yet been used to breed peaches for enhanced fruit quality because the variability of
these traits are quantitatively inherited and there is a lack of QTLs developed for these traits
(reviewed in Layne and Bassi, 2008). Although there is some genetic information available for
some fruit quality traits, more detailed knowledge of the number, effects and map positions of
the QTLs affecting fruit quality traits is essential before QTL-associated markers can be
routinely integrated in breeding programs (Layne and Bassi, 2008). The majority of studies
related to fruit quality traits divide quality into a number of elementary components. The
reduction of fruit quality into elementary components practically functions to allow MAS of fruit
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with desirable characteristics and fundamentally functions to enable the understanding of the
molecular basis of quality (Dirlewanger et al., 1999). To date, many peach agronomic characters
have yet to be mapped; furthermore, very few of the traits that have been mapped are actually
being used in MAB (Direlwanger et al., 2006).
The use of genomic data for MAS in peach has many applications to crop improvement;
however, despite progress in dissecting quantitative traits, MAB for fruit traits in peach has not
yet been reported (Bielenberg et al., 2009; Eduardo et al., 2011). MAB will be particularly useful
for assessing mature reproductive traits, such as flowering, fruiting and chilling requirements, as
these traits can only be evaluated after several years of tree growth (Bielenberg et al., 2009).
Therefore, MAS will allow breeders to cull undesirable progeny from crosses shortly after
germination, and hence, reduce the time, expense and effort of maintaining and evaluating large
numbers of progeny in MAB programs (Bielenberg et al., 2009). The recent availability of the
peach physical map (International Peach Genome Initiative, 2013) has and will continue to allow
for marker saturation around important traits, and therefore, it is foreseeable that MAB in peach
will prove successful over the years to come (Shulaev et al., 2008). Currently, MAS is often the
primary cited goal of mapping projects (Byrne, 2002) because MAS helps to reduce field space
by up to 50-90% and the generation time by 1 to 2 years per cycle (Byrne, 2002). Although the
advantages of MAS are plentiful, they need to be weighed against the cost of marker
development, DNA extraction and marker scoring.
2.1.9 Marker Assisted Seedling Selection in Peach
The use of MAS in seedling selection is referred to as marker-assisted seedling selection
(MASS) (Bliss, 2010; Peace and Norelli, 2009). MASS utilizes DNA markers to allow an early
DNA-based evaluation of the genetic performance potential of seedlings while aiming at
improving cost and/or genetic efficiency of TSS and MAS (Ru et al., 2015). MASS efficiencies
depend on the crop, trait, breeding strategy and selection standards or thresholds (Asea et al.,
2012; Yousef and Juvik, 2001). The adoption of MASS in Rosaceae tree fruit breeding
programs, particularly peach breeding programs, has been slow, but much success is anticipated
in future years through the use of this technique to improve fruit quality traits (Ru et al., 2015).
One of the key requirments to the widespread adoption of MASS in peach is to provide more
breeding-program-specific DNA tests for high-impact attributes, particularly fruit quality traits
(Ru et al., 2015). MASS is best implemented in scenarios where DNA testing is conducted at an
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early seedling stage, for single or multiple traits, without significant interactions between them,
and when trait loci targeted by MASS have a major influence on trait levels (Ru et al., 2015).
Analytical studies conducted in plant and animal breeding suggest that DNA markers can be
used to improve the genetic gain of traits with low heritability in seedlings (Lande and
Thompson, 1990; Moreau et al., 1998; Smith, 1967).
MASS is superior to TSS because DNA-based genotypes are independent of plant
development stage, and therefore, identification of seedlings predicted to be genetically superior
for a trait can be conducted on very young plants such as newly germinated seedlings (Foolad
and Panthee, 2012; Hospital, 2009; Peace and Norelli, 2009). In turn inferior individuals can be
culled, which means a reduction in plant rearing and phenotyping costs (Bliss, 2010; Collard and
Mackill, 2008; Edge-Garza et al., 2010; Luby and Shaw, 2001). MASS is also becoming more
cost efficient compared to TSS as DNA testing technologies are leading to DNA tests, which are
cheaper than phenotypic screening procedures (Bliss, 2010; Collard et al., 2005; Edge-Garza et
al., 2010; Hospital, 2009; Kumar, 1999; Tester and Langridge, 2010).
In several Rosaceae fruit tree crops successful MASS applications have been reported,
therefore, substantiating the feasibility and value of conducting MASS in other Rosaceae tree
fruit breeding programs such as peach (Ru et al., 2015). Some examples of successful or
potentially successful MASS applications in Rosaceae fruit tree crops include DNA tests of skin
colour and acidity (Peace, 2013a) and disease resistance (Jänsch et al., 2015) in apple; fruit
firmness (Peace, 2013a) and leaf spot resistance (Peace, 2013b) in cherry; and acidity (Eduardo
et al., 2014), flesh colour (Adami et al., 2013; Falchi et al., 2013), maturity date (Peace, 2013a;
Pirona et al., 2013), flat fruit (Picañol et al., 2013) and nectarine phenotype (Vendramin et al.,
2014) in peach. These applications provide insight into the methodologies required to further
extend MASS adoption and use in peach and other fruit species (Ru et al., 2015). However, in
general the use of MASS in peach and other Rosaceae tree fruit crops is lacking and perceived as
a major challenge. Every trait level targeted by successful MASS examples is important to a
breeding program and should be considered prior to the early culling of seedlings (Bliss, 2010).
This cautious approach is vital because once young seedlings are culled by DNA tests, they are
lost forever, no matter how great their genetic potential is for other triats (Ru et al., 2015).
Therefore, trait levels with low priority in breeding programs are not very suitable for MASS. In
order to enable MAB in rosaceous crops such as apple, sweet cherry, tart cherry, strawberry and
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peach the Rosaceae genomics, genetics and breeding groups united in a large-scale project titled
RosBREED (Iezzoni et al., 2010). It seems feasible in the near future that a wider and more
imaginative implementation of MASS in peach will facilitate more efficient breeding for
cultivars with superior fruit quality.
2.1.10 Heritability, Correlation and Variance
The knowledge and use of genetic parameters such as heritability, correlation and
variance are very useful in making predictions about the genetic progress expected from crosses
in a breeding program (Falconer, 1989).
Heritability is a property of the population, the environmental conditions that the
individuals are subject to and of the method used to measure the phenotype (Falconer, 1989;
Nyquist, 1991). Obtaining heritability estimates for a character necessitates the partitioning of
the observed variation into gentic and environmental effect components (Cockerham, 1963).
Many peach breeders and geneticists have estimated the heritability of many characters related to
peach fruit in a wide range of conditions (Hansche, 1986a andb; Hansche and Boynton, 1986;
Hansche and Hesse, 1972; Monet and Bastard, 1982; Vileila Morales et al., 1981) (Table 1).
Heritability estimates are useful for studying major changes associated with the amount and
nature of genetic variabilityof breeding populations undergoing selection (Hanshce et al., 1966)
and for choosing the most appropriate breeding procedure to use (Cockerham, 1963; Hill, 1971).
In general, traits with high heritability that have a large phenotypic variance are subjected to
large genetic gains per generation when selection is applied (Dudley and Moll, 1969; Falconer,
1989; Hansche, 1983; Hesse, 1975b; Nyquist, 1991). However, selection response is a function
of both heritability and selection differential, and therefore, response to selection may be small if
selection differential is small even though heritability is high (Nyquist, 1991). Genetic advances
for traits with high heritability values are usually expected to be relatively rapid, however, it is
important to note that after every generation of selection the gene frequencies of the population
changes, thereby, changing the heritability values for the trait (Hanshce, 1983; Hill, 1971;
Falconer, 1989). For this reason response to selection for a trait is expected to decrease with
every generation of selection due to decreased variability in the population. This situation results
when only the most desirable individuals are selected from the population (Falconer, 1989; Hill,
1971).
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Epigentics is the study of changes in organisms caused by modifications of gene
expression rather than alteration of the genetic code itself. Epigentic factors are often a function
of micro and macro environmental changes experienced by trees, which are often not heritable.
Therefore, heritability estimates for flowering and fruit quality traits in peach may range
significantly due to variation in epigenetic factors that may influence these traits.
Table 1 Heritabilityof several fruit quality related traits in peach and the corresponding authors that
reported the heritability values.
Character
Heritability
Author
Bloom Date
0.39-0.90
Hansche et al. (1972); Monet and Bastard (1982); de Souza and Byrne (1998)
Ripening Date
0.67-0.94
Hansche et al. (1972), de souza and Byrne, (1998)
Fruit Polar Diameter
0.31-0.0.91 Hansche et al. (1972), de souza and Byrne, (1998); da Silva Linge et al. (2015)
Fruit Cheek Diameter
0.26-0.80
Hansche et al. (1972), de souza and Byrne, (1998); da Silva Linge et al. (2015)
Fruit Suture Diameter
0.29-0.93
Hansche et al. (1972), de souza and Byrne, (1998); da Silva Linge et al. (2015)
GFS (FPD/FSD)
0.61
de Souza and Byrne (1998)
Fruit Mass
0.31-0.87
de Souza and Byrne (1998); da Silva Linge et al. (2015); Hansche, 1986
Fruit Firmness
0.13
Hansche et al. (1972)
Fruit Acidity
0.19-0.39
Hansche et al. (1972), de souza and Byrne, (1998)
Fruit Soluble Solid Content 0.01-0.33
Hansche et al. (1972), de souza and Byrne, (1998)
Fruit Development Period 0.73-0.98
Vileila-Morales et al. (1981)

Genetic correlation or correlation between breeding values can be due to pleiotropy or
linkage (Falconer, 1989; Mode and Robinson, 1959). Phenotypic correlation or correlation
between phenotypic values results from the non-additive combination of both gentic and
environmental correlations (de Souza and Byrne, 1998). de Souza and Byrne (1998) classified
genetic and phenotypic correlations as strong/very strong if they were greater than or equal to
0.65, moderately strong if they were between 0.50-0.64, Moderately weak if they were between
0.30-0.64 and weak or very weak if they were less than 0.30. A positive genetic correlation is
desirable when the trait of interest is associated with another desirable trait, or when different
degrees of expression of two characters are undesirable (de Souza and Byrne, 1998). By contrast,
a negative genetic correlation is desirable when it involves two undesirable traits (de Souza and
Byrne, 1998). It is important to note that caution is needed in the interpretation of correlated
responses. This is because genetic correlation, and therefore, correlated response rapidly changes
due to selection and random genetic drift (Falconer, 1989). Since correlated response is a
function of the genetic correlation between the traits involved and genetic correlation is a
function of gene frequency, which is very sensitive to changes (Bohren et al., 1966), breeders
should be aware that the theory of correlated response does not always practically work as
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expected (de Souza and Byrne, 1998). Therefore, when estimating correlated response to
selection it is important to consider changes in a population’s gene frequency as the population
evolves after each generation of selection.
2.1.11 Genome-Wide Association Studies and Association Mapping in Peach
The concept of fruit quality in peach and other Prunus fruit crops includes both the
attainment of fruit quality (ex. changes in fruit colour, flavour and texture) as fruit develop, grow
and mature as well as the post harvest maintenance of fruit quality as the perishable tissues
senesce (Ogundiwin et al., 2009). Fruit quality can be divided into organoleptic and nutritional
components. Organoleptic components are those aspects related to the sensorial aspects of fruit
quality, while nutritional components are those aspects related to the chemical composition and
nutritional and health value of fruit components. The phenotypic expression of the majority of
these quality components is quantitative and based on complex biochemical processes. These
processes are often deterimined by the interaction of several genes, which are often involved in
different metabolic pathways (Eudald et al., 2011). Major biochemical sensory changes in
texture, colour and flavour are the main components that regulate the complex processes
associated with Prunus fruit development, growth, ripening and senescence (Dhanapal et al.,
2013). The genetic dissection of these complex processes has significant applications for the
genetic improvement of crops (Cao et al., 2012); including peach and other Rosaceae fruit tree
species.
The identification of genetic variants that underlie complex traits is essential in plant
genetics (Dhanapal et al., 2013). There are two main techniques used for mapping relevant genes
and identifying variants associated with complex traits; linkage mapping in families and
population-based genetic association studies (Agrama et al., 2007). Theoretically, genetic
association mapping is a more powerful approach for identifying variants with weak effects
compared to linkage mapping studies (Risch and Merikangas, 1996).
Association mapping (AM) or linkage disequilibrium mapping is a technique used to map
QTLs. In AM historical linkage disequilibrium sites are used to link phenotypes to genotypes.
The development of genetic markers is essential for successful application of association studies
(Dhanapal et al., 2013). In general AM involves the sequencing of a whole genome or selected
segments of the genome of an organism. These sequences are then used to identify differences
across the genome; the polymorphisms identified are then genotyped across a larger, more
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diverse, but unrelated population in order to identify individuals with desirable phenotypes
(Dhanapal et al., 2013). Advances in genome sequencing and SNP genotyping have allowed the
applicability of AM for QTL mapping in crops (Morgante and Salamini, 2003; Rafalski, 2010).
Although there are many types of molecular markers that may be used in MASS, SNP
markers tend to be favoured in breeding programs (Dhanapal et al., 2013). SNPs have a
relatively low mutation rate and are evolutionarily stable between generations across the genome
(Batley and Edwards, 2009). SNPs tend to have less detection and/or evaluation errors than SSRs
(Hamblin et al., 2007). Breeders are able to map QTLs with great precision using SNPs
compared to RFLPs or SSRs (Yu et al., 2011). Finally, SNPs are usually transferable across
species within a genus (Grattapaglia et al., 2011). Both exonic and intronic SNPs are useful in
genetic mapping; however, exonic SNPs are more likely to correlate genotypes to phenotypes
(Eudald et al., 2011). This is because selection pressure is much higher in coding than in noncoding sequences (Feltus et al., 2006; Yang et al., 2007), and therefore, exonic SNPs are
potentially more useful for MASS compared to intronic SNPs (Eudald et al., 2011).
Arús et al. (2005) demonstrated that Prunus species share a pattern of complete synteny
because many common markers exist between Prunus species mapped on the TxE reference
map. Therefore, the location of a major gene or QTL in a map of one Prunus species may be
used to predict the location of that gene or QTL in another Prunus species. This technique
enables the integration of results of different species and populations in a single genetic map
(Dirlewanger et al., 2004). This is particulary useful for identifying QTLs in Rosaceous tree fruit
species because a limited number of genetic markers are available for individual species, but
collectively many genetic markers are available in each genus.
There are several methods that may be used to identify QTLs using AM. More recently
techniques, which examine the entire genome to identify associations between phenotypes and
genotypes, have been used successfully. Genome-wide association studies (GWAS) [syn; whole
genome association studies (WGAS), common-variant association studies (CVAS)] examine
many common genetic variants in different individuals to determine if a variant is associated
with a trait. GWAS usually focuses on finding associations between SNPs and traits such as
those associated with fruit quality. Therefore, GWAS is an approach that may be used to identify
causal genetic polymorphisms underlying complex traits (Riedelsheimer et al., 2012; Zhao et al.,
2011) such as fruit quality. Molecular markers linked to causal genes and/or QTLs may be
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identified by GWAS and utilized for MASS (Xu and Crouch, 2008). Several limitations
associated with traditional gene mapping are overcome by the utilization of GWAS. GWAS
provides higher resolution than traditional gene mapping, sometimes to the gene level, and uses
samples from previously well-studied populations where commonly occurring genetic variations
may be associated with phenotypic variation (Brachi et al., 2011). However, successful
application of GWAS and AM in plants depends on adequate assessment and consideration of
population structure and genetic relatedness between individuals in the AM population. If not
assessed properly, these factors may result in inaccurate marker-trait associations that often make
it difficult to distinguish loci that actually affect target traits (Chan et al., 2011; Ersoz et al.,
2007; Gupta et al., 2005).
In 2000, Vision et al. described a method of mapping referred to as bin mapping (syn;
selective mapping). This method of mapping consists of two steps (1) a mapping population is
used to construct a saturated framework map with markers placed on it with high precision and
(2) new markers are added to the saturated framework map with lower precision using a selected
subset of highly informative plants. The advantage of bin mapping is the lower costs associated
with genotyping new markers with minimal loss of mapping precision.
2.1.12 Genotyping by Sequencing
Genotyping by sequencing (GBS) is a next generation sequencing (NGS) approach,
where genotypic sequences are used simultaneously to detect and score SNPs. GBS allows
researchers and breeders to develop molecular markers for important plant traits without
requiring the marker assay stage classically used in marker development. The GBS approach has
been used to identify SNP polymorphisms in many plant species and more recently has been
used in peach (Bielenberg et al., 2015; Micheletti et al., 2015). The GBS method offers a unique
and efficient means of rapidly identifiying SNP polymorphisms, which may be used in MASS in
peach and other Prunus species.
2.1.14 Importance of Genetic Linkage Maps and Marker Assisted Selection in Peach
A genome is the complete set of DNA within a single cell of an organism. Genomics is a
discipline used in genetics that utilizes recombinant DNA, DNA sequencing methods, and
bioinformatics to sequence, assemble, and analyze the function and structure of genomes. The
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development of genomics is very useful in providing tools to improve the efficiency of plant
breeding programs (Dhanapal et al., 2013).
Molecular genetic linkage maps are a major resource in genetics, genomics and breeding
of plant species (Ogundiwin et al., 2009). These maps provide a means for unlocking complex
genetics, which are often associated with quantitatively inherited traits. Understanding complex
genetics through the use of genetic linkage maps involves localizing QTLs, identification and
positional cloning of individual genes, development of genome-wide physical maps and
assembly and annotation of whole genome sequences (Ogundiwin et al., 2009). Furthermore,
genetic linkage maps serve as a repository for markers, which may be useful in MAB
(Ogundiwin et al., 2009). In order to assist fruit breeders, molecular geneticists have been
developing high-density genetic linkage maps for a variety of reasons including (1) to identify
molecular markers that are linked to QTL for important fruit characters that may be used for
MASS and (2) to use the markers for genome walking and positional cloning of genes that
cannot be identified through other means (Sosiniski et al., 1998).
The construction of genetic linkage maps with a high density of well-placed marker loci
is important for studying and identifying the organization of genes, which control the expression
of economically important quantitative and qualitative agronomic traits in numerous plant
species (Bliss et al., 2002; Dirlewanger et al., 1998; Tanksley et al., 1989). These maps aid
breeders and geneticsists in identifying unexpected or undesirable linkages. They also facilitate
MASS to complement standard breeding procedures and improve the selection efficiency of
traits that are otherwise difficult to phenotypically select while the plant is very young (Bliss et
al., 2002). Informative genetic maps will also enable breeders to identify new genetic variability
in less utilized and unadapted genetic resources (Bliss et al., 2002). The development of these
maps for fruit crops has been slow due to a shortage of sustained funding support and biological
limitations. These shortages are typically associated with tree fruits because of their long life
cycles and due to poor genetic characterization of many of these species (Bliss et al., 2002).
Linkage maps of perennial species, such as peach, are particularly useful to breeders because
breeding cycles for these species are long (Dirlewanger et al., 1998). Therefore, development of
molecular markers for economically important traits will help increase breeding efficiency
through the identification and selection of genotypes with novel traits long before these traits are
phenotypically expressed (Dirlewanger et al., 1998). The localization of important genes
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regulating qualitative and quantitative traits can be achieved through the use of genetic linkage
maps (Tanksley et al., 1989).
In the Rosaceae fruit crops comparative mapping and MASS have recently been enabled
with the development of saturated genetic linkage maps using transferable markers, RFLPs,
SSRs and SNPs (Dirlewanger et al., 2004). Several molecular marker based mapping studies
have provided linkage maps of interspecific crosses between peach and other Prunus spp.
(Aranzana et al., 2003; Bliss et al., 2002; Dettori et al., 2001; Dirlewanger et al., 1996, 2004;
Foolad et al. 1995; Foulonge et al., 2003; Joobeur et al., 1998) or intraspecific crosses between
peach accessions (Belthoff et al., 1993; Chapparro et al., 1994; Dirlewanger and Bodo, 1994;
Dirlewanger et al., 1998; Eduardo et al., 2011; Lu et al., 1998; Pirona et al., 2013; Rajapakse et
al., 1995; Shimada et al., 2000, Wang et al., 2002; Warburton et al., 1996, Yamamato et al.,
2002, 2005). Currently, only a few results have been reported for quantititave characters
associated with peach agronomic traits; the majority of these traits are only concerned with
disease resistance (Dirlewanger et al., 1996; Viruel et al., 1998). Other than those traits
associated with disease resistance, the following agronomic traits have also been mapped: tree
shape, broomy growth habit, plant height, evergrowing habit ,leaf colour, leaf shape, leaf gland,
flower type, flower colour, anther colour, polycarpel, male sterility, fruit character (i.e. peach vs.
nectarine), fruit hairiness, fruit skin colour , flesh colour, flesh bleeding, flesh browning,
mealiness, stony hard flesh and freestone, flesh adhesion, flesh colour around the stone, fruit
acidity, fruit flavour, fruit firmness, fructose content, glucose content , SSC, total water soluble
content, FM, FS, FDP, MD, BD , chilling injury resistance, chilling requirement, powdery
mildew disease resistance, root-knot nematode resistance and nematode damage resistance, [
Genome Database for Rosacease (GDR) website (http://www.bioinfo.wsu.edu/gdr/)].
Recently, separate peach BAC libraries were constructed for a peach rootstock cultivar
‘Nemared’ and a haploid of the cultivar ‘Lovell’. The ‘Nemared’ library consists of about 40,000
clones with an average insert size of approximately 60 kb, which yielded a theoretical eight too
tenfold-coverage of the genome. The haploid ‘Lovell’ library consisted of about 35,000 clones
with an average insert size of 80 kb, which yielded a theoretical tenfold- coverage of the genome
(Layne and Bassi, 2008). Through the use of these BAC library resources the peach genome was
sequenced. The recently published and publicaly availability peach genome sequence
(Ineternational Peach Genome Initiative, 2013) will greatly enhance MAB in peach. The
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sequenced peach genome will also enable comparative linkage mapping between peach and other
Rosaceae crops. Furthermore, with the available peach sequence several molecular genetics
approaches may be used with relative ease compared to non-sequenced genomes. This fact will
aid in facilitating the discovery of novel genes associated with flower and fruit quality traits.
Extensive genomics/genetic resources for peach are available at the GDR. These
resources enable the map-based cloning and annotation of genes that control important
agronomic traits for tree arboriculture and for the development of markers inside or tightly linked
to tree, flower and fruit related genes. In turn, this information may be used for MASS
applications. However, in order to achieve these goals it is vital to have detailed resolution of the
location of the genomic regions (QTLs) harboring important genes (Fan et al., 2010). Because
peach has a low level of intraspecific variation a dense consensus map, with highly polymorphic
markers that are well distributed in all genomic regions, is required to guarantee that segregating
markers may be found where needed in the population of interest (reviewed in Layne and Bassi,
2008).
Although many Prunus species linkage maps are available, the interspecific linkage map
(T x E) developed from the interspecific cross ‘Texas, (almond) x ‘Earlygold’ (peach) is the most
saturated of all the linkage maps in Prunus (Aranzana et al., 2003; Dirlewanger et al., 2004;
Joobeur et al., 1998). Because of this high degree of saturation and the high degree of
polymorphisms and extensive co-linearity and synteny among Prunus genomes (Abbott et al.,
2006; Arús et al., 2006), research community consensus has established the T x E reference map
as the common reference map for all Prunus species (Ogundiwin et al., 2009). This map provides
(1) a set of transferable markers that are used as anchors for map construction in other progenies,
(2) a common linkage group terminology and marker order within each linkage group and (3) a
highly detailed report of a polymorphic population that enables the mapping of markers that do
not segregate in most peach interspecific crosses (Layne and Bassi, 2008).
The transferable markers mapped in the T x E population have also been used to
construct genetic linkage maps in other Prunus species. Currently, detailed comparisons between
the T x E map and maps of almond (Joobeur et al., 2000), apricot (Lambert et al., 2004), P.
davidiana (Foulongne et al., 2003), cherry (Dirlewanger et al., 2003) and P. cerasifera (Layne
and Bassi, 2008) can be made. It is also noteable that the order and distribution of the markers
into the eight peach linkage groups was generally identical between Prunus species, which
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suggests that there is a high degree of synteny between species. There are also several
interspecific and intraspecific peach maps that have been anchored with the T x E map. This
network of interconnected maps represents a vast resource from which markers may be found to
saturate specific genomic regions of progeny, or to search for markers that cover the whole
genome and are adequate for QTL or other genetic anlayses (Layne and Bassi, 2008). The
existence of this single reference map (T x E) has allowed researchers to locate the major genes
and QTLs that segregate in different peach populations. The T x E map contains 562 markers
spanning 519 cM with an average density of 0.9 cM per marker (Dirlewanger et al., 2004). A
total of 21 major genes have been assigned to specific locations on the T x E linkage map (Layne
and Bassi, 2008). Using the T x E reference map, joint analysis between marker and quantitively
inherited traits has also been demonstrated for BD, MD, fruit quality, tree architecture and
disease resistance traits (Abbott et al., 1998a; Dirlewanger et al., 1999; Etienne et al., 2002b;
Foulangne et al., 2003; Verde et al., 2002; Viruel et al., 1998). Furthermore, QTLs with major
effects are consistantly found in different years for all of these traits, which has enabled the
approximate positioning of 28 QTLs on the T x E map (Layne and Bassi, 2008). Genomic
sequence comparisons have also been made between Prunus (T x E map) and Arabidopsis
thaliana (Arabidopsis) genomes using RFLP markers (Dominguez et al., 2003).
Large-insert libraries and physical maps are essential tools for map-based cloning of
Mendelian loci (Arondel et al., 1992) as well as QTLs (Frary et al., 2000). A framework physical
map of the peach genome is currently available (Abbott et al., 2002; Zhebentyayeva et al., 2008)
and has been anchored on the general Prunus genetic map. Synteny studies derived from
comparisons of linkage maps of rosaceous crop species constructed with transferable markers
within the family have revealed that the genomes of Prunus species is greatly collinear
(Dirlewagner et al., 2004).
As a species, Prunus persica has very low genetic variability (Scorza and Okie, 1990);
this has been confirmed by the low level of polymorphisms observed in this species (Etienne et
al., 2002b). At least 30 simply inherited phenotypic traits have been characterized in peach
(Scorza and Sherman, 1996) and at least 20 different morphological characters identified in
different peach accessions are comparable on a single genetic map (Bliss et al., 2002; Dettori et
al., 2001; Dirlewanger et al., 1998). Furthermore, several Prunus genetic linkage maps have been
partially or fully anchored to the Prunus reference map (T x E). These maps enable the
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comparison of the position of phenotypic traits from different germplasm and species through the
use of comparative mapping strategies (Yamamoto et al., 2005). As an example, Dirlewanger et
al. (2004) revealed the approximate positions of 28 phenotypic traits in apricot, peach, almond
and Myrobalan plum on the framework of the Prunus reference map (T x E). Therefore,
comparative mapping is a feasible and good approach to compare relationships between
phenotypic traits from different germplasm and to identify whether traits from different sources
are controlled by the same gene or different genes (Yamamoto et al., 2005). This comparative
mapping approach is particularly important in fruit tree species where it is difficult to conduct
allelism tests due to the long generation cycles and the space, time and costs associated with
maintaining populations (Yamamoto et al., 2005). Therefore, it is feasible to search the genetic
maps of several Prunus spp. or other fruit trees of Rosaceae in order to identify potential
genomic regions, markers or genes that control flowering and fruit quality traits in peach.
2.2 Peach Flower Type, Bloom Date and Flower Development
2.2.1 Peach Flower Type
Flower type is a qualitative trait and refers to the conspicuity of the blossoms at the time
of flowering. Non-showy (Sh) or inconspicuous flowers are dominant to showy (sh) or
conspicuous flowers and large-sized showy flowers are dominant to small-sized showy flowers
(L/l) (Baily and French, 1949; Connors, 1920; Lammert, 1945) (Figure 2) (Table 2). The flower
type trait has been shown to segregate in a 3:1 ratio (Sh/sh) (Fan et al., 2010; Ogundiwin et al.,
2009), and is therefore inherited as a Mendelian character (Conners, 1920). Petal size is the main
factor that determines whether a flower will be showy or non-showy. Showy flowers have large
petals while non-showy flowers have small petals. However, other factors such as petal colour,
shape and transparency also influences flower type. Three pairs of genes have been shown to
control flower colour (1) coloured flowers vs. white flowers (W/w), (2) pink flowers vs. red
flowers (R/r) and (3) dark pink flowers vs. light pink flowers (P/p) (Lammerts, 1945) (Table 2).
Yamamoto et al. (2001) identified a heritable phenotypic marker for flower colour (Fc) in the
T x E F2 population (Table 2). They demonstrated that the inheritance of Fc fits a 3:1 segregation
ratio according to the chi-square test, and therefore, is controlled by a single gene. Pink flowers
were found to be dominant to pale pink flowers (Fc/fc) and fc was found to be associated with
LG 3 (Dirlewanger et al., 2004; Yamamoto et al., 2001). Unlike many other Prunus species
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peach is self fertile, and therefore, flower type is not as important for pollination. However,
flower type is an important trait for peach trees used for ornamental purposes such as cut flowers
and trees used for designing landscapes.

Figure 2 Floral conspicuity and colour in peach
(A) non-show flower (sh), (B) showy flower (Sh), (C) red flower, (D) dark
pink flower, (E) light pink flower, (F) white flower.
Adpated from “http://www.fanpop.com/clubs/flowers/images/28139615/title/peach-flowerphoto; http://vietnamtravelblogs.com/sculture-food/traditions-tet-vietnamese-year.php;
http://www.thisoldhouse.com/toh/photos/0,,20817198_30157303,00.html;
http://www.apsnet.org/edcenter/intropp/lessons/fungi/ascomycetes/Pages/BrownRotStoneFrui
ts.aspx;
http://avessoft.com/tr/_css/peach-flowers.html;
http://www.nhm.ac.uk/nature-online/british-natural-history/urban-tree-survey/identifytrees/tree-factsheets/p-to-r/peach-and-almond/index.html”.

Table 2 Mendelian trait loci (MLT) related to bloom date
Trait
Inheritance Population
Showiness
Sh/sh
Pop-DG
Showiness
Sh/sh
Pop-DG
Flower size
L/l
Flower Colour
W/w
Flower Colour
R/r
Flower Colour
P/p
Flower Colour
Fc/fc
TxE
Flower Colour
Fc/fc

LG Closest Reference Marker/gene
Reference
1
Baily and French (1949); Connors (1920); Lammerts (1945); Ugundiwin et al. (2009)
8
Between CPPCT006/Unk5
Ogundiwin et al. (2009)
Baily and French (1949); Connors (1920); Lammerts (1945)
Lammerts (1945)
Lammerts (1945); Chaparro et al. (1995)
Lammerts (1945)
4
MA040a
Dirlewanger et al. (2004); Yamamoto et al. (2001)
3
Yamamoto et al. (2005)

Sh, non-showy flowers; sh, showy flowers; L, large flowers; l, small flowers; W, pink flowers; w, white
flowers; R, pink flowers; r, red flowers; P, dark pink flowers; p, light pink flowers; Fc, pink flowers; fc,
pale pink flowers; Pop-DG, Prunus persica ‘Dr. Davis’ x Prunus persica ‘GeorgiaBelle’ (Pop-DG) F2
population.

2.2.2 Peach Bloom Date
2.2.2.1 Importance of Bloom Date
Worldwide production of peach is constantly affected by climatic changes and emerging
abiotic stress. For this reason many peach breeding programs have made environmental
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adaptation an important part of their selection criteria. The most important environmental factors
that affect peach production in terms of adaptation include winter cold hardiness, spring frost
hardiness and chilling requirement (CR). Peach crop damages due to late spring frosts may be
devastating to producers in both cold and warm climates (Bielenberg et al., 2009). There has
been a trend towards increased production of medium [350 to 650 chilling units (CU)] and low
(less than 350 CU) chilling cultivars either under protected production systems (China) or in
subtropical and tropical conditions such as tropical South America (Brazil, Bolivia, Uruguay and
Ecuador) and Northern Africa (Algeria, Egypt, Morocco and Tunisia) (Byrne, 2002). These
varieties allow an extension of the harvest season by at least 30 days over the traditionally
cultivated varieties in high chill growing regions (Byrne, 2002).
Flowering phenology is essential to the productivity of deciduous fruit tree species as it
has an indirect influence on spring frost damage, pollination, dormancy and maturity
(Dirlewanger et al., 2012). Flower phenology is particularly important in the context of global
climate change as shifting patterns in temperature and precipitation may directly impact flower
development and cyclying (Dirlewanger et al., 2012). In turn, this scenario may change risks
associated with frost damage and alter FDP in many growing regions. Furthermore, changes in
flowering time order among cultivars or between adjacent cropping areas for the same cultivar
may alter fruit maturity time order, therefore, disturbing commercial specificities (Dirlewanger et
al., 2012). The fruit from early blooming cultivars often mature and ripen faster than fruit from
late blooming cultivars (Dirlewanger et al., 2015), but several studies report that BD has no
effect on MD or FDP. Producers and marketers receive better market prices for early ripening
cultivars due to supply and demand trends. Therefore, early maturing fruit are often preferred in
temperate fruit tree species, such as peach, because these fruit are available when there is a
shortage of peaches in the market and market prices are higher (Dirlewanger et al., 2012). This
trend of indirectly selecting for early yielding peaches via early flowering genotypes has been a
sought after criteria in many breeding programs in Meditarranean areas (George and Nissen,
1992), however, spring frosts may reduce production in these regions in some years (Cantín et
al., 2010).
The timing of reproductive events of perennial plants in temperate climates is largely
governed by dormancy (Romeu et al., 2014). Dormancy is defined as the period of cyclic
quiescence during low temperatures in fall and winter and is an adaptation that protects
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mersistems within buds from the detrimental effects of cold and water stress (Romeu et al.,
2014). Different forms of dormancy exist within perennial fruit crops including endodormancy,
paradormancy and ecodormancy. Endodormancy involves mechanisms intrinsic to the bud,
paradormancy involves mechanisms that inhibit the growth imposed by other organs of the plant,
and ecodormancy involves mechanisms that inhibit growth imposed by environmental factors
(Lang, 1987). Traditionally, these forms of dormancy were thought to act independantly to
govern the timing of bud break and were not necessarily thought to be dependant on the origin of
the dormancy imposing cues. Therefore, dormancy was not thought to be a state within the
mersitem, but rather a state within the plant as a whole (Lang, 1987). However, more recently the
idea of dormancy has been described as a state within the mersitem, which is independent of the
origin of the dormancy-imposing cues. According to this model dormancy is a state that is
dynamic and quantitative in nature, varying in intensity according to intrsinic and environmental
signals (Cooke et al., 2012; Rohde and Bhalerao, 2007). The major and best- known factor
affecting the release of bud dormancy is the quantitative perception of environmental chilling
(Coville, 1920). The chilling requirement (CR) of a plant is highly genotype-dependant and
involves the perception of plants to the duration of the cold season and particular climatic events
(Romeu et al., 2014). Heat requirement (HR), a period of warm temperatures that is needed prior
to bud burst, initiates the subsequent developmental phases leading to flowering, fruit set, fruit
growth and fruit maturation once the tree has fulfilled the CR for dormancy release (Romeu et
al., 2014).
2.2.2.2 Chilling Requirement and Heat Requirement
Bloom date in Prunus is at least partially determined by a genotype’s CR and HR
(Andrés and Durán, 1999). CR is defined as the duration of low temperatures needed for the
release of endo-dormancy. CR is an important agronomic trait, which affects seed and fruit
development. CR prevents temperate trees from beginning growth in response to transient warm
temperatures, and therefore, ensures that trees avoid damage by subsequent frost(s) in late winter
or early spring (Fan et al., 2010). CR has evolved as a result of long-term climatic adaptation of
genotypes developing in climatically diverse regions. That said, CR limits the climatic
distribution of temperate tree species (Sherman and Beckman, 2003). HR is defined as the
duration of warmer temperatures in the spring needed for trees to flower after having
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experienced the required CR. CRs are based on the chilling units (CUs) required for trees to
fulfill rest, while HRs are based on the accumulation of growing degree hours (GDH) required
for trees to reach full bloom; these two traits are genetically distinct (Layne and Bassi, 2008).
HR is an important factor that influences BD in peach and other temperate fruit tree
species (Citadin et al., 2001; Richardson et al., 1974). It is unclear whether heat accumulation for
floral bud break begins before or after endo-dormancy is released (Fan et al., 2010). Some
studies report that extended chill, more than CR, results in a decrease in HR needed for bud
break (Citadin et al., 2001; Harrington et al., 2009; Scalabrelli and Couvillon, 1986). These
factors make the quantification of the variation of HR among genotypes difficult to assess (Fan
et al., 2010). The GDH model developed by Richardson et al. (1975) is the most commonly used
method of measuring HR (Alburquerque et al., 2008; Citadin et al., 2001; Egea et al., 2003; Ruiz
et al., 2007), however, this model only accounts for heat accumulation from endo-dormancy
release to full bloom (Fan et al., 2010).
Variation in BD occurs due to differences in the CR and HR of trees prior to flowering
(Dirlewanger et al., 2012). This variation has an impact on the climatic distribution of genotypes
within and between species (Fan et al., 2010). Specific combined requirements of cold and heat
exposure is needed by trees for normal BD expression, and therefore, CR and HR are major
factor that influence flower timing (Bielenberg et al., 2009). According to studies conducted in
apricot (Ruiz et al., 2007), sweet cherry (Alburquerque et al., 2008) and peach (Okie and
Blackburn, 2008) the most influential factor determining BD in Prunus is CR (Alburquerque et
al., 2008; Egea et al., 2003; Ruiz et al., 2007). Generally speaking, genotypes possessing low CR
bloom early in cold regions/years and are susceptible to late frost damage (Scorza and Okie,
1990). In contrast, genotypes possessing high CR may be prone to inadequate chilling in warmer
regions/years, which results in irregular bud break. This phenomenon leads to poor fruit set and
is particularly problematic with the current global warming trend (Topp et al., 2008). The
avoidance of late spring frosts during the flowering season may be achieved through alteration of
BD via the genetic manipulation of CR and HR, particularly through the reduction of CR.
However, peach genotypes with low CR that bloom late have been reported (Scorza and
Sherman, 1996; Yarnell, 1945). Breeding for earlier BD, which is often associated with low CR
is an established method for obtaining earlier maturing peach cultivars that maintain adequate
fruit quality (Fan et al., 2010). This technique is particularly usefull to breeders because fruit
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from early maturing peach cultivars are usually preferred as they demand higher early market
prices (Ruiz et al., 2007; Topp et al., 2008). However, it is important to note that an increase in
CR helps protect trees from late fall and early spring frosts, and therefore, breeding for earlier
BD through reduced CRs may be problematic in some growing regions (Fan et al., 2010).
CR has been shown to be semiqualitatively inherited in some fruit species such as apple
(Haugge and Cummins, 1991). Some studies have indicated that CR is regulated by one major
gene with dominant low CR allele(s) (Hauagge and Cummins, 1991; Tzonev and Erez, 2003).
However, no studies have yet reported the successful mapping of QTLs associated with CR for
floral bud break in temperate tree species (Fan et al., 2010). Fan et al. (2010) demonstrated that
the broad sense heritability for CR was 79.5%. This same study found that CRs were moderately
positively correlated with BDs (r = 0.70) and moderately (r = 0.65) or highly (r = 0.82)
negativelly correlated with HRs depending on the population assessed. The nature of inheritance
of HR has not yet been reported (Fan et al., 2010) and it is not clear whether HR is an intrinsic
character in fruit tree species (Couvillon and Erez, 1985; Ruiz et al., 2007). Fan et al. (2010)
demonstrated that the broad sense heritability for HR is ~54% and that HRs were
nonsignificantly (r = 0.14) or weakly (r = 0.19) correlated with BDs. However, despite the
negligible or weak correlation between HR and BD, they reported a HR QTL (qHR1), which
they found to colocalize with a major QTL for CR and BD. Therefore, there may be some
genetic connection between BD and HR.
The significant correlation of phenotypic data between CR and HR or CR and BD
indicates that the genetic mechanism regulating the QTLs associated with these traits are
governed through pleiotropy. Furthermore, the results from some studies assessing BD, CR and
HR suggest the existence of one unified temperature sensing and action system, which likely has
components that regulate both CR and HR or only CR. The regulation of gene expression in such
a system would generally assure late BDs for high CR cultivars and early BDs for low CR
cultivars. This system would also likely upregulate HR for low CR peach cultivars, which would
generally protect them from flower or fruit damage by late spring frosts (Fan et al., 2010).
In Prunus species, CR/BD seems to superficially resemble the vernalization pathway in
winter annuals such as Arabidopsis (Higgins et al., 2010). An understanding of the vernalization
pathway in Arabidopsis may aid in the understanding of the CR/BD system in peach. In
Arabidopsis vernilization, where cold exposure is needed to trigger a flowering response, is
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coordinated in part by the genes FLOWERING LOCUS C (FLC), AGAMOUS-LIKE 19
(AGL19) and AGAMOUS-LIKE 24 (AGL24) (Higgins et al., 2010). FLC, however, seems to be
restricted to the Brassicaceae lineage (Becker and Theißen 2003; Hecht et al. 2005), and
therefore, it is likely that only AGL19 and AGL24 may play significant roles in temperatureresponsive pathways in non-Brassicaceae species (Alexandre and Hennig, 2008). The gene
FRIGIDA (FRI) is located upstream of FLC and regulates FLC. FLC and/or FRI are responsible
for the temperature-regulated switch from vegetative to floral meristem phases in winter annual
ecotypes of Arabidopsis (Gazzani et al., 2003; Strange et al., 2011). No direct FLC or FRI gene
orthologs have been reported in peach (reviewed in Zhebentyayeva et al., 2014). Therefore, the
CR/BD and FLC/FRI pathways are significantly different; the FLC pathway in Arabidopsis
involves the induction of the conversion of vegetative meristems to floral meristems, while in
peach the CR/BD regulation is imposed on an already committed and differentiated floral
mersitem (Zhebenyayeva et al., 2014). Despite these differences the well studies FLC/FRI
pathway in Arabidopsis may serve as a guide to the understanding of the CR/BD pathway in
peach.
DORMANCY ASSOCIATED MADS-BOX (DAM) DAM5 and DAM6 are strong CGs
for the control of CR and BD in peach and other Prunus species (Zhebentyayeva et al., 2014).
DAM genes are reported to be affected by photoperiod and chilling signals and are specifically
expressed in buds (Li et al., 2009). DAM5 and DAM6 expression are correlated with the
dormancy state of buds; their expression is higher in dormant buds and lower after the fulfilment
of CR prior to dormancy release (Jiménez et al., 2010; Yamane et al., 2011). Alleleic amino acid
substitutions in the DAM genes (1) DAM6 (ppa010714m), (2) DAM5 (ppa010822m) and (3)
DAM4 (ppa011123m) were detected by Zhebentyayeva et al. (2014). However, these DAM
genes were reported to have multiple SNPs and/or deletion/insertion polymorphisms (DIPs) in
genic regions that did not affect the predicted protein (Zhebentyayeva et al., 2014). Both DAM5
and DAM6 lie within the qCR1a/qBD1a genomic interval reported by Zhebentyayeva et al.
(2014) to regulate chilling requirements and bloom date in peach.
Work from several groups indicate that tandem duplicated DAM genes in peach are most
likely homologs to SHORT VEGETATIVE PHASE (SVP) and Agamous-Like (AGL24) genes;
these genes encode transcriptional factors with multiple functions in the control of
endodormancy and BD in Arabidopsis (Becker and Theißen 2003; Bielenberg et al., 2008;
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Jiménez et al., 2009; Smaczniak et al., 2012). The AGL24/SVP-Like DAM genes in fruiting
species have been shown to be associated with the establishement and maintenance of dormancy
in peach (Bielenberg et al., 2008; Leida et al., 2010; Li et al., 2009; Yamane et al., 2011),
Japanese apricot (Sasaki et al., 2011; Yamane et al., 2008), grapevine (Diaz-Riquelme et al.,
2009), citrus (Li et al., 2010), and kiwi fruit (Wu et al., 2012).
The evg locus has been shown to affect dormancy in peach (Bielenberg, 2008; Jiménez et
al., 2009) and several DAM genes have been reported within the evg locus (Fan et al., 2010;
Olokolu et al., 2009; Sánchez-Pérez et al., 2012). In addition to being reported in peach, the
DAM genes located in evg have also been reported in apricot and almond. the DAM genes
within evg have been suggested as being likely CGs for the major QTL affecting CR and BD in
LG1 of peach (Olokolu et al., 2009; Fan et al., 2010; Sánchez-Pérez et al., 2012). This
hypothesis is based on the abundant literature conferring DAM genes as playing a role in bud
dormancy maintenance, the fact that the DAM genes are partially deleted in the evg peach
mutant showing non-dormant behaviour, and because the genomic location of evg is close to
QTLs associated with CR and BD (Rumeu et al., 2014).
DAM genes have also been shown to mediate the chilling dependant release of bud
dormancy in Arabidopsis (Hemming et al., 2011; Horvath, 2010). The mechanism by which this
mediation functions has been suggested to be similar to the vernalization chromatin modification
mechanisms associated with the expression of FLC (Horvath, 2011). Some of the chromatin
modification mechanisms involved in FLC regulation include the synthesis of noncoding RNAs,
histone acetylation, trimethylation of H3K4, methylation of H3K36 by EFS, trimethylation of
H3K27 by PRC2 complex and monoubiquitination of H2A by PRC1 (He, 2012; Jiménez et al.,
2009). In a similar way to FLC, DAM1 from leafy spurge and DAM6 from peach are also
regulated at the chromatin level by demethylation of H3K4 and trimethylation of H3K27 after
chilling accumulation (Leida et al., 2012; Horvath et al., 2010). Furthermore, DAM6 chromatin
demonstrated chilling dependant differences in H3 acetylation in peach (Leida et al., 2012).
Altogether, these results as well as other published data emphasize a prominent role of chromatin
modifying pathways in bud dormancy, and therefore, BD regulation mechanisms (Rumeu et al.,
2014).
Although BD is known to be genetically controlled (Anderson and Steeley, 1993), the
genetic characterization of this trait has not yet been reported. There is also controversy
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regarding whether genetic components of BD are influenced by HR in Prunus. Excessive
chilling in fruit tree species may cause a large amount of variation in HR between different
cultivars with different CRs (Couvillon and Erez, 1985). Despite this variation, no genetic
differences in HR among these different cultivars have been reported (Couvillon and Erez,
1985). It is known that prolonged exposure to low temperatures may act to reduce HR (Citadin et
al., 2001; Couvillon and Erez, 1985). In confirmation of these reports, Okie and Blackburn
(2008) demonstrated that artificially supplied incremental chilling reduces HR for bud break in
peach when shoots are underchilled. However, the effects of incremental chilling diminish as
buds receive added chilling. Fan et al. (2010) found that regulation of gene expression in the BD,
CR and HR system will generally guarantee late BDs for high CR cultivars and early BDs for
low CR cultivars. The regulation of the gene expression in such a system should also up-regulate
HR for low CR cultivars, thereby, protecting trees from flower or fruit damage by late spring
frosts.
2.2.2.3 Phenotypic Analysis of Bloom Date
Many studies define BD as the Julian or calendar day when ~ 50% of the flowers on the
tree reach the full bloom stage (Fan et al., 2010), however, BD has also been recognized as the
date in which ~10% of the flowers on the tree have opened (Quarta et al., 2000; Verde et al.,
2002), when ~70% of the floral buds on the tree reach the bull bloom stage (de Souza and Byrne
et al., 1998), when ~70% of the floral buds on the tree reach the bull bloom stage (Dirlewanger
et al., 2012), when most of the flowers on the tree are opened at the same time (Quilot et al.,
2004) or when all of the flowers on the tree are at the full bloom stage (Dirlewanger et al., 1999).
In order to ensure adequate phenotypic evaluation of BD, the progression of flowering
should be evaluated at least twice a week during the early and late bloom season and at least
three times a week in the middle of the bloom season (de Souza and Byrne, 1998). Fleckinger
(1945) developed a comprehensive method of recording and assessing BD in peach, which takes
into consideration several of the benefits of the BD definitions discussed above. In his
comprehensive method, Fleckinger (1945) scored BD three times during each bloom season (1)
average date for bloom beginning (E stage), (2) average date for full bloom (F stage) and (3)
average date for bloom end (G stage). Cantín et al. (2010) utilized this scoring method and found
no significant differences among progenies at the E stage, however, they observed higher
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differences for both F and G stages of bloom. Therefore, it is evident that variations in BD in
some progenies may be a result of differences in the length of the blooming period rather than
differences accounted for at any single BD stage.
2.2.2.4 Bloom Date Heritability, Inheritance and Correlations
Bloom date is a quantitatively inherited trait in most fruit tree species including peach
(Anderson and Seeley, 1993) and has relatively high broad sense heritability (HBS) (Layne and
Bassi, 2008) (Table 1). Based on these heritability estimates de Souza and Byrne (1998) suggest
that gentic advances in breeding programs targetting increased or decreased BD are expected to
be relatively rapid. Depending on the population, one generation of independent selection for
early blooming and late blooming gentoypes may decrease or increase bloom time by about 2123% (13-14 days) (de Souza and Byrne, 1998). de Souza and Byrne (1998) reported that BD
does not have permanent environmental and/or nonadditive genetic effects (h2=repeatability).
The frequency distribution of BDs in peach has been shown to vary dramatically across
years (Fan et al., 2010). Dirlewanger et al. (2012) observed a 22 day difference between mean
BDs across years within a single F2 progeny. BD within a progeny may also vary significantly
within a given year. Dirlewanger et al. (2012) observed amplitude of 26 days between the
earliest and latest flowering genotypes. However, BD can vary up to 40 days (Layne and Bassi,
2008) and even up to 53 days (Fan et al., 2010) in a given year from the earliest- to the latestblooming peach cultivars (Layne and Bassi, 2008). By contrast, some studies indicate that the
amplitude between gentoypes in some F2 populations may be less than a week in a given year
(Dirlewanger et al., 2012). Despite these narrow amplitudes, which makes the evaluation of this
trait much more critical, high correlations between years were still observed. The same study
found high BD amplitudes with lower and more variable correlation coeffecients in a BC2
population. This apparent discrepancy may be explained by two factors (i) less phenotypic data
were available for the BC2 compared to the F2 progeny and (ii) a higher G x E interaction may
exist in the progeny. Despite the differences in correlation coeffecients observed between these
populations, high hertitability values were reported for both populations. BD correlation
coefficients of 0.63 have been reportd (Quilot et al., 2004).
The reported variations in BD between progeny and within and between years are due to
both environmental (year) effects and G x E effects. Variable chilling and heat accumulation
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between years are likely the most influential environmental factors causing the reported variation
in yearly BDs. Exactly how G x E interactions influence BD is not known, but cooler
temperatures have been shown to increase BD, while warmer temperature decrease BD (Fan et
al., 2010). It is possible that variation in temperatures imposed on different genotypes throughout
the year causes an affect on CR, HR and BD (Fan et al., 2010). This affect may translate into
changes in flowering time between years for any given genotype.
BD has been reported to be negatively correlated with fruit shape and positively
correlated with suture deformation index (SDI), [(fruit poloar diameter (FPD)/ fruit cheek
diameter (FCD) or fruit polar diameter (FPD)/fruit suture diameter (FSD)]. The fact that BD is
negatively correlated with fruit shape and that fruit shape has been shown to be influenced by
chilling requirement (Munoz et al., 1986; Sherman and Rodriguez, 1987; Topp and Sherman,
1989) indicates that many genes that control BD and CR may be pleiotropic (de Souza and
Byrne, 1998). It has also been reported that low-chill genotypes bloom earlier than high-chill
genotypes (Sherman and Rodriguez, 1987). Romeu et al. (2014) identified a high level of
correlation between CR, HR and BD. To say the least, BD is an important agronomic trait that
affects seed and fruit development of temperate fruit tree crops.
2.2.3 Peach Flower Development
An understanding of peach flower development is essential in order to accurately
evaluate BD. Peach flower buds are normally born on nodes of one-year-old shoots at the sides
of where leaf petioles abscised the previous season. There are usually three buds at each node
position; two lateral flower buds and one vegetative bud found in the centre. However, in some
cases up to four or five flower buds may be found per node. Sometimes several vegetative buds
and no flower buds may be found at each node as well.
In peach, microsporogenesis starts in winter (Draczynski, 1958; Knowlton, 1924) and is
followed by meiosis just before the buds swell in the spring. The gynoecium is pubescent in
peaches and glabrous in nectarines; both peaches and nectarines have gynoeciums that are
superior to all floral whorls. A few days prior to full anthesis the two polar nuclei of the embryo
migrate into the middle of the embryo sac forming the eight-nucleate stage of the
megagametophyte. Each ovary contains two ovules, but only one is fertilized in most cases
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(Layne and Bassi, 2008). Time from pollination to fertilization varies from 24-48 hours (Baipo et
al., 1989; Toyama, 1980) to 12 days (Herrero and Arbeloa, 1989) depending on temperature.
Peach flowers undergo several different bloom stages before fruit set begins. Once flower
buds are released from winter endo-dormancy they begin to swell forming the green tip stage
(Figure 3). Buds continue to swell forming the first pink stage where a slight amount of pinkish
pigmentation can be seen at the tip of the swelling bud. Buds then expand rapidly forming the
popcorn stage and then undergo full bloom. Following the full bloom stage the petals abscise
from the buds and fruit set and growth begins.

Figure 3 Floral developmental and
fruit set stages in peach.
(A) dormant bud stage, (B) green tip
(bud swell) stage, (C) first pink stage,
(D) popcorn (pink bud) stage, (E) early
bloom stage, (F) full bloom stage, (G)
late bloom stage, (H) petal fall stage.
Adapted from
“http://www.ipm.ucdavis.edu/PMG/C602/m602b
cwhybloom.html,
http://nhfruitgrowers.org/blog/?paged=4, and
http://www.clemson.edu/extension/peach/faq/wha
t_temperatures_cause_cold_damage_to_peach_fl
ower_buds.html”

2.3 Peach Fruit Maturity Date and Fruit Development Period
2.3.1 Defining Fruit Maturity Date and Fruit Development Period
Fruit development period (FDP) (syn; fruit ripening season; days to maturity) in peach is
defined as the duration of time, expressed in days, between full bloom and harvest date. FDP in
peach can range between two to nine months (Layne and Bassi, 2008). Maturity date (MD) (syn;
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ripening date; harvest date) in peach is defined as the duration of time, usually expressed in
Julian days, between the first calendar day of the year and the harvest date. The harvest date is
defined as the calender or Julian day when a certain percentage of peaches, as defined by the
study, have attained physiological maturity. MD is always greater than FDP for any given
cultivar in any given growing location and environment. MD and FDP are usually highly
correlated. Peaches have three main MD/FDP phenotypes: (1) early maturing/short FDP, (2)
mid-maturing/mid FDP and (3) late maturing/long FDP. Minor variability exists within each
class of MD/FDP.
2.3.2 The Practicality and Commercial Benefits of Having Variation in Maturity Date and
Fruit Development Period
The wide range of MD/FDP found within both wild and commercial peach genotypes is
desirable to producers, marketers and consumers. There is an interest among peach growers to
widen the range of MD/FDP to accommodate fresh peach markets and spread out market risks
and production costs (Badenes et al., 2006; Byrne, 2003; Caruso and Sottile, 1999; MartínezCalvo et al., 2006). Variability in MD/FDP in peach can be exploited by peach producers to
alleviate sudden labour demands, reduce storage costs and risks and spread out sales by
extending the harvest season.
Variation in MD/FDP may be utilized by producers to lengthen the harvest season,
thereby, reducing sudden labour demands and costs while increasing the market season. This
practice will (1) lower costs and reduce losses of fruit due to post harvest diseases in storage, (2)
increase producer income by spreading out sales,(3) allow an expansion of sales into new
markets and (3) permit an increase in local production and consumption. In turn, peach
consumers will enjoy a fresher more appealing peach for an extended season.
Peach harvest is a laborious and time sensitive process because peaches must be carefully
handpicked from trees within a narrow period of time (LaRue and Johnson, 1989). Harvesting
too early in the season, when peaches have not yet matured, results in hard fruit that lack
desirable flavour, texture and colour; immature fruit will rarely ripen properly after harvest
(LaRue and Johnson, 1989). Harvesting peaches too late in the season, when peaches are
overmature, results in soft fruit that are susceptible to bruising, cracking and disease during
transport and storage. Currently, many producers prefer growing a few select cultivars that ripen
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in close proximity; as with most crops, cultivars are usually preferred based on market demand.
This production trend is owed to the fact that early and late maturing peach cultivars are
generally inferior in quality relative to the much more desirable mid-maturing cultivars. This
trend results in huge labour demands during a short period of time, which in turn means a high
demand for manual labour at a time when manual labour is at a deficit. Furthermore, field
workers find themselves in a predicament; their jobs are not only seasonal, but restricted to a
short time within the season. Increasing the harvest season through the use of MD/FDP
variability, while maintaining the quality characteristics of currently demanded cultivars, will
help spread out the labour season, thereby, aiding producers and workers.
Growing peaches that ripen within a narrow season also results in a sudden supply of
fruit, thereby, resulting in a reduction in the price of peaches due to an imbalance of supply and
demand. Increasing the range of MD/FDP in currently grown peach cultivars will allow
producers to spread out sales, thereby, balancing supply and demand trends and increasing
profitability. The current trend in most North American markets is to import peaches from
distant localities for most of the season. These markets only use locally produced peaches when
they are in season, which is often limited to a select number of weeks. Widening the harvest
season will allow growers to increase the market season of locally grown peaches. This trend
will help reduce carbon footprints associated with long distance transport and storage. Therefore,
keeping moneys within the region or country and increasing profitability as locally grown
produce is fresher and demands higher prices. Furthermore, an extended harvest season will
allow an expansion of export opportunities into localities where climatic conditions do not
permit local peach production during certain times of the growing season.
Peaches can be stored, without significant losses to flavour and texture, for two to three
weeks at temperatures between -1 °C and 2 °C (Monselise, 1986). At low temperatures fruit
metabolic rates decline and the ripening process significantly slows down (Monselise, 1986).
However, even at low temperatures post harvest diseases can cause significant economic losses.
Low temperature storage also results in re-hardening of the fruit (Monselise, 1986). The storage
life of freestone peaches is lower than that of clingstone peaches (Monselise, 1986). Cold storage
of peach fruit is costly due to cooling expenses as well as labour demands associated with
loading and unloading of transport machinery and cooling facilities. Increasing the range of
MD/FDP will allow earlier and later availability of peaches as well as a more consistent harvest
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and supply of fruit throughout a greater portion of the growing season. This trend will aid in
reducing the need for cold storage throughout most of the harvest season, which will directly
benefit producers and marketers seeking to reduce costs of production and storage.
2.3.3 Peach Fruit Morphology and Phenology
In order to comprehend how MD/FDP is genetic controlled, knowledge on peach fruit
growth and development must be understood. Peach fruit anatomy consists of two main organs,
the seed and the pericarp (Figure 4). The Seed consists of the endosperm, embryo and seedcoat,
while the pericarp consists of the endocarp, mesocarp and exocarp

Figure 4 Peach fruit anatomy.
Adapted from “https://en.wikipedia.org/wiki/Fruit_anatomy; http://waynesword.palomar.edu/termfr4.htm”

Fruit maturity and ripening are marked by several biochemical and physiological
changes. Fruit maturity precedes fruit ripening and these two events are separately controlled.
Fruit maturity is defined as fullness of development, can only occur while the fruit is attached to
the tree and is marked by termination of cell expansion and the cessation of dry matter
accumulation. Fruit maturation occurs unevenly from the tip down and from the inside out.
Ripeness is defined as readiness for use, can occur while the fruit is attached or detached from
the tree and is marked by fruit softening, colouration and development of aroma (Monselise,
1986).
The stage of maturity at which peaches are harvested will greatly influence their final
flavour, market life and quality potential (Crisosto et al., 1995; Kader and Mitchell, 1989a; Lill
et al., 1989; Von Mollendorff, 1987). Most fruit quality components are affected by the the stage
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of fruit maturity at the time of harvest. Flavour components, physiological deterioration,
susceptibility to mechanical injuries, resistance to moisture loss, susceptibility to invasion by
micro organisms, market life and ability to ripen are some of the factors that are affected by
maturity stage at harvest (Crisosto, 1994; Shewfelt et al., 1987). Peach fruit that are harvested
immaturely may fail to ripen properly or may ripen abnormally, resulting in a peach that is not
consumer friendly (Layne and Bassi, 2008).
Peach fruit undergo three distinct stages of development known as stages I, II and III
(Chalmers and van den Ende, 1975; Connors, 1919; El-Sharkawy et al., 2007; Lilleland, 1932;
Lombardo et al., 2011; Tukey, 1933). The catagorization of these stages is based on the rate and
extent of fruit diameter increases associated with each stage. A fourth category of development,
stage IV, has also been defined in some studies; stage IV is associated with fruit ripening. Fruit
growth between stages I-III follows a double sigmoidal pattern (Figure 5). Fruit diameter
increases rapidly during stages I and III, whereas in stage II fruit diameter increseas very slowly.

Figure 5 Double sigmoidal peach fruit growth pattern.
(1) stage I of fruit growth,
(2) stage II of fruit growth,
(3) stage III of fruit growth.

The timing associated with the pattern of seed and endocarp development appears to be
the same in early, mid and late-maturing genotypes. For this reason, changes in seed and
endocarp development do not significantly affect growth rates between genotypes with different
MDs/FDPs. Changes in mesocarp development are more likely to contribute to the differences in
growth rates observed between early, mid and late-maturing genotypes (Pavel and DeJong, 1993;
Tukey, 1933). Therefore, the rapid increaseas in fruit diameter during stages I and III are mainly
associated with increased mesocarp volume by means of increased cell number or cell size, and
not due to inceases in endocarp volume.
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Fruit growth may be limited by assimilate supply (source limited growth) or by the
genetic growth potential of a genotype (sink-limited growth). Bassi et al. (1989) reported that the
source limited period of fruit growth in early maturing genotypes begins during stage I and
continues through stage III. By contrast, in late maturing genotypes there are two main sourcelimited growth periods, one occurring during stage I and the beginning of stage II and the second
occurring during stage III.
Initially, researchers believed that the slower rate of fruit growth in stage II of
development resulted from an increase in competition for resources between the fleshy mesocarp
and the developing embryo (Nitsch, 1953). Based on this understanding more resources would
be allocated to the developing embryo, and therefore, less resources would be available to the
mecocarp cells, which translates into slower fruit size growth rates. However, some studies did
not detect any resource limitations during fruit growth and development throughout most of
stage II (Bassi et al., 1989; Pavel and DeJong, 1993). Furthermore, Bassi et al. (1989) reported
that differences in fruit growth rates between early and late maturing genotypes was not a result
of differences in resource availability between these two classes of genotypes. Rather,
differences in fruit growth rates between early and late maturing genotypes has been attributed to
differences in the potential relative growth rates (RGR) between early and later ripening peaches.
Bassi et al. (1989) determined that early maturing genotypes have a greater RGR than late
maturing genotypes, which equates to greater potential net sink strength in early maturing
genotypes. Basded on this report fruit from later maturing genotypes will not grow as fast as fruit
from early maturing genotypes because the former has lower sink strength than the latter. These
observations indicate that differences in fruit growth rates between stages I-III of fruit
development mainly result from the genetic potential of the genotype and not due to resource
limitations attributed to competition between the mesocarp and the endocarp (Pavel and DeJong,
1993).
Several studies have evaluated the general timing of developmental events that occur
during fruit growth and development (Figure 6). The general timing of developmental events
associated with fruit growth between fertilization and embryo fill are similar in early, mid and
late-maturing genotypes. By contrast, the timing of fruit growth and developmental events that
occur after embryo fill are significantly different between genotypes with different MDs/FDPs.
Approximately 10 days after fertilization embryos become multinucleate and ~35-42 days after
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fertilization embryos becomes cellular (Harrold, 1935; Lilien-kipnis and Lavee, 1971).The first
division of the zygote occurs approximately one to two weeks after the ovule is fertilized
(Harrold, 1935; Layne and Bassi, 2008; Sedgley and Griffin, 1989). Fruit integuments reach their
full size of about 20 mm approximately 8 weeks after full bloom (Layne and Bassi, 2008). At
approximately 100-110 days after full bloom the embryo fills the testa and absorbs the nucellus
and endosperm (Layne and Bassi 2008). Upon completion of embryo fill, fruit complete their
growth by dry matter (starch, protein and lipid) accumulation (Layne and Bassi, 2008).

Figure 6 Phenological stages of fruit set, growth, development and ripening.
(A) jacket stage, (B) split-jacket stage, (C) fruit set, (D) small fruitlets (cell division), (E) pit hardening, (F)
final swell, (G) fruit veraison, (H) commercial ripening, (I) physiological ripening. Phenological stages D, E
and F represent fruit growth stages I, II and III, respectively.
Adpated from http://www.ipm.ucdavis.edu/PMG/C602/m602bcwhybloom.html,
http://www.illinoiswildflowers.info/trees/plants/peach.html, http://greenlifeinsocal.com/2010/03/page/2/, http://namelymarly.com/life-islike-a-peach-tree/, http://pixshark.com/peach-fruit-tree.htm, http://imgsoup.com/1/peach-tree-flowers-but-no-fruit/,
http://www.clemson.edu/public/researchfarms/musser_fruit_farm/, http://www.grobenursery.com/newest_fruit”.

At the beginning of stage I fruit exprience a period of rapid cell division (Seymour et al.,
1993; Marini, 2002; Liu et al., 2006). Ognjanov et al. (1995) and Yamaguchi et al. (2002)
reported that cell division in peach fruit can continue up until ~50-80 days after bloom (DAB),
depending on the genotype. Therefore, it is assumed that at latest cell division in any genotype is
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fully completed at 80 DAB, which corresponds to ~590 degree-days (dd). Once cell division is
complete the volume of the fruit pericarp increases rapidly as a result of cell expansion, which
occurs towards the end of stage I (Seymour et al., 1993; Liu et al., 2006; Marini, 2002). Stage I is
very sensitive to water deficits and by the end of stage I fruit reach ~20-25% of their final size
(Girona et al., 2012). The duration of stage I is almost the same in all peach genotypes regardless
of their MD/FDP phenotype (Layne and Bassi, 2008). Early fruit dry matter growth between
321-590 degree-days is roughly described by a linear function of degree-days after bloom
(Quilot et al., 2005). However, fruit growth is difficult to determine prior to 321 degree-days
because it is not possible to measure fruit diameter without causing damage to the fruit (Quilot et
al., 2005).
During stage II the pericarp remains predominantly quiescent in terms of growth and
development while the embryo develops rapidly (Seymour et al., 1993). Most of the dry matter
in stage II is employed in lignifications of the endocarp (pit hardening) and seed and embryo
growth (Layne and Bassi, 2008; Nitsch, 1953). Stage II is very short (a few days) in most early
maturing genotypes and much longer (several weeks) in late maturing genotypes (Dardick et al.,
2010; El-Sharkawy et al., 2007; Lombardo et al., 2011; Marini, 2002). In early maturing
genotypes the stone is incompletely lignified and the embryo is not fully developed at maturity
(Layne and Bassi, 2008). The phenomenon of split pit, where the stone splits in half causing the
fruit to become irregular in shape, is common in early maturing genotypes. The lack of
lignification of the stone during stage II may be the reason for the common occurance of split pit
in early maturing genotypes. Early maturing cultivars tend to have a reduced stage II period of
development compared to mid and late-maturing genotypes, and hence, maturity resumes at a
faster pace in early maturing genotypes (Seymour et al., 1993).
Stage III is marked by the completion of endocarp development and a rapid increase in
pericarp volume, which is mainly due to cell expansion and elongation in the last weeks (or
months) before harvest (Layne and Bassi, 2008; Seymour et al., 1993). Accumulation of water,
sugars, organic acids and mineral elements in the cell vacuole occur during this stage of peach
fruit development (Coombe, 1976; Marini, 2002). Stage III may occur quite rapidly and is highly
influenced by MD/FDP (Layne and Bassi, 2008).
Stage IV is marked by the ripening of fruit (Gage and Stutte, 1991; Harrold, 1935;
Lilleland, 1933; Tukey, 1933). Fruit reach their maximum size at the end of this stage of
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development (Lombardo et al., 2011). Most varieties of peach produce pubescent, plump, round
fruit at maturity. Fruit range widely in colour and are often mottled in two or more colours.
The pattern of carbohydrate accumulation in peach fruits also follows a double sigmoid
model which mirrors fruit growth (Chalmers and van den Ende, 1977) (Figure 5). In their report,
Chalmers and van den Ende (1977) calculated fruit carbohydrate requirements in developing
fruit. Their calculations were based on dry matter accumulation and the regression of respiration
rates on growth rates. They found that decreases in fruit carbohydrate accumulation in stage II
was accompanied by an increase in vegetative growth of trees. These findings indicate that most
of the carbohydrates generated by the tree during stage II of fruit development are being used by
the tree for vegetative growth rather than for fruit development. This observation may explain
the sudden decrease in fruit carbohydrate accumulation observed during embryo development.
Genetic differences in fruit size between genotypes are not likely due to differences in fruit
carbohydrate accumulation between cultivars. Rather these differences likely result from
variation in the number of fruit cells between cultivars, which is determined during stage I of
fruit development (Scorza et al., 1991). Fruits from genotypes that have the capacity to produce
larger fruits tend to have more cells compared to fruits from genotypes that produce smaller
fruits (Scorza et al., 1991). However, it is important to note that fruit size may also be affected by
the accumulation of assimilates and water in fruit cells. Therefore, fruits from the same genotype
may vary in size as a result of differences due to the extent of cell expansion from assimilates
and water, and not because of differences in cell number. That said, the full genetic capacity of
fruit size in any given genotype, when conditions are optimal, is determined by cell number and
not assimilate or water accumulation in cells.
In peach fruit respiration rates increase during ripening, therefore, peach is classified as a
climacteric crop (Layne and Bassi, 2008). Respiration rates in peachs are moderate compared to
other fruit species (Wills et al., 2007). Tonutti et al. (1991) defined and evaluated respiration
rates throughout peach growth and development. Respiration rates are highest (about 150 cm3
CO2/kg per h) during stage I of fruit growth and development when fruit growth occurs mainly
by cell division. By stage II respiration rates decline to less than a third of that in stage I followed
by a slight increase by the end of stage III as fruit reach physiological maturity (Looney et al.,
1974). Fruit respiration rates reach a climacteric peak at stage IV; climacteric peaks in
respiration rates differ between genotypes ranging from 15-80 cm3 CO2/kg per h (Brady, 1993;
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Brovelli et al. 1999; Ventural et al., 1988).Ventura et al. (1998) reported associations between
respiration rates and MD/FDP. Genotypes with shorter developmental cycles (i.e. earlier
MD/FDP) had higher and more pronounced respiration rates at the climacteric compared to later
maturing genotypes. A different trend was observed for ethylene levels. Fruit at stage I tend to
have low ethylene levels. By stage II ethylene levels drop even lower than that observed in stage
I. By stage III ethylene levels increase drastically, accumulating to 40 – 200 times the levels
observed in stage I (Looney et al., 1974).
2.3.4 Fruit Development Period and Maturity Date Inheritance and Genetics
Fruit development period and maturity date is highly variable in peach; the amplitude of
the variation within progeny is much greater for MD and FDP than for BD (Dirlewanger et al.,
2012). MD/FDP genetics of peach has only recently been studied and very little is understood
regarding this important marketing trait. Knowledge of the genetics associated with fruit
maturity in peach will help producers extend their harvest season to accommodate peach
markets. Researchers have recently gained interest in understanding the genetic control of
MD/FDP in peach (Bielenberg et al., 2009). This interest has been driven by the need to extend
the growing season through early and late maturing genotypes. In turn this need has lead to
extensive evaluation of MD/FDP through the use of molecular techniques and classical genetic
approaches (Bielenberg et al., 2009). To date, a great deal of improvement has been made in
extending the production season of peach (Scorza and Okie 1991). Despite these advancements,
currently grown early and late maturing peach cultivars produce relatively low quality peaches
(Scorza and Okie, 1991).
Early maturing peaches, in particular, are hard to generate due to restrictions associated
with failed germination (Scorza and Okie, 1991); their embryos remain undeveloped when fruit
are fully ripe. Advances in tissue culture techniques have allowed breeders to somewhat
overcome this boundary (Scorza and Okie, 1991). By contrast, late maturing peaches easily
germinate under natural conditions; however, these cultivars do not develop satisfactory sugars,
skin color or flesh texture for most commercial markets. It is uncertain whether this shortcoming
is solely due to cooler temperatures in autumn, and therefore, an unavoidable phenomenon, or if
germplasm exists that may overcome this deficiency (Scorza and Okie, 1991).
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The heritability of MD/FDP has been evaluated in several studies and found to be
relatively high (Bassi et al., 1989; de Souza and Byrne, 1998; Dirlewanger et al., 2012; Hansche,
1986b; Hansche et al., 1972; Ming-yu et al., 2008; Mingliang et al., 1997; Monet and Bastart,
1982; Vileila et al., 1981). de Souza and Byrne (1998) reported that neither MD or FDP had
permanent environmental and/or nonadditive genetic effects (h2=repeatability). Relatively high
heritability estimates, coupled with high standard deviation values reported for these traits,
indicate that selection for MD/FDP towards earliness or lateness should be quite effective. Based
on these observations de Souza and Byrne (1998) suggest that gentic advances associated with
increasing MD/FDP in peach are expected to be relatively rapid. Depending on the population,
one generation of independent selection for early ripening and short FDP gentoypes would result
in a 22-32% (31-35 day) decrease in ripening time (de Souza and Byrne, 1998). By contrast, one
generation of selection for late ripening and long FDP genotypes could results in a 40-90% (6493 day) increase in maturity time (de Souza and Byrne, 1998). Based on these results, selection
for lateness would be approximately three times more effective for long FDP than for short FDP
(de Souze and Byrne, 1998). This high degree of asymmetry of selection response indicates that
(1) major gene effects are likely present in both the MD and FDP traits (Hesse, 1975b; VileilaMorales et al., 1981) and (2) there are more genes fixed or toward fixation for both lateness and
long FDP than for earliness and short FDP (de Souza and Byrne, 1998).
It is still not clearly evident whether MD/FDP is under additive polygenetic control
(Bailey and Hough, 1959; Hansche et al., 1972) or if a few genes with relatively large effects
control this trait (French, 1951; Hesse, 1975a; Vileila-Morales et al., 1981). The extremely high
heritability estimates and high observed heritability values reported in several studies, coupled
with the bi or tri-modal and skewed frequency distributions associated with these traits, (Baily
and Hough, 1959; French, 1951) indicate that MD/FDP are likely controlled by a few major
genes (de Souza and Byrne, 1998).
Some studies indicate that no relationship exists between BD and ripening time (Bassi et
al., 1989; Hansche et al., 1972; Layne and Bassi, 2008). The FDP of wild peaches typically
ranges from medium to late maturing (~120-210 days); it is rare to find wild type early maturing
peaches (Layne and Bassi, 2008). Commercial peaches have a much larger FDP range (55-270
days) and include many early and very late maturing classes compared to their wild type
counterparts (Layne and Bassi, 2008). Bassi et al. (1989) classified early, mid and late-maturing
48

peach cultivars as those genotypes that had a FDP up to 90, 91-125 and over 125 days,
respectively.
In some peach and nectarine accessions a ripening mutation termed ‘slow ripening’ (sr)
exists and hinders the completion of ripening (Layne and Bassi, 2008). Peaches or nectarines that
contain this mutation are impeded from further growth and development just before the end of
the cell expansion stage (stage III). Their flesh either never softens or softens very slowly, and
therefore, maintains a crisp texture (Layne and Bassi, 2008).This trait has been classified as
monogenic and recessive (Sr/sr) (Ramming, 1991).
According to some studies the trait regulating MD/FDP is quantitatively inherited and
regulated by major genes. The idea that major genes act to regulate MD/FDP arises from two
main observations. The first observation is that maturity measurements in large progenies, from
parents that are distant in terms of MD/FDP, exhibit a bimodal or trimodal distribution.
Furthermore, the MD/FDP of all of the offspring from these parents either mature within the
parental MD/FDP dates or later/earlier than the parentals (Bassi et al., 1988; Yamaguchi et al.,
1984). The second observation is that bud sports, mutants from commercial cultivars, show FDP
that are approximately separated by weekly intervals (Bassi et al., 2004).
A wide range of cultivars with varying MD/FDP benefits consumers seeking a continual
summer supply of peaches. Therefore, peach breeders seek out cultivar development for specific
MD/FDP to fill gaps held by less desirable cultivars. Prior genetic knowledge of which crosses
will yield more seedlings predicted to be in the targeted MD/FDP classes is needed in order to
help breeders more efficiently reach their maturity goals. Several genetic studies have reported
genomic regions that contain genes that influence maturity in peach, however, one region is
consistantly detected and has been confirmed with RosBREED data to be important in MD/FDP
breeding germplasm (Iezzoni www.rosbreed.org – Jewels in the Genome). This trait locus was
found on peach chromosome 4 at ~44 cM based on the Prunus T x E reference map. A putative
candidate gene in this region has been identified at ~10.5 Mbp based on V.1 of the peach
genome sequence (Dirlewanger et al., 2012). In certain crosses, this trait locus may be associated
with up to 70% of the genetic variation for MD/FDP (Dirlewanger et al., 2012).
The need to genetically characterize peach fruit quality traits has lead to the identification
of several QTLs for the major fruit quality components in peach such as BD, FDP, MD, SSC,
FS, FM, pH and TA (Bailey and Hough, 1959; French, 1951; Hansche et al., 1972; Monet and
49

Bastard, 1982; Yamaguchi et al., 1984). Several studies over the past few decades have
specifically aimed at analysing the genetic behaviour and inheritance of MD/FDP. Most studies
have utilized classical genetic approaches to assess the number of genes involved and the
inheritance pattern of these traits. To date, breeding efforts have successfully achieved the
objective of widening MD/FDP with the aim of lengthening the already extensive ripening
season (Bassi et al., 1989).
Bassi et al. (1989) used six progenies from controlled crosses of early, mid and late
maturing cultivars to study MD/FDP heritability. The group reported a mix of normal, uni, bi and
tri-modal distribution frequency patterns for this trait. Crosses between mid-maturing x earlymaturing cultivars produced offspring that tended towards lateness. Crosses between earlymaturing x mid-maturing cultivars produced offspring that tended towards earliness. Crosses
between early-maturing x late-maturing cultivars produced offspring that tended towards
lateness. The different patterns of frequency distribution for MD/FDP observed by Bassi et al.
(1989) suggests that a few oligogenes and some minor genes with an additive effect act together
to regulate this trait; similar results and conclusions were also made by Yamaguchi et al. (1984).
Furthermore, the mixed frequency distribution patterns observed for MD/FDP indicate that the
cross combination ability between parents used for a cross plays an important role in determining
whether progeny will lean towards earliness or lateness (Bassi et al., 1989; Fogle, 1974;
Weinberg, 1955).
Mingliang et al. (1997) found that peach crosses between Mid×Early, Mid×Mid,
Mid×Late, Late×Mid, Late×Late and Late×Early genotypes segregated 4∶3∶1, 0∶3∶1, 0∶1∶1, 0∶1∶1,
0∶0∶1 and 1∶0∶1 (early:mid:late), respectively. These results suggest that the inheritance of the
MD/FDP trait is controlled by a few major genes, which are under the influence of modifying
factors (Bassi et al., 1988).
By contrast, other studies have reported that the MD/FDP trait was a quantitative
character under the control of QTLs (Li-qin et al., 2011; Rui-juan et al., 2007; Ming-yu et al.,
2008). Celia and Yolanda (2010) found that MD/FDP demonstrated a normal distribution, which
indicates that these traits are inherited in a quantitative manner. Furthermore, several studies
reported that progeny from crosses amongst differing MD/FDP phenotypes segregated
transgressively (Mingliang et al., 1997; Ming-yu et al., 2008), which indicates a quantitative
mode of inheritance. According to some studies the MD/FDP trait has been established as a
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characteristic of all peach cultivars and is quantitatively inherited (Dirlewanger et al., 1999;
Vargas and Romero 2001).
2.3.6 Phenotypic Assessment of Fruit Development Period and Maturity Date
2.3.6.1 Defining Mature Fruit
Fruit maturity has been defined in several studies. According to the Canadian Food
Inspection Agency (CFIA) maturity is defined as a peach that is well developed and has attained
sufficient yellow ground colour to indicate that it will continue to ripen. In the case of peaches
grown in Ontario, a maximum pressure of 18 pounds (lb), as indicated by a pressure tester with a
5/16 inch plunger, through the skin of the peach must not be exceeded for fruit to be defined as
mature. The CFIA also indicates that although the pressure test indicated above is a guideline for
identifying mature fruit, there is no one single conclusive guide in determining whether a peach
is mature or not. Classically, maturity is defined as “the stage at which a commodity has reached
a sufficient development that after harvesting and postharvest handling, its quality will be at least
the minimum acceptable to the ultimate consumer” (Reid, 1992). This definition implies that
there are measurable parameters throughout peach fruit development, and that these parameters
may be measured to identify the timing of fruit maturity (Crisosto, 1994). In peach, maturation is
defined as the time between final fruit growth and the beginning of ripening and senescence, and
therefore, maturity is the end point of physiological development (Crisosto, 1994). Immature
fruit may ripen after harvest, but will be of poor quality (Baumgardner and Delwiche, 1983;
Culpepper et al., 1955; Deshpande and Salunkhe, 1964; Josan and Chohan, 1982; Kader and
Mitchell, 1989a; Shewfelt et al., 1987; Sims and Comin, 1963), whereas mature fruit will attain
good quality when ripened off the tree (Crisosto, 1994). The establishement of consistant
physical and chemical changes in fruit, which occur throughout its development and that
correlate with maturity, are essential to determining a maturity index (Reid, 1992), and therefore,
evaluating MD/FDP.
2.3.6.2 General Indicators of Maturity in Peach
Qualitative and quantitative assessments of MD/FDP have been described in several
studies. There are a number of useful indicators of maturity in peach including ground colour,
flesh colour, flesh texture, plumpness and shoulder and suture shape. The most reliable indicator
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of maturity is ground colour, which is very useful as it is an external indication of maturity that
can be observed without damaging the fruit. Immature peaches usually have a green ground
colour. Peaches that have started to mature have yellowish green to yellow ground colour; when
measuring ground colour the shaded side of fruit should be evaluated and not the blush side.
Flesh texture is the second most important indicator of fruit maturity in peach, however, this
indicator requires that fruit be damaged. Immature peaches contain flesh with a fine granular
texture, which gradually disappears as the peach matures. Flesh texture is measured by breaking
rather than cutting a segment of the flesh of the peach. A definite change in the flesh granulation
of the fruit is an indication that a peach is mature. The CFIA has also defined several stages of
maturity including hard, firm, firm ripe, ripe and soft. Hard fruit do not yield to moderate
pressure and are not edible; however, they are ideal for long shipments. Ripe fruit yield readily to
moderate pressure and soft fruit yield readily to slight pressure. Shoulder and suture shape are
the next most important reliable indicators of maturity and assessment of these indicators are
non-intrusive to the fruit. Shoulders and sutures should be well rounded and well filled out. Fruit
sweetness is also a good indicator of maturity; mature peaches begin to develop a sweet flavour
in the flesh.
2.3.6.3 General Parameters and Indices used to Determine Maturity in Peach
In order to measure MD/FDP certain parameters must be decided to determine what
defines a mature fruit. Usually, fruit destined for markets are harvested when they are “market
mature”. Market maturity differs from physiological and ripened maturity. Fruit that will be
harvested at the market mature stage are usually harvested shortly after physiological maturity.
Their flesh is still hard and they have reached acceptable colour development as defined by the
market and the cultivar grown. For the purpose of this study, a more accurate assessment of
MD/FDP must be considered to take into account environmental variability and variability
associated with minor MDs/FDPs within major MDs/FDPs.
In order to a assign a MD/FDP value to a genotype the mean harvesting date, which is
used to indicate the MD/FDP of a given peach cultivar, must be calculated for each individual in
a population. Different studies have used different parameters to indicate the mean harvesting
date based on fruit maturity. Although using quantitative measurements of the parameters that
correspond to fruit ripening is precise and ideal, most studies qualtitatively assess fruit to
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indicate when they are ripe in order to identify the MD/FDP of genotypes. Manual assessment of
fruit for ripening time is considered reliable and is more efficient in terms of time and resources
compared to quantitative evaluation (Cantín et al., 2010; Verde et al., 2002). Cantín et al. (2010)
manually assessed trees for MD/FDP and considered fruit to be ripe on the tree when their
growth had stopped, they began to soften, exhibited a yellow or orange ground colour and were
easily detached from the tree. Verde et al. (2002) also qualitatively considered fruit to be ripe
when they began to soften and when fruit had attained a minimal level of redness. Fruit colour
was qualitatively judged by eye and expressed as percentage of red. In addition to assessing
individual fruit on a tree for signs of maturity and ripening, researchers must also decide when to
assign a date of maturity for a given tree or genotype. Bassi et al. (1989) defined MD/FDP as the
Julian day when ~3-5% of fruit on the tree had appropriate ground colour and began to soften. de
Souza and Byrne (1998) defined MD/FDP as the julian day when ~15-20% of the fruit on a tree
were in the soft stage. As with full bloom dates, in order to ensure adequate phenotypic
evaluation of MD/FDP, ripe dates should be evaluated at least twice a week during the early and
late ripening season and at least three times a week in the middle of the ripening season.
Peaches and nectarines are usually harvested firm-mature and allowed to ripen prior to
consumption (Fisher et al., 1943; Kader and Mitchell, 1989a; Morris, 1932). Considerable
physical, chemical and physiological changes occur to peaches and nectarines, which eventually
lead to ripening (Guelfat-Reich and Ben-Arie, 1996). Changes in flesh texture, fruit flavour, fruit
size, skin and flesh colour are some of the most obvious indicators of maturation (Kader and
Mitchell, 1989a; Lill et al., 1989; Robertson et al., 1991; Romani and Jennings, 1971; Ryall and
Pentzer, 1982). Maturing and ripening peach fruit produce certain volatile compounds that give
each genotype its characteristic aroma (Chapman ahd Horvat, 1990; Do et al., 1969; Horvat and
Chapman, 1990). Among the physiological changes that occur in maturing and ripening peach
are increases in respiration and ethylene production rates (Amoros, 1989; Sistrunk, 1985).
Physical, chemical and physiological changes continue after fruit have reached their optimum
maturity/ripeness. Shortly after fruit have fully ripened senescence begins, which includes
further fruit softening, loss of desirable flavour and complete breakdown of the fruit (Harvey et
al., 1972; Kader and Mitchell, 1989b; Mitchell, 1986).
Maturity indices for fruit are established based on relationships between chemical or
physical changes and maturity (Bhargava et al., 1986; Chander and Khajuria, 1981; Mitchell et
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al., 1979). Amongst the most important maturity indices in peach are fruit size, shape, ground
colour changes, firmness, SSC and TA (Crisosto, 1994). These factors are the most important
determinants of market maturity when most fruit are harvested for storage or distribution for
sale. Evaluation of FS, FF, SSC, TA and fruit flesh and skin colour are used to help identify
accurate MDs/FDPs across peach cultivars and environments to ensure accurate mapping of the
genes associated with MD/FDP. In particular, FF is used to identify the fruit maturity stage of
trees for assessment of MD/FDP; harvesting date usually corresponds to the beginning of flesh
softening (Dirlewanger et al., 1999; Dirlewanger et al., 2012). FS, FF, SSC, TA and fruit flesh
and skin colour are commonly assessed using scales/calipers, penetrometers, refractometers, pH
meters and colour charts, respectively. What follows is a general discussion on the parameters
used to indicate maturity in peach. A thorough discussion of fruit flesh and skin colour, FS, FF,
SSC and TA will follow in subsequent sections.
2.3.6.4 Soluble Solid Content as a Maturity Index in Peach
SSC is a good quality index for maturity, and therefore, is useful for evaluating MD/FDP
(Crisosto, 1994). SSC increases with maturity and ripening, however, the use of SSC alone as a
maturity index is limited by variation among genotypes, production area and season (Dann and
Jerie, 1988; Kader and Mitchell, 1989a). Mitchell et al. (1990 and 1991) reported large
differences in SSC among and within genotypes. Fruit at different positions within the canopy
showed significant differences in SSC (Dann and Jerie, 1988; Mitchell et al., 1990). Chapman et
al. (1991) reported that physiological maturity in peaches occurs when sucrose levels reach their
highest level in the mesocarp, which occurs at about the same time as when quinic acid levels are
at their lowest. Crisosto (1992) reported that sucrose content of maturing fruit increases while the
fructose and glucose content decrease (Crisosto, 1992) as fruit develop.
2.3.6.5 Acid Content as a Maturity Index in Peach
Stone fruits lose acidity as they mature and ripen (Crisosto, 1994). TA and pH are
influenced by cultivar and seasonal variability (Boggess et al., 1974; Rood, 1957; Salunkhe et
al., 1968). Measuring TA and pH is more complicated than measuring SSC (Crisosto, 1994). The
ratio of SSC:acid content is more closely related to quality than TA/pH or SSC alone, but this
ratio still varies between genotypes and environments (Kader et al., 1982; Kader and Mitchell,
1989b; Lill et al., 1989; Meredith et al., 1989). Malic and citric acids are the predominant
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organic acids in peach fruit (Cirsosto, 1992). As fruits mature, total acidity declines resulting in
major losses of malic acid in the fruit mesocarp (Deshpande and Salunkhe, 1964; Romani and
Jennings, 1971; Ryall and Pentzer, 1982; Salunkhe et al., 1968). Although malic and citric acids
levels fluctuate during maturation, the maximum malic:citric acid ratio is a good indicator of
physiological maturity (Chapman and Horvat, 1990). Therefore, sucrose and quinic acid levels as
well as malic:citric acid ratio may be used as a reliable index for determining physiological
maturity in peach. Chapman et al. (1991) reported that changes in non-volatile acids and sugars
during maturation were very similar. This report suggests that both non-volatile acids and sugars
could be useful indicators of maturity for most peach cultivars.
2.3.6.6 Fruit Size and Shape as Maturity Indices in Peach
In general the size and shape of peach fruit are good indicators of maturity. Attainment of
a particular fruit size is one possible index of maturation; however, it cannot be used alone
because fruit size for any given genotype may vary due to crop load, climatic conditions and
cultural practices (Crisosto, 1994). The shape of fruit and/or fullness of cheeks are also good
indicators of maturity (Kader and Mitchell, 1989b; Lill et al., 1989). Stone fruit are considered
mature when their shoulders and sutures are well developed and filled out (Crisosto, 1994).
However, as with fruit size, fruit shape is also influenced by environmental and production
conditions. Therefore, this criterion has to be coupled with other maturity indices such as skin
colour (Kader and Mitchell, 1989b).
2.3.6.7 Fruit Firmness as a Maturity Index in Peach
Flesh firmness is an excellent index for maturity; FF decreases during maturation and
ripening. Kadar and Mitchell (1989a and b) found that peaches of 10-12 pounds-force firmness
at harvest ripen after being picked and attain better quality than fruit picked at 13-15 poundsforce firmness. In general, early season peach and nectarine genotypes are less firm at the onset
of physiological maturity compared to late season varieties (Crisosto, 1994). Typical FF levels at
physiological maturity are 9-10, 11-12 and 13-14 lbs for early, late and mid-maturing peaches,
respectively (Crisosto, 1994). FF alone, however, is not a satisfactory physiological maturity
index because FF within and among genotypes may vary considerably in relation to fruit size,
climatic conditions and cultural practices (Blake and Davidson, 1936; Boggess et al., 1974;
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Craft, 1955; Delwiche et al., 1987; Kader and Mitchell, 1989a; McDonald and Delwiche, 1983;
Mitchell et al, 1977).
2.3.6.8 Fruit Skin and Flesh Colour as Maturity Indices in Peach
Fruit flesh colour and skin colour play a significant role on consumer acceptance and
sales of peaches and nectarines (Liverani et al., 2002; Scorza and Sherman, 1996). Changes in
fruit flesh and skin colour are associated with ripening and strongly influence visual and eating
quality in peaches. Fruit flesh and skin colour and intensity are markedly affected by genotypic
differences (Layne and Bassi, 2008). Maturing fruit have skin and flesh that gradually change
from green to yellow, red and/or other colours depending on variety (Crisosto, 1992).
Anthocyanins are one of the primary components responsible for the flesh and skin
colouration pattern of peach fruit. Anthocyanins are the glycoside derivatives of anthocyanidins
and are responsible for all peach fruit skin and flesh colours from blue to red. Anthocyanins are a
class of flavanoids that are synthesised through the phenylpropanoid pathway by way of
phenylalanine. This important class of water-soluble vacuolar pigment is found in tissues of
higher plants including leaves, stems, roots, flowers and fruits. They are odourless and nearly
flavourless and give rise to red, purple and blue tinges to tissues where they are expressed;
colour largely depends on pH. In peach, anthocyanins are localized in vacuoles of the epidermis
or the flesh. Although anthocyanins contribute to the mainly reddish tinge of mature peach fruit,
they are independent of the skin ground colour. Anthocyanins are also commonly found in the
section of the mesocarp closest to the endocarp, causing the characteristic red colouration
commonly observed in the interior of the fruit. Colouration due to anthocyanin can be of
qualitative or quantitative origin. Quantitative anthocyanin accumulation occurs in the flesh and
skin and reaches peak concentration at full ripening and is influenced by light. Therefore, the
section of peach fruit exposed to more light develops a deeper red colour as compared to those
sections facing the trunk of the tree or shaded by leaves or branches. By contrast, qualitative
anthocyanin accumulation is limited to the skin and is not influenced by light exposure.
Qualitative anthocyanin accumulation is regulated by two independent genes (Layne and Bassi,
2008). One gene is the dominant ‘redleaf’trait and the second is only expressed in the fruits’
epidermis and is recessive (Fr/fr) (Beckman and Sherman, 2003). Beckman et al. (2005)
identified a qualitative suppressive trait for fruit red skin colour, namely ‘highlighter’ (H/h). In
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the homozygous recessive state this trait completely suppresses red pigments, but only in the
fruit. ‘Anthocyaninless (W/w), which is epistatic to ‘redleaf’, is another trait that influences
anthocyanin content in peach trees and fruit. When in the recessive state (w/w),
‘anthocyaninless’ genotypes produce fruit without anthocyanin, therefore, fruit are yellow to
creamy at maturity without any signs of red (Layne and Bassi, 2008).
Typically, ground colour is used to indicate market maturity. Freestone cultivars have
green-yellow to pale yellow ground colour at market maturity, while clingstone cultivars have a
golden yellow or orange ground colour (Scorza and Okie, 1991). Fruit skin ground colour is
mainly influenced by pigments that cause a yellow or white colouration pattern, which lies below
the colouration pattern expressed by anthocyanins. Carotenoids and xanthophylls are the main
compounds that influence fruit flesh and skin ground colour in peach. Non-melting peaches have
significantly higher total carotenes and xanthophylls than melting-flesh peaches (Karkurt et al.,
2000). The full background colouration pattern in maturing and ripening peach fruit is not
realized until chlorophyll degredation occurs, which unmasks pigments such as carotenoids in
yellow-fleshed genotypes. To further add to colour intensity during maturity and ripening,
biosynthesis of anthocyanins in the epicarp and deep mesocarp accompanies the loss of
chlorophyll (Layne and Bassi, 2008).
Fruit colour is an excellent index for maturity and is determined by the various pigments
present in the skin and flesh tissue (Rood, 1957; Stembridge et al., 1972). Maturing fruit
experience changes in skin colour from green to red or yellow (Crsisosto, 1994). Development of
red colour in peaches and nectarines depends on exposure to light, and therefore, the position of
any given fruit on the tree influences the degree of fruit skin redness (Kader and Mitchell, 1989b;
Mitchell et al., 1979; Romani and Jennings, 1971; Ryall and Pentzer 1982). Changes in skin
ground colour and flesh colour are not affected by sunlight, and therefore, are more accurate
indices of maturity (Crisosto, 1994). In some peach growing regions a high correlation has been
reported between ground colour/flesh colour and SSC/FF (Sims and Comin, 1963; Stembridge et
al., 1972). This observation indicates that ground colour may be suitable as a minimum maturity
index in peach (Crisosto, 1994). Delwiche and Baumgardner (1983) reported that ground colour
at harvest correlated better with sensory panel ratings than FF; they also reported little genotypic
variation in ground colour. The effect of ground colour as a maturity index on postharvest quality
has been widely studied in clingstone (Kader et al., 1982) and freestone (Mitchell et al., 1977,
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1990, 1991; Mitchell, 1987) peaches and nectarines. Although many studies evaluate MD/FDP
using qualitative assessment of fruit skin colour as a maturity index, some studies use
calorimeters to quantitatively assesss skin colour (Byrne et al., 1991). Quantitative assessment of
fruit skin colour is more accurate, but may be impractical given the time required to assess each
fruit. Through the use of calorimeters the ratio of green:red colour on fruit flesh and skin are
measured using ‘a’ values. If the fruit has a high ratio of green:red, the instrument will give a
negative ‘a’ value. If the ratio of green:red is low, than the instrument will give a positive ‘a’
value. In other words the less green (lower ‘a’ values) the skin colour, the more mature the fruit.
Byrne et al. (1991) reported that FF was well correlated with ‘a’ values from both skin and flesh
colour of maturing fruit. Therefore, evaluation of skin and flesh colour using a calorimeter may
represent a good maturity index to evaluate MD/FDP. As with FS, FF, SSC and TA, fruit flesh
and skin colour play a major role in determining physiological and market maturity and are
therefore, necessary in the evaluation of MD/FDP.
2.3.6.9 The Effect of Rootstocks on Fruit Development Period and Maturity Date in Peach
The genetic makeup of the rootstock may alter MD/FDP in peach, however, reports on
this topic are few. Some studies report no differences in fruit maturity of scion genotypes budded
on peach seedlings, plum, or hybrid clonal rootstocks (Marangoni et al., 1985). Other studies
found that peach scion cultivars grafted on rootstocks, such as ‘Lovell’, matured later than those
grafted on other rootstocks, such as ‘Siberian C’ seedlings (Yadava and Doud, 1989). Guerriero
et al. (1985) noted that fruit matured earlier when the peach cultivar ‘Maygrand’ was used as a
scion on Prunus besseyi (L.H. Bailey) hybrid rootstocks than when this same scion was grafted
on peach seedling rootstocks. A rootstock x year interaction for MD/FDP was also reported in
some studies (Beckman and Okie, 1992), which complicates matters further. These findings
indicate a whole new relm of breeding for MD/FDP, a relm in which breeders may target
rootstock germplasm to expand the range of MD/FDP genotypes. This idea may be of great
benefit, as it opens up the possibility of altering MD/FDP through the use of rootstocks without
changing the genetic makeup of the original cultivar. Therefore, the use of rootstock effect on
MD/FDP may enable producers to increase and fill gaps during the ripening season without the
need of breeding. The producer would only need to find the right combination of scion and
rootstock genotypes that would allow a shift in fruit ripening for any particular genotype.
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2.4 Peach Fruit Mass, Shape and Size
2.4.1 Importance of Fruit Mass, Shape and Size
Fruit shape and size are important quality attributes because they influence consumer
acceptance and postharvest handling of fruit (Cantín et al., 2010). Round shaped peach and
nectarine fruits without protruding tips are preferred by consumers (Badenes et al., 2006).
Protruding tips and sutures make fruit susceptible to bruising during handling and shipping, and
are therefore, undesirable traits in peaches destined for commercial markets (Kader, 2002).
Almost all commercial peach and nectarine cultivars have round (globose) or elongated (oval or
oblong) fruits (Layne and Bassi, 2008). Elongated shaped fruits are dominant over round fruits
(Blake, 1932). Bassi et al. (1989) reported that progeny from crosses between elongated fruit
genotypes with round fruit genotypes had a unimodal frequency distribution pattern. However,
other studies indicate that there tends to be a slight bias towards round-fruit genotypes from
crosses between elongated and round fruit cultivars. Research in peach, apple and sweet cherry
revealed that the number and size of mesocarp cells and intercellular spaces in the fruit
determine the final mass and size of mature fruit (Harada et al., 2005; Olmstead et al., 2007;
Yamaguchi et al, 2002).
Fruit size consists of FM, fruit polar diameter (FPD), fruit suture diameter (FSD) and
fruit cheek diameter (FCD). From these parameters global fruit shape (GFS) (syn; fruit
sphericity) may be calculated as FPD/FSD and FPD/FCD (de Souza and Byrne, 1998; Wert et
al., 2007) or FSD/FPD (Bassi et al. 1989). Bassi et al. (1989) reported that the optical impression
of roundness perceived by consumers was given by the GFS value of 1.05, which indicates that
round-looking fruit as perceived by the human eye are slightly oblate in shape. In many cases the
suture of peaches causes a slight deformation from the normal spherical shape of the fruit. The
degree of this deformation may be estimated as the suture deformation index (SDI), which is
calculated by dividing cheek diameter (CD) by suture diameter (SD) (SD/CD) (Cantín et al.,
2010). When the SDI is 1, the shape of the fruit is considered globally round (spherical),
however, when the SDI is different from 1, fruit shape is oval, flattened or has protruding sutures
(Cantín et al., 2010), and therefore, less desirable (de Souza and Byrne, 1998). If SDI
measurements are even slightly different than one (1), fruit will appear deformed. Cantin et al.
(2010) observed significant differences in suture deformation among crosses by calculating SDI,
even though their SDI values only ranged between 0.95-1.
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2.4.2 Inheritance and Heritability of Fruit Mass, Shape and Size
Fruit shape and size in peach are quantitatively inherited as complex traits (Pereira Silva
et al., 2013; Zhang et al., 2010). The quantitative inheritance pattern of these traits result from
the combined action of several genes and environmental factors such as plant health, climatic
conditions, cultural practices, soil moisture and plant nutrition (da Silva Linge et al., 2015).
Heritability estimates are moderate for all fruit shape and size parameters in peach (de Souza and
Byrne, 1998).
Based on these heritability estimates de Souza and Byrne (1998) suggested that gentic
advances associated with breeding for FM are expected to be relatively rapid. Depending on the
population, one generation of independent selection for larger FS may increase FM by ~21% (14
g) (de Souza and Byrne, 1998). They also found that selection for FS through selection of FPD,
FSD and FCD would be much less efficient, only increasing FS by 5-11%. Based on
repeatability estimates, de Souza and Byrne (1998) reported that moderate permanent
environment and/or nonadditive genetic effects are factors that may influence fruit size and
shape. Knowledge of the QTLs associated with peach FM and FS will help breeding programs
develop genotypes with larger fruits that are aesthetically homogeneous without any
physiological and pathological alterations (da Silva Linge et al., 2015; Infante et al., 2008).
2.4.3 Factors Affecting Fruit Mass, Shape and Size
Fruit size and mass are highly influenced by the availability of carbohydrates to
individual fruit. Therefore, the supply of resources from source organs and the demand of
resources by sink organs, such as fruit, affect the size and mass of individual fruit on a tree
(Grossman and DeJong, 1995). Furthermore, individual fruit on a tree control carbohydrate
partitioning by competing with one another. This competition is based on the demand of fruit for
resources and the ability of the translocation system of the tree to deliver resources to fruit
(Farrar, 1993; Gifford and Evans, 1981; Grange and Shaw, 1989; Wardlaw, 1990).
In addition to competing with one another for resources, fruit also compete with
vegetative growth for resources. Competition between fruit and vegetative growth occurs
because, as with most perennial species, fruit and vegetative growth occur simultaneously
(DeJong et al., 1987). The sink strength of fruit plays a major role in determining FM and FS.
Several features are associated fruit sink strength including (1) the size of the surface area across
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which metabolites are transferred from the vascular system to the fruit, (2) the efficiency of the
transfer of carbon from the vascular system to the fruit and (3) the spatial or biochemical
isolation of assimilates in the fruit once they leave the vascular system (Wardlaw, 1990). Trees
that are resource limited tend to produce fruit that are smaller than trees supplied with optimal
resources (Wright, 1989). Therefore, in order to study the maximum fruit growth potential of a
genotype, which is a good estimate of the genetic potential of FM and FS of a genotype,
expirements must be conducted to ensure that individual fruits are grown under conditions of
non-limiting resource availability. This type of condition is known as sink-limited growth where
fruit growth is limted only by endogenous characteristics of the organ (Grossman et al., 1995).
Grossman et al. (1995) define sink-limited growth as “the genetically determined growth attained
when an organ is grown under optimal environmental conditions in the presence of a nonlimiting supply of carbon and other resources”. This term and concept has also been defined and
used in several other earlier studies (Wareing and Patrick, 1975; Warren Wilson, 1967 and
1972). In order to study the effective phenotypic potential of a genotype’s FM and FS, sinklimited growth must be attained. Sink-limited growth may be attained by providing optimal
resources to trees and through fruit thinning. If these two parameters are practiced, fruits
exhibiting maximum FM and FS expression are likely to occur. As an example, in order to study
FM and FS da Silva Linge et al. (2015) heavily thinned trees prior to fruit reaching stage II of
development. They thinned fruit to no more than one to three fruits per fruting branch, harvested
the 10 largest fruits from each tree and chose the three heaviest fruit from these 10 for assessing
FM and FS.
By contrast, source-limited growth is when growth is limited by the resource supply
(Grossman et al., 1995). For example they found that fruits grown on heavily thinned trees had
double the mean dry mass compared to fruits grown on unthinned trees. This situation occured
because resource availability for fruit growth exceeds resource usage on heavily thinned trees
compared to unthinned trees, therefore, indicating that fruit growth was source-limited on
unthinned trees. It is noteworthy to mention that differences in fruit dry masses between thinned
and unthinned trees start to appear after only 5 weeks post bloom and continue until harvest.
Since the majority of post-anthesis cell divisions in peach fruit occur within the first 3-4 weeks
post bloom, it is likely that the differences observed in FS between thinned and unthinned trees
was due to cell enlargement and not cell division (Addoms et al., 1930; Regland, 1934). Two
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main source-limited growth periods are associated with the differences observed between the
size and mass of fruit on thinned and unthinned trees. The first source-limited growth period
occurs in both early and late maturing genotypes when vegetative growth (shoot extension) is
rapid and competing with fruits for resources. By contrast, the second-limited growth period
occurs only in late maturing genotypes. This period occurs approximately one month before
harvest when vegetative growth has seized, cells are enlarging rapidly, intercellular spaces are
decreasing and SSC is increasing (Zucconi, 1986). Crop resource usage rate is defined as “the
rate of accumulation of dry weight plus the respiration rate of all the fruits on the tree”
(Grossman et al. 1995). Throughout most of fruit development the crop resource usage rate tends
to be significantly higher on unthinned trees compared to thinned trees.
2.4.4 Differentiating Between Fruit and Stone Mass, Shape and Size
When assessing FM and FS it is important to separately measure flesh mass and size as
well as seed mass and size. Seperating these measurements allows researchers to differentiate
between QTLs that may be responsible for regulating total FM and FS, versus QTLs that
separately regulate fruit flesh mass and size or seed mass and size (Quilot et al., 2004). This level
of thoroughness in measuring FM and FS helps ensure that QTLs detected for FM and FS are not
QTLs for stone mass and size (Quilot et al., 2004). Co-located QTLs associated with fruit
dimensions and mass may either correspond to (1) a unique QTL acting on total fruit size, (2) a
unique QTL that influences stone mass and size or (3) a unique QTL that influences flesh mass
and size. In the case where the QTL only influences stone mass and size, variation in total stone
size would explain variations in fruit size, but such QTLs would not be of horticultural value
(Quilot et al., 2004). As an example, Dirlewanger et al. (1999) and Etienne et al. (2002b)
conducted QTL analyses where they evaluated FM and FS, but did not evaluate stone mass and
size. Based on this analysis the groups detected a QTL on LG 6 that associated with FM. It is
possible, however, that the QTL they detected on LG 6 corresponds to a QTL for stone mass
rather than FM. This possibility was demonstrated by Quilot et al. (2004) who located a QTL for
stone cheek diameter and stone mass in the same region on LG 6 that the QTL for FM was
detected by Dirlewanger et al. (1999) and Etienne et al. (2002b). Regions affecting both fruit and
stone mass and size have also been detected on LGs 1 and 4.
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2.4.5 Flat Fruit versus Round Fruit
Although most peaches and nectarines available in the market are round, there are a few
genotypes that have flattened fruit. The flat fruit character is defined by normal to large suture
diameters accompanied by very narrow shoulders (Figure 7). Almost all flat peach genotypes
have excellent flavour with a characteristic sweet taste, low TA and high sugar content (Ma et
al., 2003). The flat fruit character of these peaches originated from China, and was reported to be
controlled by the dominant gene (S) located on LG 6 (Dirlewanger et al., 1998). The trait was
named S by Lesley (1940) due to the saucer-shaped look of the fruit. The recessive allele is
responsible for round shaped fruit and was also reported to correspond to a gene necessary for
fruit development (Dirlewanger et al., 2006). A RFLP marker, PC2, and an AFLP marker were
both reported to cosegregate with the S gene (Dirlewanger et al., 1998). The S gene was also
found to be co-located with two SSRs, MA040a and MA014a, and one RFLP marker, FG25
(Dirlewanger et al., 2006). Assessment of the S gene using the SSR marker MA014a suggested
that the two characters, flat fruit and aborting fruit, were controlled by a single gene
(Dirlewanger et al., 2006). The gene codes for a protein that modulates fruit development in a
manner that (1) homozygous recessive genotypes (ss) produces round fruit that are
developmentally sound, (2) heterozygous genotypes (Ss) produces flat fruit that are
developmentally sound and (3) homozygous dominant genotypes (SS) produces fruit that are
flat, but do not develop (Dirlewanger et al., 2006). Despite these reports, it is still possible that
fruit shape and fruit development may be controlled by two different genes that are tightly
linked; the dominant allele of the S gene may be linked to the recesive allele of the ‘aborting
fruit’ (Af) gene, which controls fruit development (Dirlewanger et al., 2006).
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Figure 7 Round versus flat peaches.
(A) Illustration of a round peach, (B) illustration of a flat peach

2.4.6 Fruit Mass
2.4.6.1 Variability in Fruit Mass
Fruit mass is a measure of the total mass of a single peach fruit, which includes the seed
(endosperm, embryo, seedcoat) and the pericarp (endocarp, mesocarp and exocarp) (Figure 4).
FM is usually expressed in grams (de Souza and Byrne, 1998). FM is a major quantitatively
inherited factor that determines yield, fruit quality and consumer acceptability (Dirlewanger et al.
1999). Almost all studies report a high level of variability in FM between peach (Quilot et al.,
2004; Iglesias and Echeverría, 2009) and apricot (Ruiz and Egea, 2008) genotypes. Cantín et al.
(2010) reported a more than 10-fold range (28.9-370.3g) in mean FM among breeding seedlings.
In general, FM may vary from less than 50 g in wild peach genotypes to 80-110 g in very earlyripening genotypes to over 680 g in mid and late-maturing genotypes (Li, 1984). Despite this
variability, commercial standards require fruit to be between 180 to 230 g depending on
MD/FDP and final use (Layne and Bassi, 2008). The high level of variability in FM observed in
peach fruit is a result of the influence of genotype, type of fruit (flat, round and oblong peaches)
and environment.
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2.4.6.2 Correlation Coeffecients and Frequency Distributions Associated with Fruit Mass and
Corrleations between Fruit Mass and other Fruit Quality Components
Quilot et al. (2004) reportd that FM had a bimodal frequency distribution in a BC2
population. However, when the same population was assessed for FM in 2005 a typical normal
distribution was observed.
Cantín et al. (2010) reported higher mean FM in the latest harvesting crosses, which may
imply that there is a correlation between MD/FDP and FM. This implication may be due to
gentic linkage between loci involved in MD/FDP and FM or due to environmental or
physiological differences associated with early and late maturing genotypes. Similar findings
have been reported for peach and apricot, where a positive correlation between MD/FDP and FM
was observed (Dirlewanger et al., 1999; Eduardo et al., 2011; López and DeJong, 2007; Ruiz and
Egea, 2008). FM has also been reported to be positively correlated with annual yield, endocarp
staining, pH, ripening index, firmness and sphericity and negatively correlated with TA (Cantín
et al., 2010). However, de Souza and Byrne (1998) reported positive genetic correlations
between FM and TA. Significant positive correlations have also been reported between FM and
SSC, however, these correlations were only observed in some progenies (Cantín et al., 2010;
Eduardo et al., 2011). Taken together, these correlation results indicate that selection of better
fruit shape and larger fruit size may result in fruit with higher acidity and sugars (de Souza and
Byrne, 1998).
2.4.7 Fruit Suture Diameter (Fruit Suture)
Fruit suture diameter is a measure of the total distance between the suture end to the end
opposite of the suture on a peach at the mid point of the fruit (Figure 8). FSD measurements are
usually expressed in millimeters.
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Figure 8 Illustration of fruit parts used to measure fruit size components.
Modified from “http://www.peachsouth.com/”

2.4.8 Fruit Polar Diameter (Fruit Shoulder)
Fruit polar (shoulder) diameter is a measure of the total distance between the highest
point on the pedicular end of a fruit to the lowest point on the styler end of a fruit (Figure 8).
FPD measurements are usually expressed in millimeters.
2.4.9 Fruit Cheek Diameter (Fruit Cheek)
Fruit cheek diameter is a measure of the total distance between the cheeks of the peach
(Figure 8). FCD measurements are usually expressed in millimeters.
2.5 Fruit Firmness
2.5.1 Importance of Fruit Firmness in Peach
Fruit firmness is a component of mesocarp texture and is an important fruit quality trait in
peach. FF should be considered in every breeding program because it directly influences the
susceptibility of fruit to postharvest mechanical damage (Crisosto et al., 2001b ; Kunze et al.,
1975), and indirectly governs consumer acceptance (Scorza and Okie, 1991). Optimal colour,
flavour and aroma development can only occur while fruit are tree ripened, however, shipping
tree-ripe fruit often causes damage to fruit (Do et al., 1969; Scorza and Okie, 1991). Therefore,
peaches are often picked prior to the development of peak firmness, colour, flavour and aroma to
ensure adequate durability during picking, storage and shipment.
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Texture in fruit is generally defined as “the overall feeling that a food gives in the mouth,
and is therefore comprised of properties that can be evaluated by touch” (Sams, 1999). More
specifically, the textural properties of a food are defined as “that group of physical characteristics
that are sensed by the feeling of touch, are related to the deformation, disintegration and flow of
the food under the application of a force, and are measured objectively by the functions of force,
time and distance” (Bourne, 1980). Texture is composed of several properties including (1)
mechanical properties (hardiness, chewiness and viscosity), (2) geometrical properties (particle
size and shape) and (3) chemical properties (moisture and fat content) (Bourne, 1980). Cellular
organelles, biochemical constituents, water content, turgor pressure and cell wall composition are
some of the factors that affect the texture of fruits (Bourne, 1980). Therefore, any external factor
that affects these traits may modify texture of fruit leading to changes in peach quality (Sams,
1999). Both subjective (direct human evaluation) and objective (quantitative instrumental
evaluation) methods may be used to measure texture (Sams, 1999).
As fruit grow and develop they undergo textural changes, which involve genetically
programmed modifications in the cell wall structure, as well as changes in physiological factors
involved in developmental plant organ function (Sams, 1999). More specifically, textural
alterations in fruit that occur during growth and development are due to changes in the chemistry
of several primary cell wall components. These components include cellulose, pectins and
hemicelluloses (Sams, 1999). The chemical changes associated with fruit textural changes
(Harker et al., 1997; Seymour and Gross, 1996; van Buren, 1979) and the methods of measuring
fruit texture (Abbott et al., 1998b; Bourne , 1979a,b; Harker et al., 1997) are well documented
and will not be reviewed in this work. Fruit texture is influenced by environmental, cultural,
physiological and genetic factors (Sams, 1999).
2.5.2 Classifying Fruit Texture
Three main distinct fruit texture phenotypes have been reported (1) melting (M), (2) nonmelting (NM) (Bailey and French, 1932) and (3) stony hard (Yoshida, 1976). M and NM peaches
represent the two major classes of commercial peaches. Variations observed between these
classes are based on flesh characteristics, which have major effects on fruit texture and firmness
(Illa et al., 2011). Melting peaches do not readily maintain their structural integrity and firmness
during maturity, and therefore, ripen and soften much more quickly than non-melting peaches
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(Scorza and Okie, 1991). Melting peaches are most often marketed for fresh consumption or
freezing (Scorza and Okie, 1991). Melting is dominanat to non-melting (M/m) (Bailey and
French, 1932) and segregates in a Mendelian fashion (Bassi and Monet, 2008).
Fruit with the melting texture phenotype soften slowly at the beginning stages of
ripening, but towards the latter stages of ripening they soften quickly until they become
completely soft (melt) (Layne and Bassi, 2008). Variability within melting peaches led Yoshida
(1976) to identify three sub catagories of firmness within the melting phenotype based on rate of
softening; these catagories were (1) soft, (2) medium and (3) firm. Compared to soft and medium
classes of melting peaches firm type melting peaches soften slowly, are less susceptible to
bruising during handling, display a longer shelf life (Yoshida, 1976) and have a high amount of
water-insoluble pectins and Ca bound to the cell wall (Mignani et al., 2006).
Non-melting peaches retain structural integrity and firmness during maturity and ripening
and soften relatively slowly (Scorza and Okie, 1991). Non-melting phenotypes do not melt
(completely soften) even when overripe (Layne and Bassi, 2008). These peaches become rubbery
due to loss of water during the senescene stage (Sherman et al., 1990). Almost all non-melting
peaches are of the clingstone type, and are usually used in processing in western countries or
marketed in countries where handling, transportation and refrigeration are costly or not available
(Scorza and Okie, 1991).
Stony hard fruit somewhat resembles non-melting fruit; SH fruit are very firm and crisp,
never melt, become rubbery when senescent and are often low acid. The main difference
between NM and SH genotypes is that ethylene production is absent in SH fruit, but abundant in
NM fruit (Goffreda, 1992; Haji et al., 2001; Tatsuki et al., 2006).
2.5.3 Factors Influencing Fruit Texture
2.5.3.1 Environmental Factors Influencing Fruit Texture
Differences in environmental conditions due to growing season and location have
pronounced effects on fruit texture (Knee and Smith, 1989; Luton and Holland, 1986) and
include variables such as light, temperature and moisture (Sams, 1999). Light is necessary for
fruit development and acts to improve fruit texture, however, light above photosynthetic
saturation levels can increase fruit temperature and may result in fruit damage and softening
(Sams, 1999). Therefore, FF may be affected by the position of the fruit on the tree; fruit that are
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closer to the interior of trees tend to be firmer than fruit on the perimeter where sunlight
exposure is more intense (Blanpied et al., 1978). Temperature directly influences metabolism,
and theferore, has an indirect effect on cellular structure and other components that influence
texture (Sams, 1999). Fruit temperature and firmness have been reported to be correlated in
apples (Blanpied et al., 1978; Haller, 1941), strawberries (Rose et al., 1934) and pear (Hartman,
1924). Most non-chilling sensitive fruits maintain better firmness when temperatures are low
because their tissue density is higher at lower temperatures (Sams, 1999). The degree of cellular
hydration (water content) influences cell turgor, and therefore, directly influences plant and fruit
texture (Sams, 1999). Small changes in percent water may cause undesirable textural changes in
fruit (Sams, 1999). For example, in apple a 5% loss of water results in unmarketable fruit due to
loss of texture (Sams, 1999).
Cultural factors such as nitrogen, phosphorus, potassium and calcium may have
pronounced effects on texture (Sams, 1999). For example, application of nitrogen and potassium
fertilizer is reported to cause a reduction of firmness in fruit and vegetable crops (Blanpied et al.,
1978; Peck and van Buren, 1975; Prasad et al., 1988; Reeve, 1970). Of all plant nutrients,
calcium levels are particularly associated with fruit quality in general and firmness in particular
(Sams, 1999). Therefore, adequate calcium content of fruit at harvest is crucial for maintaining
fruit quality. The most prominent effect calcium has on FF is its direct involment in
strengthening plant cell walls through its ability to cross link with pectins (Demarty et al., 1984).
Excessively high ratios of potassium:calcium have been reported to increase the occurance of
fruit disdorders associated with undesirable texture (Bramlage et al., 1983; Sharples, 1984). A
loss of firmness also results when fruit phosphorus and calcium levels are both excessively low
(Sharples, 1980). The connection between calcium and fruit softening as a result of numerous
physiological and biochemical processes is well documented (Poovaiah et al., 1988).
2.5.3.2 Physiological Factors Influencing Fruit Texture
Physiological factors such as fruit size have been reported to be correlated with FF
(Sams, 1999). This phenomenon is likely a result of the fact that fruit size is determined by both
cell size and cell number. Most fruit, regardless of size contain more or less the same number of
cells, and therefore, in most cases the main factor influencing fruit size is cell enlargement and
not cell number. For this reason smaller fruit tend to have a larger proportion of their volume in
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cell wall material, which means that tissue density and firmness is higher in smaller fruit (Sams,
1999). The composition of the cell wall has a strong effect on flesh firmness and texure (Layne
and Bassi, 2008). In general, FF decreases as fruit mature. Therefore, the stage of maturity at
harvest directly impacts the texture of fruit; this is particularly true in peach (Kader et al., 1982).
The most significant quality attribute that usually determines shelf-life in peach is
softening during ripening, an attribute that is common in most fruit. Fruit softening arises from
different processes including loss of turgor, degredation of starch and breakdown of fruit cell
walls. Breakdown of fruit cell walls is the most influential component that causes changes in
texture during ripening. The main structural components of fruit cell walls are carbohydrate
polymers, which consist of cellulose, hemicelluloses and pectins (Layne and Bassi, 2008).
Modification of pectic polymers through solubilisation and depolymerisation also causes
softening in peach (Dawson et al., 1992). During ripening the molecular mass of hemicelluloses
in the cell walls of fruit changes, which results in decreased tissue cohesion and softening
(Hedge and Maness, 1998). Changes in cell wall properties during fruit ripening are caused by
enzymes, predominantly cell wall hydrolases (Layne and Bassi, 2008). The most important
enzymes involved in fruit softening are pectinmethylesterase (PME), polygalacturonase (PG), b(1,4)-glucanase (EG)(syn; cellulose) and b-galactosidase (b-GAL). PME and b-GAL are usually
present during the initial stages of fruit development. PG and EG are absent in mature green
fruit, but become present and active with the onset of ripening. PG and EG increase drastically as
fruit continue to ripen (Layne and Bassi, 2008). Two types of PG exist in peach, exo and endoacting PG (exoPG and endoPG) (Pressey and Avants, 1973). The level of endoPG is much
higher in melting peaches compared to non-melting peaches. PG is found in both melting and
non-melting peaches, however, PG activity increases during ripening in melting peaches only
(Pressey et al., 1971). By contrast exoPG is found in comparable amounts in both melting and
non-melting peaches (Pressey and Avants, 1978). EG hydrolyses the β-1,4-glucan linkages found
in fruit cell wall polymers. The hydrolysis of these linkages causes the weakening of cell wall
structures through the separation of cells in ripening fruit, therefore, resulting in fruit softening
(Layne and Bassi, 2008). Trainotti et al. (1997) identified different EG isoforms, which suggests
that a multigene family of EG is present in peach. Currently, three EG cDNA clones (pCe110,
pCe120 and pCe130) have been isolated from peach RNA. Textural changes in fruit during
maturation and ripening likely involve the complex interaction of several enzymes that cause
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physicochemical changes in the cell wall. Loss of turgor, a non-physiological process associated
with postharvest dehydration of fuit, and starch degredation both cause the softening of peach
fruit (Layne and Bassi, 2008).
Expansins are a group of proteins that contribute to softening in peach (Hayama et al.,
2003). To date, three expansions, namely Pp-Exp1, Pp-Exp2 and Pp-Exp3, have been isolated
from ripe peach fruit. Pp-Exp2 RNA tends to be expressed constitutively throughout fruit
development, but is more abundant during stage III of fruit development when exponential
growth and maturation occurs (Hayman et al., 2003). Pp-Exp1 and Pp-Exp3 are upregulated at
the onset of ripening; Pp-Exp3 shows a closer association with softening than Pp-Exp1 (Hayman
et al., 2003). Trainotti et al. (2003) assessed the gene expression profiles of cell wall proteins
involved in metabolic aspects of the primary cell wall (degredation, synthesis, structure). The
expression profiles demonstrated that fruit softening in peach starts well before the ethylene
climacteric rise and coninues thereafter. The profiles also showed that ethylene mainly acts to (1)
downregulate genes whose expression starts before the ethylene climacteric rise and (2)
upregulate genes that are ripening specific. The expression analysis also revealed that
pectatelyase plays an important role in cell wall degredation.
2.5.3.3 Genetic Factors Influencing Fruit Texture
Although environmental factors modify the expression of textural traits, the genetic
background of plants is the major factor that influences fruit texture and firmness (Sams, 1999).
Different genotypes within a species vary significantly in textural attributes due to their unique
genetic makeup, however, textural variability within a genotype also exists (Sams, 1999). Many
enzymes, such as polygalacturonase, are genetically regulated in fruit and play a crucial role in
fruit softening.
Many CGs have been reported to play a role in regulating peach fruit texture and
firmness. The endopolygalacturonase gene has been reported to play a major role in regulating
the different textures associated with melting vs. non-melting peaches (Lester et al., 1996; Peace
et al., 2005). Non-melting peaches do not soften because they lack endopolygalacturonase
(endoPGase) activity, the enzyme responsible for cleaving pectins (polygalacturonic acid chains)
from the cell wall in melting fruit (Lester et al., 1996). A mutation in the endoPG gene has been
detected and is currently being used for MASS targeted towards selection of melting and non71

melting genotypes (Morgutti et al., 2006). Both melting and non-melting peaches develop and
accumulate a high amount of ethylene during ripening; however, ethylene tends to be more
abundant in non-melting phenotypes (Mignani et al., 2006).
The recessive form of the gene Hd is responsible for producing SH fruit (Scorza and
Sherman, 1996). The SH phenotype is indepandantly inherited from M and NM. When
exogenous ethylene is applied to fruit the SH/M (hdhd/f) phenotype is induced to melt, while the
SH/NM (hdhd/f1f1) keeps firmer (Haji et al., 2005). Based on this observation it is likely that the
SH trait is controlled through epistatic interactions with the M and NM traits.
2.5.4 Measuring Fruit Texture
FF is commonly measured using a penotrometer and recorded as force in lb per unit area.
The higher the force required to penetrate the flesh, the higher the force reading. Most varieties
of peaches soften as maturity and ripening progresses; therefore, force values decrease as fruit
mature and ripen. Some studies report significant differences in FF between nectarines and
peaches with nectarines possessing the firmest (highest) FF means (Cantín et al., 2010; Crisosto
et al., 2001a; Valero et al., 2007). It has also been reported that yellow fleshed fruits tend to have
firmer FF means compared to white fleshed fruits (Cantín et al., 2010; Crisosto et al., 2001a).
FF is commonly measured on opposite sides of the equator (centre of fruit cheeks) of
each fruit using a penetrometer fitted with an 8 mm diameter probe (Cantín et al., 2010). Some
studies measure FF from the sun exposed and non-sun exposed sides of each fruit (Eduardo et
al., 2011). Data for each fruit are then averaged and data are reported in Newtons (N) or
pounds/square inch (lb/in2). FF measurements are usually highly variable among and between
genotypes. Different FF thresholds are used by producers and researchers to determine maturity
thresholds. These differences result from variation in FF between cultivars, consumer
preferences and the level of postharvest handling required between fruit harvest and retailing.
The maximum value of FF for marketing fresh peaches and nectarines in Europe as set by the
EU is 63.7 N [Commission Regulation (EC) No. 1861/2004]. In some regions of the U.S.A fruits
with FF measurements of 18-35 N are commonly considered “ready to buy” (Crisosto et al.,
2001a). In this case, a FF threshold of 35 N is often used to differentiate between mature and
immature fruit (Cantín et al., 2010). Byrne et al. (1991) used a catagorization method to divide
fruit based on firmness; fruit were placed in one of four mesocarp firmness catagories (FC): (1)
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0-22 N (soft ripe), (2) 23-44 N (firm ripe), (3) 45-66 N (maturity threshold) and (4) > 66 N
(immature fruit). The upper limit of FC2 and the lower limit of FC3 represent the mature
category described by Delwiche and Baumgardner (1983).
FF is highly correlated with fruit maturity and ripening (Eduardo et al., 2011); the more
mature/ripe the fruit, the lower the FF value. Due to this correlation, evaluation of FF should be
considered completely separate from evaluation of MD/FDP if the objective is to identify QTLs
for both FF and MD/FDP. FF values obtained from fruit at different maturity or ripening stages
cannot adequately be used to identify QTLs associated with the FF of a genotype. Therefore, FF
and MD/FDP measurements should be taken from independent fruit. If both FF and MD/FDP
traits are evaluated together on the same fruit it should not be expected that significant QTLs for
FF would be identified (Eduardo et al., 2011). This conclusion is simply derived from the fact
that FF is one of the criteria used to determine MD/FDP. In order to properly evaluate FF
breeding efforts aimed at enhancing FF and research aimed at identifying QTLs for FF need to
consider the speed of fruit softening rather than FF as a maturity index for harvest (Eduardo et
al., 2011). FF measurements must be objectively scored in order to properly identify QTLs for
FF.
2.5.5 Correlations Between Fruit Texture and Other Fruit Quality Traits
Fruit firmness has been found to be correlated with other fruit quality traits such as FM,
SSC and TA in peach (Byrne et al., 1991; Cantín et al., 2010) and SSC in sweet cherry (Jiménez
et al., 2004). Positive correlations between FF and SSC have been reported in several studies.
Based on this correlation it is apparent that, when evaluated at the same level of maturity, firmer
fruit have a tendency to contain higher SSC than softer fruit. Positive correlations between FF
and SSC means that breeders selecting for high SSC genotypes will also be indirectly selecting
for firmer fruit, which will be less susceptible to mechanical damage during handling and
packing (Crisosto et al., 2001b). These reported correlations are thought to be due to pleiotropy,
however, transient correlation due to linkage disequilibrium may be a cause of the observed
correlations (Falconer and Mackey, 1996).
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2.6 Fruit Sugars and Soluble Solid Content
2.6.1 Importance of Fruit Sugar and Soluble Solid Content in Peaches
Soluble solids are major factors that alter peach flavour. The soluble sugar content of
fruit is a component of the soluble solids in fruit. Soluble sugars are a particularly important
determinate of fruit taste. Soluble sugar content largely determines consumer acceptance and can
be a good indicator of physiological maturity and ripeness. SSC less than 10% (Clareton, 2000)
or 11% (Crisosto and Crisosto, 2005; Kader, 1994; Hilaire, 2003) are generally unacceptable to
consumers. However, consumer acceptance based on SSC percentages in fruit varies with acid
levels (Byrne et al., 2002). Therefore, there is no single reliable SSC that assures a given
percentage of consumer satisfaction because the relationship between SSC and consumer
acceptance is cultivar specific (Hilaire, 2003; Kader, 1994;: Crisosto and Crisosto, 2005).
2.6.2 Types of Sugars in Peaches
The types and ratios of sugars in peach fruit determine the overall taste of the fruit
(Pangborn, 1963). Peach fruit contain four main sugars, which include sucrose, glucose, fructose
and sorbitol (Bassi and Selli, 1990; Dejong and Moing, 2008; Moing et al., 1998; Seymour et al.,
1993; Yoshida, 1970). The dominant sugar in fruit at maturity is sucrose (Allen, 1932; Bigelow
and Gore, 1905; Culpepper and Caldwell, 1930; Deshpande and Salunkhe, 1939; Moriguchi et
al., 1990; Nightingale et al., 1930; Robertson and Meredith, 1988; Sweeney et al., 1970;
Thompson and Whittier, 1912; Wrolstad and Shallenberger, 1981). Glucose, fructose and
sorbitol are found in lesser amounts in mature fruit compard to sucrose (Moriguchi et al., 1990;
Robertson and Meredith, 1988; Wrolstad and Shallenberger, 1981). Sucrose, glucose, fructose
and sorbital make up approximately 54-75%, 4-11%, 9-21% and 3-25% of the total SSC of
mature fruit, respectively (Meridith et al., 1989; Wills et al., 1983). Trace amounts of maltose,
galactose and xylose have also been reported in ripe fruit (Wrolstad and Shallenberger, 1981).
Approximately 65-85% of the SSC of fruit are sugars (Seymour et al., 1993), and therefore, SSC
is a good indirect measure of fruit sugar content. In terms of sweetness, fructose has been
reported to be sweeter than sucrose (Doty, 1976) and sucrose to be sweeter than glucose
(Pangborn, 1963; Yamaguchi et al., 1970). In general, higher quality peaches contain a higher
percentage of fructose and lower percentages of glucose and sortibitol compared to lower quality
peaches (Robertson and Meredith, 1988).
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2.6.3 Measuring Soluble Solid Content in Fruit
SSC is typically measured on a refractometer in units of degree Brix (ºBx) (Cantín et al.,
2010; Dirlewanger et al., 1999; Quarta et al., 2000, 2004). °Bx is the sugar content of an aqueous
solution. One degree Brix is 1 gram of sucrose in 100 grams of solution and represents the
strength of the solution as percentage by mass.Therefore, ºBx values only represent the amount
of dry solids dissolved in the sample if the dry solids are exclusively sucrose. In the case where
the solution contains dissolved solids other than sucrose (e.g. glucose, fructose, sorbital and
acid), the ºBx measurement is only an approximate estimate of the dissolved sugar content. In
these situations ºBx values cannot be adequately equated with the sucrose content, but it may
represent a good approximation of the total sugar content. Therefore, it is important to remember
that SSC measurements are only an indirect assessment of the sucrose/sugar content within fruit.
Although SSC and sugars alone are important in determining the marketablility of peaches, many
researchers, breeders and producers prefer to evaluate the sugar : acid ratio as the major
organoleptic quality trait of mature fruit.
2.6.4 Environmental and Cultural Factors Affecting Fruit Sugar Content
Brooks et al. (1993) reported significant changes in glucose, fructose and sorbitol
contents between years; however, they did not observe significant yearly variation in sucrose
content or total sugar content. This observation suggests that sucrose content is influcences less
by environmental variables than other forms of sugar. Variation in sugar content between years
is likely explained by differences in environmental conditions and cultural practices, such as fruit
thinning as it affects crop load (Culpepper and Caldwell, 1930).
Photosynthetic effeciency in higher plants depends on environmental conditions (Haller
and Harding, 1939; Culpepper and Caldwell, 1930; Sweeney et al., 1970; Zhan et al., 2001),
internal regulation within plants and genetic factors (Wu et al., 2008). The photosynthetic ability
of a tree largerly determines its carbohydrate supply, which in turn affects the sugar supply
available to developing fruit. Therefore, variability in environmental conditions within and
between years and the internal regulation of the tree may influence the SSC content in maturing
fruit. Environmental variability generally affects the tree as a whole, and therefore, may not
drastically cause variability in SSC between fruit within a given tree at any given time.
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Environmental and cultural practices may also cause significant variability of SSC and
individual sugars within a tree. Manipulations affecting the source organs, such as the position of
fruit in the canopy (Dann and Jerie, 1988; Marini, 1985) and shading leaves may cause changes
in a tree’s internal regulation. Furthermore, treatments affecting the sink organs, such as thinning
(Culpepper and Caldwell, 1930; Marini, 1985; Syvertsen et al., 2003) and pruning practices
(Coe, 1933) may also affect the internal regulation of trees. These changes in internal regulation
due to the above mentioned factors may result in large differences in SSC and sugar content
between individual fruit within a tree.
The most important assimilate sink in trees is fruit; therefore, the number of fruit on a
tree influences the source-sink relationship of the tree (Wu et al., 2008). In fact, Pavel and
DeJong (1993) reported that the dry matter of fruit sometimes exceeded 50% of the total dry
matter production of a tree at harvest. The fruit load of a tree also indirectly influences the SSC
content of fruit through stomatal function. Fruit could act as a temporary water reservoir for a
tree during the day time. Some studies report the shrinkage of fruit during the day due to water
departure from fruit into other parts of the tree that become dehydrated (Huguet et al., 1992).
During periods of high irradiation or increased temperature water leaving the fruit could be used
to replenish the water content of leaves (Wu et al., 2008). Water leaving the fruit could cause
fruit dehydration, which in turn could influence stomatal aperture, and therefore, the
photosyenthetic capacity, and hence, the sugar content of fruit within a given tree. Through this
mechanism fruit load may play an important role in determining the sugar content of individual
fruit on a tree. Taken together, these researches indicate that there is a high level of variability in
SSC between fruit within a given tree and between trees of the same genotype.
2.6.5 Trends Associated with Soluble Solid and Sugar Content during Fruit Development
Up until about 54 DAB, which approximately represents the first sigmoidal of fruit
development in mid to late-maturing genotype, glucose and fructose are the main two sugars
present in fruit (Chapman et al., 1991). The levels of sucrose begin to increase rapidly between
54-68 DAB and then increase gradually from about 68-97 DAB (Chapman et al., 1991).
Following this gradual increase fruit sucrose levels spike very rapidly between approximately
97-113 DAB, which corresponds to the second sigmoidal of fruit development in mid to latematuring gentoypes. Finally, sucrose levels off at about 117-126 DAB (Chapman et al., 1991).
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By contrast, glucose and fructose contents steadily decrease from about 54-95 DAB, while
sorbitol levels increase during this period. Glucose, fructose and sorbital contents decline slightly
from 95 DAB until full maturity (Chapman et al., 1991). Brooks et al. (1993) found that sorbital
levels first increase during the initial stages of fruit growth and development and then decrease
and finally stabalize as fruit near maturity/ripening. Moriguchi et al. (1990) also found that
sorbitol concentrations remained stable throughout maturation.
Some studies report that sucrose is the major sugar in all stages of fruit maturity (Brooks
et al., 1993). However, other studies indicate that the concentration of reducing sugars (glucose
and fructose) is higher in immature fruit and that sucrose is the major sugar only in mature
peaches (Bigelow and Gore, 1905; Moriguchi et al., 1990; Nigtingale et al., 1930; Thompson and
Whittier, 1912). Changes in sugar content during maturity in different cultivars tend to be
similar, which indicates that SSC may be used as a maturity index for most peach genotypes
(Chapman et al., 1991).
Brooks et al. (1993) reported that although acidity showed a gradual decrease with
advancing maturity, the sugar : acid ratio showed a significant increase as maturity progressed.
These results suggest that the increase in perceived sweetness of fruit during ripening may be a
result of decreases in acidity rather than increases in SSC.
2.6.6 Inheritance of Soluble Solid Content and Sugars in Peach
Fruit SSC is quantitatively inherited in peach and heritability estimates are low to
moderate for this trait (Hanshce et al., 1972; de Souza and Byrne, 1998). The hertibility for
individual sugars and percent total sugar was reported to be much lower (Brooks et al., 1993).
Because SSC is quantitatively regulated (Dirlewanger et al., 1999; Quilot et al., 2004) a high
level of variability is observed between genotypes for this trait (Cantín et al., 2006). Based on
repeatability estimates, de Souza and Byrne (1998) reported that moderate permanent
environment and/or nonadditive gentic effects are factors associated with SSC.
2.6.7 Correlations between Soluble Solid Content/Sugars and other Fruit Quality Traits
Nectarines tend to have significantly higher SSC than peaches (Cantín et al., 2009, 2010;
Crisosto et al., 2001, 2006a; Wu et al., 2005). The co-localization of a major QTL for SSC with
the morphological marker associated with pubescent versus glabrous skin (G/g) (Blake, 1932),
located on LG 5, likely explains the correlation observed between SSC and the peach/nectarine
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fruit character (Quilot et al., 2004). Flat fruit were reported to be sweeter and have higher SSC
and sugar conent than round fruit (Cantín et al. 2010; Ma et al., 2003). White flesh fruits tend to
have significantly higher SSC, sucrose, glucose and fructose than yellow flesh fruit (Cantín et al.,
2009a; 2010; Robertson et al., 1990).
SSC has been reported to be correlated with other organoleptic quality traits in peach.
Etienne et al. (2002b) found that SSC was significantly positively correlated with quinic acid,
sucrose, glucose and fructose contents, and negatively correlated with malic and citric acid
contents. Dirlewanger et al. (1999) reported significant correlations between sucrose and glucose
(r = 0.78-0.90). Negative correlations have also been reported between fructose and FF (Byrne et
al., 1991). Cantín et al. (2010) reported that yield is negatively correlated with SSC; this
correlation likely results due to competition between sink organs (i.e. fruit), which compete for a
limited assimilate supply (Mounzer et al., 2008).
Byrne et al. (1993) reported that SSC was not correlated with individual sugar levels or
composite relative sweetness. This lack of correlation reported by Byrne et al. (1993) is likely
not real, but rather a function of limitations associated with measuring SSC. This is because SSC
is measured using a refractometer, which also measures the presence of all soluble optically
active compounds including pectins, salts, acids and sugars (Jacobs, 1994). Therefore, the use of
refractometers to measure SSC may not be accurate in predicting correlations between SSC and
individual sugar components or sweetness.
Quilot et al. (2004) reported significant positive correlations between sorbitol
concentrations and MD/FDP. This correlation indicates that MD/FDP may directly influence
fruit sorbitol levels. Other studies report positive correlations between sucrose content and
MD/FDP (Génard et al., 2003). These correlations were confirmed by the fact that QTLs for
acidity and sweetness have been reported to be linked to the QTL for MD/FDP, namely UDP96003, on LG 4 (Quilot et al., 2004).
Quilot et al. (2004) also reported the co-location of QTLs for fructose and glucose
concentrations. The co-location of QTLs associated with these traits indicates the possibility of a
unique gene, with pleiotropic effects, that regulates both of these sugar components. The
possibility of pleitropic regulation of these sugar componenets has also been demonstrated by the
fact that glucose and fructose are absent from the phloem sap in peach (Moing et al., 1992), and
are concurrently synthesized by sucrose and sorbitol hydrolysis (Quilot et al., 2004).
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The co-location of QTLs for sucrose and hexoses on LG 7 has also been reported, which
indicates that a unique mechanism may control the activity of the enzymes that regulate these
sugar components (Quilot et al., 2004). Acid invertase and neutral invertase are involved in
sucrose hydrolysis, and sucrose phosphate synthase is involved in sucrose synthesis from glucose
and fructose (Keener et al., 1979; Yamaki and Asakura, 1988).
Co-located QTLs for fructose and glucose concentrations have been reported to be
negatively correlated to QTLs associated with FM and FS on LGs 2, 4, 5 and 7 (Quilot et al.,
2004). These co-locations and/or correlations are likely explained by three ecophysiological
processes (1) decreases in FM due to fruit water loss may contribute to an increased sugar
concentration even though the sugar content remains the same, (2) Differences in water flux,
which cause variability in FM, may result from difference in the osmotic potential of individual
fruit sugars, and therefore, the ratio of sugars in fruit may influence FM and (3) Changes in fruit
size may be a result of the possible role of sucrose-cleaving enzymes in sugar composition and
source-sink regulation (Klann et al., 1996; Roitsche, 1999) or in the control of cell differentiation
and development (Sturm and Tang, 1999).
From a breeding perspective, excellent progress in developing peaches with high SSC has
been accomplished. Currently, peach and nectarine cultivars with SSC levels in the range of 1720 ºBx have been developed and grown in California and elsewhere (Crisosto et al., 1998; Byrne
et al., 2000; Nicotra et al., 2001). More recently, Cantín et al. (2010) reported peaches with SSC
levels up to 24.6 °Bx. Despite these breeding accomplishments, there are several breeding
obstacles associate with developing high SSC cultivars because negative correlations exist
between SSC and FDP (Souza et al., 1998, 2000) and SSC and FM. Therefore, peach breeders
may find it difficult to develop large and/or early ripening peaches with high SSC (Byrne, 2002).
However, to date early maturing genotypes with acceptable sugar content (°Bx > 12) have been
developed.
2.6.8 Critical Steps in the Bioassmilation of Sugars and Organic Acids in Peach
The accumulation of sugars and organic acids in fleshy fruits, such as peach, depends on
critical steps that occur both within the plant and the fruit. These stepts include (1) phloem
unloading of sucrose and sorbitol into fruit cells (Beruter, 1993; Herbers and Sonnewald, 1998;
Ho, 1996) (e.g. hexose transporters) (Ho, 1996; Williams et al., 2000), (2) sugar metabolism and
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signalling (Ho, 1996; Yamaki and Ishikawa, 1986) (e.g. sucrose synthase and hexokinase)
(Winter and Huber, 2000), (3) organic acid metabolism (Etienne et al., 2002b; Sadka et al.,
2000a,b) (e.g. cytosolic NAD-dependant malate dehydrogenase, mitochondrial citrate synthase
and cytosolic NADP-depandant isocitrate dehydrogenases) (Sadka et al., 2000a,b), (4)
establishment of an electrochemical gradient across the tonoplast for solute transport and
accumulation into vacuoles (Etienne et al., 2002b; Martinoia et al., 2000; Müller et al., 1997;
Terrier et al., 1998) (e.g. proton pumps: catalytic subunit A of vacuolar H+-ATPase and vacuolar
H+-pyrophosphatases)(Martinoia et al., 2000; Müller et al., 1997; Terrier et al., 1998), (5)
processeses that enable cell expansion and cell wall expansion such as cell-wall loosening
(Cosgrove, 2000) (e.g. expansons)(Cosgrove, 2000) and (6) water and small solute transport
processes such as hydrolysis of sucrose to hexose in the vacuole (Marinoia et al., 2000) (e.g.
membrane intrinsic proteins and gamma-Tip and vacuolar invertase) (Harada et al., 1995; Klann
et al., 1996; Martinoia et al., 2000).

2.7 Fruit Acidity
2.7.1 Importance of Acidity and Acid Components in Fresh Market Peaches
As with sugar, fruit acidity is an important component of the organoleptic quality of
fleshy fruits (Boudehri et al., 2009) and is essential for the development of taste. Optimal sugar
and acid content are not universal criteria for consumer acceptance and may change based on
different consumer ethnic groups (Crisosto et al., 2006a). The total acid content of peach fruit is
usually reported as pH or TA (Quarta et al., 2000), however, individual components of acid
content may also be measured for a more precise understanding of the breakdown of the types of
acids present in the fruit. There is a strong correlation between TA and the perception of
sourness/acidity (Crisosto et al., 2006a). The perception of sourness in the mouth is directly
related to the concentration and type of acid (Pangborn, 1963), and the concentration and type of
sugars present in the fruit (Bassi and Selli, 1990). Organic acid accumulation in peaches occurs
during the early stages of fruit development (Monselise, 1986; Tucker, 1993).
The main organic acids in peach fruit are malic, citric and quinic acids (Byrne et al.,
1991; Moing et al., 1998). On average, peach fruit contain 50-60%, 20-25% and 20-25% of these
acids, respectively (Dirlewanger et al., 1999). Malic acid, being the predominant acid in fruit,
may range between 0.9-1.6% of FM. Peach fruit also contain Shikimic (Byrne et al., 1991),
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succinic and ascorbic acids (ABA), but at much lower levels compared to malic, citric and quinic
acids (Layne and Bassi, 2008).
In general, fruit with higher sugar and acid contents are favoured by consumers (Crisosto
and Crisosto, 2005). However, according to some taste panels consumers prefer low acid (LA)
fruit to normal-acid (NA) fruit (Iglesias and Echeverría, 2009). Some taste panels even indicate
that the unsatisifactory taste of peach fruit may be associated with high acidity (Bassi and Selli,
1990). On average, peaches are reported to have higher TA, and therefore, lower pH compared to
nectarine (Cantín et al., 2010). By contrast, flat fruit tend to have lower TA, and therefore, higher
pH compared to round fruit (Ma et al., 2003).
2.7.2 Sugar Acid Ratio (Ripening Index)
The sugar:acid ratio (SSC:TA), also known as the ripening index (RI), is more commonly
used as a quality index for assessing fruit taste (Bassi and Selli, 1990; Robertson et al., 1989). RI
is better associated with eating quality compared to SSC, TA or individual sugar or acid
components used independantly as quality indices. RI plays an important role in consumer
acceptance of some peach and nectarine cultivars (Crisosto et al., 2004; Crisosto and Crisosto,
2005; Iglesias and Echeverría, 2009). Cantín et al. (2010) reported that RI can range from 6.5 45 .7 and that higher RI ratios are generally preferred by consumers. Higher RI values are
usually associated with peach genotypes that have a high SSC content and low TA, however,
some genotypes with high SSC have low RI values because they have a relatively high acid
content (Cantín et al., 2010). Cantín et al. (2010) reported that nectarines have higher RI values
compared to peaches because of their reported higher SSC values. Furthermore, the group noted
that round and yellow flesh fruit had higher RI values compared to flat and white flesh fruit,
respectively, which is likely due to the fact that flat and white flesh fruits generally have lower
TA values.
2.7.3 Classifying Peaches based on Acidity
Phenotypic variation associated with acidity in peach fruit is continuous; however, fruit
can be grouped into two main classes, NA and LA (syn; sub-acid), according to their pH value.
NA phenotypes have a pH below 4.0 and a TA greater than 60 meq/l, while LA phenotypes have
a pH above 4.0 and a TA lower than 60 meq/l (Boudehri et al., 2009; Dirlewanger et al., 1998;
Monet, 1979; Yoshida, 1970). The LA character in peach is reported to have originated in
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southern China (Reimer, 1904). LA phenotypes contain less malic, citric and quinic acids
compared to NA phenotypes (Monet et al., 1979). The total acidity in LA phenotypes is two to
four-folds lower compared to NA phenotypes (Monet et al., 1979) and RI is four times higher in
LA phenotypes compared to NA phenotypes (Liverani et al., 2003; Moin et al., 1998; Monet et
al., 1979; Ventura et al., 1995; Yoshida, 1970). SSC between LA and NA phenotypes are
comparable, however, LA phenotypes contain more sucrose and less glucose than NA
phenotypes (Liverani et al., 2003). The sub acid classification is sometimes used to refer to
peaches with low acid and high sugar.
Although the North American market prefers peach cultivars with medium to high acid
content, approximately 50% of the varieties patented in North America are LA (Byrne,
2002).There has been a steady increase in the number of patented LA varieties in North America
(Byrne, 2002). The increase in LA peach cultivation in North America is due to (1) production
targeted to Asian markets (China, Japan, Korea) that prefer LA peaches and (2) an increase in
consumer acceptance for LA peaches in North America (Byrne, 2002).
2.7.4 Measuring Fruit Acidity
Fuit acidity in peach is usually evaluated by measuring pH or TA using fruit juice
extracted from fruit using a hand press (Boudehri et al., 2009; Dirlewanger et al., 1999; Verde et
al., 2002). The fruit juice is then filtered or centrifuged and the supernatant is either (1) measured
directly for pH using a pH electrode or (2) diluted with de-ionized water and titrated to an end
pH of 8.1 (Cantín et al., 2011) or 8.3 (Dirlewanger et al., 1999) with 0.1 NaOH and measured for
TA using a pH electrode. However, some studies report measuring pH and TA using puree
obtained from fruit flesh without filtering or centrifugation (Dirlewanger et al., 2009). Since
malic acid is the dominant organic acid in peach, TA measurements are usually reported as the
amount of malic acid per 100 g of fresh weight (Cantín et al., 2011). TA has been reported to
range from 0.3-1.5 g of malic acid/100 g of fresh weight (Cantín et al., 2010) and from 80-200
meq/l (Dirlewanger et al., 1999) depending on the population used.
2.7.5 The Dynamics of Fruit Acidity during Fruit Growth and Development
Development of fruit acidity in peach results from the synthesis and accumulation of
malic, citric and quinic acids (Etienne et al., 2002a). Some studies report a net decline in total
acidty during fruit ripening and attribute this decrease to a major loss of malic acid (Deshpande
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and Salunkhe, 1964; Romani and Jennings, 1971; Ryall and Pentzer, 1982; Salunke et al., 1968).
However, according to most recent studies malic acid increases during fruit ripening. According
to some studies malic and citric acids mainly accumulate during fruit developmental growth
stages I and III, respectively (Figure 5) (Etienne et al., 2002a; Moing et al., 1998). However
other studies, such as that reported by Moing et al. (2000), indicate that the accumulation of
malic acid content in fruit occurs mainly during stage I (at the end of cell division) (Masia et al.,
1992), slows down in stage II, and increases moderately in stage III, while the accumulation of
citric acid occurs only during late stage III before the onset of ripening.
Typically, malic and quinic acids are the major organic acids present in immature peach
fruit (Chapman et al., 1991). Chapman et al. (1991) measured organic acid content of developing
peaches throughout development, maturity and ripening in the peach cultivar ‘Majestic’, which
has a FDP of ~126 days. Quinic acid was the predominant organic acid between 69-89 DAB, but
levels of this acid declined from 75 DAB to the end of maturity. Citric acid was the major
organic acid between 96-106 DAB, but levels of citric acid declined rapidly between 106-126
DAB (Chapman et al., 1991). Malic acid was the major organic acid in this cultivar between
106-126 DAB and continuosly increased throughout this period of maturation.
Moing et al. (1998, 2000) characterised organic acid in LA and NA genotypes. They
reported that LA peach fruit are characterized by reduced contents of malic and citrtic acids.
They also noted that the reduced accumulation of malic and citric acids in fruit of LA genotypes
occured during fruit developmental growth stages I and III. In contrast, fruit from NA genotypes
did not experience reduced accumulation of malic and citric acids during fruit developmental
stages I and II.
Genotypes with longer FDPs were found to have reduced citric, quinic and total acid
concentrations and elevated sorbitol and malic acid concentrations compared to genotypes with
shorter FDPs (Quilot et al., 2004). Furthermore, the concentrations of citric and quinic acids tend
to decline (Chapman and Horvat, 1990; Liverani and Cangini, 1991) and the concentration of
malic acid tends to increase at the end of fruit development (Moing et al., 1998; Wang et al.,
1993). Taken together, these reports indicate that fruit from early-maturing genotypes may not
complete their physiological maturation as thoroughly as fruit from later-maturing genotypes
(Quilot et al., 2004). It was also reported that LA peaches contain less malic, citric and quinic
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acids compared to NA peaches and that citric acid and TA decrease as fruits soften (Byrne et al.,
1991).
In many fleshy fruit species, including peach, both rapid growth stages (stages I and III)
of development are associated with the enlargement of mesocarp cells, where organic acids are
stored (Masia et al., 1992), and involve expansins (Hiwasa et al., 2003) and plasma membrane
aquaporins (Hu et al., 2003). The storage of organic acids in peach fruit occurs in mesocarp cell
vacuoles through the action of tonoplast transporters and proton pumps (Gaxiola et al., 2007;
Masia et al., 1992; Shiratake and Martinoia, 2007). As fruit development, maturation and
ripening progresses the organic acid content of fruit increases while the concentration of organic
acids decreases. The increase in organic acid content results from a total net increase in acid
components in the fruit. Despite this increase the concentration of organic acids, on a dry weight
basis has been reported to decrease during late ripening. Decreases in organic acid concentration
during ripening have been attributed to (1) reduced synthesis/enhanced catabolism of acid
components and (2) massive import and accumulation of sugars from the phloem (Tucker, 1993).
The sudden accumulation of sugars during ripening dilutes the acid concentration of the fruit
(Tucker, 1933).
The window of fruit maturity marked by quinic acid minima (Chapman et al., 1991) or
malic:citric acid maxima (Chapman and Horvat, 1990) have been used as indices to mark
physiological maturity in some genotypes of peach. However, Chapman et al. (1991) noted that
there were actually two periods of malic:citric acid maxima that occurred during fruit
development. The first occured at a very early stage of fruit development (~61 DAB), while the
second occured at physiological maturity (~123 DAB). The second malic:citric acid ratio
maxima occured at the same time that FM and sucrose reached peak levels and when quinic acid
conent was lowest in fruit. Therefore, the second malic:citric acid maxima reported is likely a
good maturity index for peach (Chapman et al., 1991).
2.7.6 Fruit Acidity Genetics and Inheritance
2.7.6.1 Monogenic versus Polygenic Acid Inheritance in Peaches and other Fruit
Fruit acidity in several fruit species such as peach (Yoshida, 1970), pummel (Cameron
and Soost, 1977), apple (Maliepaard et al., 1998) and tomato (Stevens, 1972) appear to be
conditioned by alleles with major phenotypic effects called macromutations (Tanksley, 1993) at
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single loci. Genetic studies conducted in species such as tomato, which accumulate two major
organic acids (malic and citric acids), or species such as apple or pummel, which accumulate
only one major organic acid (malic acid or citric acid), have reported that major acids are
regulated by a single gene (Fang et al., 1997; Maliepaard et al., 1998; Stevens, 1972). By
contrast, in processing (Paterson et al., 1988) and fresh market tomato (Fulton et al., 2000;
Saliba-Colombani et al., 2001) the components of fruit acidity are governed by allelic variation
at several QTLs, each with small effects. This pattern of inheritance indicates that fruit acidity in
tomato is regulated in a polygenic manner, which is different than the monogenic mode of acid
inheritance reported in many fruit tree species
2.7.6.2 The D Locus
In peach, the acid character was reported to be controlled by a single dominant gene (D –
for ‘Doux’ meaning ‘sweet’ in French), and therefore, segregates like a monogenic dominant
trait (Monet, 1979; Yoshiba, 1970). D has been mapped to the proximal end of LG 5 of the peach
genome using the F2 mapping population JxF (LA flat peach x NA round nectarine)
(Dirlewanger et al., 2006).
D has been described as dominant, producing LA fruit when in the homozygous
dominant (DD) or heterozygous (Dd) state; when in the homozygous recessive state (dd) fruit
have normal acidity (Dirlewanger et al., 1998; Monet, 1979; Yoshida, 1970). Prunus persica
‘Ferjalou Jalousia’ (JJ) is homozygous for the dominant allele (DD), Prunus persica ‘Fantasia’
(FF) is homozygous for the recessive allele (dd) and the F1 from the cross between JxF were
heterozygous (Dd) at the D locus (Boudehri et al., 2009). Boudehri et al. (2009) evaluated the
mean values for TA and pH in the JxF population. They found that NA phenotypes that
corresponded exclusively to the FF genotype had pH values lower than 3.8 and TA values higher
than 100 meq/l. LA phenotypes corresponding to the genotypes JJ or JF showed pH values
higher than 4.0 and TA values lower than 60 meq/l. Individuals with intermediate acidity, which
have pH values between 3.8 and 4.0 and TA values beween 60 and 100meq/l can either be
homozygous dd or heterozygous Dd at the D locus, and therefore, cannot be reliably classified
into NA or LA phenotypes. pH and TA mean values in the study conducted by Dirlewanger et al.
(2006) ranged from 3.08-4.79 and 20-213 meq/l, respectively. Dirlewanger et al. (2006)
classified LA fruit as fruit whose juice had a pH greater than 4.0 and TA less than 90 meq/l.
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2.7.6.3 Heritability and Frequency Distribution of Fruit Acidity in Peach
Heritability estimates for peach acidity, involving both pH and TA measurements, have
been reported to be low to moderate (Hanshce et al., 1972; de Souza and Byrne, 1998). However,
as with SSC, it is important to note that the low heritability estimates associated with acidity
observed in some studies have been attributed to imprecise measurements of pH and TA. The
reported heritability estimates for acidity indicate that gentic advances, with the objective of
producing higher or lower acid peaches, are expected to be relatively rapid for this trait.
Depending on the population, one generation of independent selection for fruit with higher
acidity may increase TA by up to ~14% (1.04 eq H+/L of juice). For SSC, one generation of
independent selection would translate into an increase in SSC by ~13%. These values suggest
that TA, pH and SSC are amenable to genetic manipulation. de Souza and Byrne (1998) reported
that there were no permanent environment and/or nonadditive gentic effects on acidity.
Dirlewanger et al. (1999) reported that pH, TA and malic and citric acid contents had a
biomodal distribution in an F2 population. Quilot et al. (2004), however, reported that malic acid,
quinic acid, shikimic acid and total acid presented a typical normal distribution in a BC1
progeny.
2.7.6.4 Correlations between Fruit Acidity and other Fruit Quality Components
Several studies have reported correlations between fruit acidity and other fruit quality
traits. Positive correlations have been reported for SSC and TA, which suggest dependant genetic
control of these traits (Cantín et al.,, 2010; Dirlewanger et al., 1999; Wu et al., 2003). The
location of QTLs for almost all the chemical components associated with SSC (sucrose, fructose,
sorbitol) and TA (malic and citric acid) have been positioned on LGs 5 and 6 (Dirlewanger et al.,
1999; Etienne et al., 2002b). The co-location of QTLs associated with SSC and TA, and the
positive correlation between these traits indicates that pleitropy may play a role in their
expression (Cantín et al., 2010).
Etienne et al. (2002b) reported that TA was positively correlated with malic acid, citric
acid, glucose and fructose contents and negatively correlated with SSC and sucrose content.
They also reported that alleles from NA peaches were associated with a decrease in sucrose
content and SSC in mature fruit.
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Byrne et al. (1991) reported that organic acid levels are well correlated with TA and that
the SSC:TA ratio is negatively correlated with TA, malic acid and citric acid contents. Delwiche
and Baumgarner (1983) reported that the ratio of SSC:TA was negatively correlated with FF,
which is reflected by an increase in SSC and a decline in TA as fruits soften.
2.7.6.5 Regulation of Fruit Acidity in Other Fruit Species
Peach is not the only fruit tree species where LA genotypes have been reported. LA
cultivars have also been described in apple (Visser and Verhaegh, 1978), tomato (Stevens, 1972),
grape (Boubals et al., 1971) and several Citrus species (Cameron and Soost, 1977).
In apple, one non-acid mutant showed a malic acid content that was ten times less than
the normally-acid genotype (Beruter, 1988). The high level of malic acid in apple has been
reported to be controlled by the dominant Ma allele (Maliepaard et al., 1998). The Ma loci in
apple and the D loci in peach are not located on homologous chromosomes; Ma is located on
LG16 in Malus (King et al., 2001), which is homologous to LG 1 in Prunus, while D is located
on LG 5 in Prunus (Dirlewanger et al., 2004), which is homologous to LGs 6 and 14 in Malus
(Sargent et al., 2009). These results indicate that Ma and D act at different physiological control
points in apple and peach (Boudehri et al., 2009).
Fruit from LA Citrus genotypes accumulate lower levels of citric acid compared to fruit
from NA genotypes. In Citrus, the recessive gene acitric is responsible for the low levels of citric
acid observed in LA fruit (Fang et al., 1997). The capacity to accumulate citric acid in the
vacuole is what determines acidity in most fruit (Boudehri et al., 2009). It is believed that the
reduced citric acid accumulation observed in LA citrus fruit results from an export of citric acid
from the vacuole in these fruit (Albertini, 2007; Albertini et al., 2006). Therefore, differences in
acid content between NA and LA genotypes may be due to differences in their fruits’capacity to
retain acid rather than differences in the actual synthesis of acids in their fruits. Two CGs, acid
invertase and cytoplasmic isocitrate dehydrogenase, have been identified in Citrus. Both of these
CGs are differentially expressed between NA and LA fruit (Albertini, 2007), and therefore, may
play a role in determining whether fruit will be of the NA or LA phenotype.
It has been previously noted that the general mechanism of fruit acidity is likely regulated
by a single genomic region. However, in some fruit, such as tomato, acidity is controlled by
several chromosome regions. Several QTLs for TA and pH (Chaib, 2006; Fulton et al., 2002)
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and several CGs associated with organic acids (Causse et al., 2004) have been proposed in the
regulation of fruit acidity in tomato.
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CHAPTER 3 GENERAL OBJECTIVES, HYPOTHESES, EXPERIMENTAL OUTLINE
AND PRACTICAL OUTCOMES
There were three main objectives associated with this research project. The first objective
was to examine the variability of BD, FDP, MD, FM, FPD, FSD, GFS, FF, SSC, TA and SSCTA
that lies within several genotypes of peach. The second objective was to identify SNP markers
and genomic regions that associated with the 11 flowering and fruit quality traits evaluated. The
third objective was to investigate the putative functions, based on searches for orthologs, of some
of the genes that co-located with the identified SNPs or with the genomic regions identified by
the GWAS.
Based on our outlined objectives we generated three main hypotheses. The first
hypothesis was that some traits would be more variable than others. Trait variability would differ
depending on germplasm source, the effect of micro and macro environments and the machinery
and methods used to evaluate each trait. The second hypothesis was that we would be able to
discover more SNPs for traits that were more highly variable and correlated across years
compared to traits that were less variable and did not differ between years. The association
mapping approach we are using in this research should prove to be more efficient and reliable at
accurately identifying SNPs compared to classical bi-parental mapping approaches used to
identify markers for flowering and fruit specific traits in peach. The third hypothesis was that at
least some of the SNPs identified by the GWAS would be positioned within genes that have
functions related to the biochemical and physiological mechanisms associated with the flowering
and fruit specific triats evaluated. Furthermore, we would also locate genes within the genomic
regions identified by our GWAS that function in regulating the evaluated traits.
In order to fullfill our objectives and address our hypotheses fruit from 132 genetically
distinct peach genotypes available at the Vineland Research and Innovation Centre (VRIC) were
phenotyped for BD, FDP, MD, FM, FPD, FSD, GFS, FF, SSC, TA and SSCTA. The collected
phenotypic data was coupled with sequence data using the GBS method. These data will be used
to identify associations between the phenotypic expression of the traits under investigation and
the GBS sequence data by means of a GWAS. The association data will then be used for SNP
discovery associated with the traits evaluated.
The SNPs identified may then be used in MASS targeted towards improving fruit quality
traits in peach and other Prunus fruit tree species. Finally, the identification of polymorphisms
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associated with the evaluated traits may be used to identify the gene(s) that control these fruit
quality traits in peach and other Rosaceae tree fruit crops. This study details the SNPs and
genomic regions associated with BD, FDP, MD, FM, FPD, FSD, GFS, FF, SSC, TA and SSCTA
over a wide range of genotypes from genetically distinct peach accessions using the GBS
approach.
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CHAPTER 4 MATERIALS AND METHODS
4.1 Plot Design and Management Practices
132 peach genotypes were used in this study (Table 3). All of the trees are located in a
single farm at the VRIC. The accessions were originally obtained from various localities across
North America or were generated and maintained at VRIC. Each accession was planted on a
Bailey rootstock. The trees were planted side by side with a spacing of 4.5 m within and 5.5 m
between rows and trained using the open centre technique. Rows were oriented in a north/south
direction and trees ranged in age from 5-10 years. Four trees from each accession were planted
adjacent to one another in a single row or two trees from one accession in one row and the other
two trees from the same accession in the adjacent row. Pruning was performed yearly and
standard cultural practices were applied. The fruit were thinned before pit hardening to a load of
200-300 fruit per tree when possible. This thinning strategy ensured that fruit size was not
limited by competition and that the fruit load was representative of normal farming practices.
Three trees from each accession were manually evaluated for each of the 11 flowering and fruit
quality traits over 2-3 years during the 2012-2014 growing seasons. All fruit traits were
evaluated on three fruits per tree, which were harvested at market maturity from each of three
trees per genotype. The same fruit were used to evaluate all fruit specific traits reported in this
study.
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Table 3 Peach genotypes used in this study and their respective pedigrees
Accession
Pedigree
Allstar
Fayette x Newhaven
Blazingstar
Fayette x Newhaven
Bounty
[(Halberta x o.p.) x Redskin] x (Loring x [(Hiley x Fireglow) x Fireglow) x Fireglow])
Coralstar
Fayette x Newhaven
Desiree
Garnet Beauty x Sentry
Garnet Beauty
Redhaven mutation
Gloria
NJ304 x J19-19-862144
Glowing Star
Fayette x Newhaven
H.Beauty
Cresthaven x Harken
H.Diamond
Redskin x Harbinger
Harson
Redskin x Sunhaven
HW261
Cresthaven x H4219
HW268
HW206 x o.p.
HW269
Cresthaven x SH-450
HW271
Vollie x HW224
HW272
HW225 x H6744005
HW273
Biscoe x SH-415
HW274
Redskin x Harrow Diamond
HW275
H243 x Harrow Diamond
HW276
KV930455 (Crimson Rocket)
KV881465 x MA6-1-90
Messina
D90-9 x NJ318
NJF15
B7-6-151-752080 x NJF7
NJF16
A43-143-782081 x NJF4
NJF18
H15-20-90258 x A34-160-782118
Redstar
Newhaven x o.p.
Risingstar
Newhaven x Jim Dandee
Starfire
Fayette x Newhaven
Sweet-N-Up
KV882304 x BO87021003
V200072
V95013 x Catherina
V200114
V950125 x Catherina
V200161
HW 261 x V55061
V200171
HW 261 x O.P.
V200172
HW 261 x O.P.
V203071
Venture x KV930278
V85221
Harrow Diamond x V68101
V85331
Newhaven x Vivid
V85384
Harrow Beauty x V75012
V853914
Harrow Beauty x V792502
V88021
Veeglo x Harrow Diamond
V88063
Veeglow x V39071
V88261
Redhaven x Brighton
V88262
Redhaven x Brighton
V88272
PES Redhaven x Sentry
V92131
V68051 x V790737
V92301
Harrow Diamond x V790638
V94021
Harson x o.p.
V94091
Newhaven x V88063
V95191
V790638 x Harblaze
V95192
V790638 x Harblaze
V95241
Yumyeong x o.p.
V95275
V88272 x Yumyeong
V95276
V88272 x Yumyeong
V95277
V88272 x Yumyeong
V95281
V88272 x Eden
V96151
Newhaven x HW106
V97171
Garnet Beauty x Yumyeong
V97211
Sentry x H. Diamond
V97331
V92262 x o.p.
V97381
Andross x o.p.
V98221
Harrow Fair x V85384
V98321
H9301117 x open
V98331
H9301168 x o.p.
V99043
Harflame x o.p.
V99081
H. Diamond x SB-17
V99121
Harson x KV930455
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Accession
V99131
V99141
V99161
V99171
V99221
V99231
V99232
V99241
V99242
V99261
V99262
V99263
V993110
V99316
V99321
V99322
V99323
V99325
V99326
V99351
V99352
V99371
V99372
V99381
V99382
V99383
V99384
V99385
V99391
V99392
V99393
V99394
V99395
V99396
V99401
V99402
V99403
V99404
V99405
V99406
V99407
V99408
V99411
V99412
V99413
V99414
V99415
V99422
V99423
V99431
V99432
V99471
V99481
V99482
V99483
V99491
V99492
V99501
V99502
V99503
V99504
V99511
V99512
V99513
Vivid
Vollie

Pedigree
Harson x o.p.
Harrow Fair x Emilia
Harrow Fair x KV930455
Harrow Fair x o.p.
Jerseyglo x Emilia
Jerseyglo x HW268
Jerseyglo x HW268
Jerseyglo x o.p.
Jerseyglo x o.p.
HW268 x KV930455
HW268 x KV930455
HW268 x KV930455
Vinegold x V92131
Vinegold x V92131
Vinegold x V84101
Vinegold x V84101
Vinegold x V84101
Vinegold x V84101
Vinegold x V84101
HW271 x V88272
HW271 x V88272
V88272 x HW271
V88272 x HW271
V88272 x White Lady
V88272 x White Lady
V88272 x White Lady
V88272 x White Lady
V88272 x White Lady
V88272 x o.p.
V88272 x o.p.
V88272 x o.p.
V88272 x o.p.
V88272 x O.P.
V88272 x O.P.
Flamina x V85384
Flamina x V85384
Flamina x V85384
Flamina x V85384
Flamina x V85384
Flamina x V85384
Flamina x V85384
Flamina x V85384
Flamina x HW268
Flamina x HW268
Flamina x HW268
Flamina x HW268
Flamina x HW268
Flamina x o.p.
Flamina x o.p.
Brighton x HW271
Brighton x HW271
Cresthaven x V85384
Cresthaven x Emilia
Cresthaven x Emilia
Cresthaven x Emilia
Cresthaven x HW268
Cresthaven x HW268
Cresthaven x HW271
Cresthaven x HW271
Cresthaven x HW271
Cresthaven x HW271
Cresthaven x o.p.
Cresthaven x o.p.
Cresthaven x o.p.
Sunhigh x (Early Halehaven x Envoy)
Redskin x Kalhaven

4.2 Evaluation of Bloom Date
In order to ensure adequate phenotypic evaluation of BD, the progression of blooming
was evaluated at least twice a week during the early and late bloom season, and at least three
times a week in the middle of the bloom season. The phenotypes for BD were recorded in Julian
days; BD Julian days were calculated from January 1st to the calendar day when ~ 50% of the
flowers on three trees from each genotype had reached the full bloom stage.
4.3 Evaluation of Fruit Development Period and Maturity Date
20-30 fruits from each tree were manually evaluated in the field for colour change as well
as fruit size and firmness in order to determine the proportion of fruit on each tree that were at
the market mature stage. In order to ensure adequate phenotypic evaluation of MD/FDP, ripe
dates were evaluated at least twice a week during the early and late ripening season, and at least
three times a week in the middle of the ripening season. The phenotypes for MD were measured
as the number of Julian days from January 1st to the date of ripening (Julian day when ~50% of
the fruit on three trees from each genotype had reached the market mature stage). The interval
between BD and MD represents FDP (days).
4.4 Evaluation of Fruit Mass and Fruit Size
The mass of each fruit was measured using the Sartorius E2000D digital scale and
recorded in grams. FPD and FSD were used to evaluate FS. FPD and FSD were measured using
a set of scienceware manual calipers and recorded in millimeters. FPD was evaluated as the
distance between the apical tip and the highest point on the pedicular end of each fruit (Figure 8).
FSD was measured as the distance between the suture and the opposite side of the suture at the
equatorial zone of each fruit (Figure 8). Global fruit shape (GFS) was then calculated using the
formulae (GFS = FPD/FSD).

4.5 Evaluation of Fruit Firmness
FF was evaluated using the Extech Instruments FHT200 hand held penetrometer. The
skin on the regions of the peach where firmness measurements were taken was cut off with a
knife to ensure that firmness readings were a measure of mesocarp texture and not skin texture.
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Three firmness readings were obtained from each peach; one reading from the lightest side of the
peach (i.e the side expressing most skin background colour), one reading from the darkest side of
the peach (i.e. the side expressing most anthocyanin pigmentation) and one reading from an
intermediate region between the darkest and lightest side of the peach (Figure 9). FF readings
were never taken near the suture of fruits. FF measurements were expressed as maximum pounds
(lb) of pressure applied using an 8mm probe inserted 3 cm into the peach.

Figure 9Top view of peach fruit illustrating regions of fruit to be used for evaluation of fruit firmness (FF),
soluble solid content (SSC) and titratable acidity (TA) measurement

4.6 Evaluation of Fruit Soluble Solid Content
Percent SSC (degree Brix) was determined with a Sper Scientific 300037 refractometer
with automatic temperature compensation. Three slices from each fruit corresponding to the
position that firmness measurements were taken were removed using a knife (Figure 9). The
refractometer was zeroed using ultra pure water and then wiped dry using Kim wipes. Each fruit
slice was then independently squeezed until a single drop of fruit juice fell onto the refractometer
reading glass. SSC measurements were expressed in ºBx.

4.7 Evaluation of Fruit Acidity
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Three slices from each fruit corresponding to the positions that firmness measurements
were taken were removed using a knife (Figure 9). Each of the three peach slices from each fruit
was independantly placed into a lemon juicer and squeezed. 5 mL of juice from each peach slice
was collected into a 50 mL test tube. The juice from three slices, one slice from each of three
fruits from the same tree, was combined into each test tube. Therefore, a total of 15 mL of peach
juice from the three fruits evaluated per tree was collected into each test tube. Three 15 mL test
tube juice samples were collected per genotype; each test tube corresponded to the juice
collected from a single tree’s fruits. The juice samples in each test tube were then filtered using a
fabric filter and mixed by manually shaking each test tube. A single sample of juice from each
accession was subject to titration.
Titration was carried out as follows: (i) 2 mL of peach juice from each 50 mL test tube
was pipetted into a 50 mL beaker, (ii) 50 mL of MilliQ ultra purewater was added to the peach
juice in the beaker, (iii) a magnetic stirring rod was placed in the beaker and the beaker was
placed on a magnetic stirring plate, (iv) a 25 mL buret was filled with 0.1 N NaOH and the
volume of NaOH in the buret was recorded, (v) a probe attached to a pH meter was inserted into
the juice solution in the beaker, (vi) the NaOH solution was added to the juice solution until the
pH of the solution rose to 8.1 ± 0.1, (vii) the final volume of the NaOH solution in the buret was
recorded and subtracted from the original volume of NaOH recorded prior to titration. This
titration procedure was conducted once for each of three trees per genotype; each titration
represented a combination of juice from three fruits per tree.
The results were expressed as equivalents of anhydrous malic acid per liter of juice (g/L).
The conversion to TA was given by the formula TA = [(mL NaOH x N x 0.067045) / mL juice]
x 1000, where mL NaOH = mL NaOH used in titration, N = Normality of NaOH and 0.067045 =
meq weight of malic acid as described by Byrne et al. (1991). The SSC:TA ratio was also
calculated and given by the formula SSC:TA = (SSC/TA), where SSC = SSC content of fruit
juice in ºBx and TA = equivalents of anhydrous malic acid per liter of juice (g/L) calculated
using the formula TA = [(mL NaOH x N x 0.067045) / mL juice] x 1000 described previously
(Byrne et al., 1991).

4.8 DNA Extraction
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DNA extraction from young leaves was carried out using the Norgen plant and fungus DNA
extraction kit (Norgen, 3430 Schmon Parkway Thorold, Ontario Canada) with the following
modifications:
1. 30 mg of lyophilized tissue, instead of 50 mg of fresh plant tissue, was used for the
extraction
2. An additional 250 uL of lysis solution (total volume 750 uL) was added to the
lyophilized tissue
3. An additional 50 uL of lysis additive (total volume 150 uL) was added to the mixture
of lyophilized tissue and lysis solution
4. Solution of lyophilized tissue, lysis solution and lysis additive was allowed to sit for
20 minutes at room temperature and manually mixed by shaking every five minutes
during this period
5. Samples were incubated for an additional 20 minutes (total time 30 minutes) and
manually shaken every 10 minutes during this period
6. binding solution was heated in the microwave for 12 seconds on high and manually
mixed by shaking
7. Drained columns were allowed to sit in fume hood for 5 minutes to ensure residual
ethanol evaporates
8. Elution buffer was heated in microwave for 12 seconds on high and manually mixed
by shaking

DNA was qualified using gel electrophoresis and assessed for quantity using the NanoDrop ND1000 spectrophotometer.
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CHAPTER 5 STATISTICAL ANALYSES

5.1 Analysis of Variation, Variance Components and Heritability
The genotype, fruit, tree, year, genotype x fruit, genotype x tree, genotype x year and
residual effects for the 11 flowering and fruit quality traits evaluated in this study were estimated
by using best linear unbiased predictors (BLUPs) (Henderson, 1983) (Table 4). The BLUPs were
also used to generate estimated breeding values (EBVs), which were used to conduct genotypic
correlation analysis and for the GWAS in TASSEL. The BLUP analysis was conducted using the
lme4 package in R (Bates et al., 2015). Genotype, fruit, tree, year and their interactions were all
treated as random effects. The relative magnitude of variation contributed by technical replicates
(i.e. fruit and tree) compared to biological replicates was assessed in the BLUPs and was found
to be negligible, so averages of technical replicates were used in further analyses.
Different models were used to conduct the BLUP analysis for the different traits because
not all factors were evaluated for all traits. For BD, MD and FDP the model genotype, year and
genotype x year was used. For FM, FSD, FPD, GFS, FF and SSC the model genotype, fruit, tree,
genotype x fruit, genotype x tree and genotype x year was used. For TA and SSCTA the model
genotype, tree, year, genotype x tree and genotype x year was used.
The variance components were then used to estimate broad sense heritability (H2) for the
11 flowering and fruit quality traits. Heritability was estimated by using the formula H2 =
[genotypic variance / (variances of the interaction effects + variance of the residual)].
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SD FRUIT
0.32
NA
4.46
NA
4.20
NA
25.40
0.00
3.64
0.00
3.59
0.00
0.03
0.00
1.04
0.00
1.01
0.00
1.42
NA
0.60
NA

SD
NA
NA
NA
0.00
0.00
0.05
0.00
0.02
0.00
NA
NA

TREE
NA
NA
NA
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.00

SD
NA
NA
NA
0.00
0.00
0.00
0.00
0.07
0.13
0.00
0.00

YEAR
SD GENOTYPE:FRUIT SD GENOTYPE:TREE SD GENOTYPE:YEAR SD Residual SD
151.30 12.30
NA
NA
NA
NA
0.01
0.08
1.81
1.35
8.70
2.95
NA
NA
NA
NA
49.82
7.06 278.83 16.70
0.00
0.00
NA
NA
NA
NA
45.46
6.74 294.26 17.15
1677.00 40.95
0.00
0.00
120.40
10.97
1267.00
35.59 461.40 21.48
17.17
4.14
0.00
0.00
1.55
1.24
17.48
4.18
8.98
3.00
31.98
5.66
0.00
0.00
1.38
1.18
13.82
3.72
9.80
3.13
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.04
1.60
1.26
0.00
0.00
0.11
0.34
0.63
0.79
0.96
0.98
9.51
3.08
0.00
0.00
0.79
0.89
7.42
2.72
9.14
3.02
0.01
0.10
NA
NA
0.00
0.00
0.34
0.58
0.43
6.56
0.00
0.06
NA
NA
0.00
0.00
0.03
0.17
0.06
0.25

SD, standard deviation; NA, not applicable because the component was not evaluated for the trait

Trait GENOTYPE
BD
0.11
MD
19.91
FDP
17.66
FM
645.20
FSD
13.27
FPD
12.91
GFS
0.00
SSC
1.07
FF
1.02
TA
2.00
SSCTA
0.36

Table 4 Variance components and standard deviations of the variance components for the 11 flowering and fruit quality traits evaluated over 2-3
years in the study population

5.2 Correlation Analysis
Pearson phenotypic and genotypic correlations with significance levels for all flowering
and fruit quality traits were conducted using the Hmisc package in R (Harell, 2015). Both year x
year and trait x trait correlation matrices were developed for the phenotypic results. For the year
x year correlations, means within years were used to generate correlations across years for each
individual trait. For trait by trait correlations means for all years combined were used to generate
the correlation matrix for individual traits. A trait x trait correlation matrix was generated for the
genotypic data using the EBVs generated from the BLUPs described in section 5.1.
5.2 Principle Component Analysis
A principal component analysis (PCA) was conducted in the software PLINK (version
1.9) using the hap maps generated from the GBS data. The PCA was conducted in order to
account for genetic relationships within the study population. An r2 threshold of 0.02 was used to
conduct the PCA and 100 polymorphic positions were assigned for the analysis. The
eigenevalues generated from the PCA were used to generate a skree plot. The number of PCs
that had eigenvalues above 1.00 was used for the GWAS in TASSEL to account for relatedness.

5.3 Analysis of Population Structure
In order to visualize the structure and relatedness of the population a multi dimensional
scaling (MDS) plot was generated using the scatterplot3d package in R (Ligges and Mächler,
2003). The plot was generated using the first three principle components (PCs) generated from
our PCA. Details on how we generated the PCs are described in section 5.2.

5.4 Linkage Disequilibrium Decay Analysis
A linkage disequilibrium (LD) decay analysis was conducted for individual chromosomes
of the population. The purpose of the LD decay analysis was to determine whether the number of
SNPs identified from the GBS sequencing sufficiently covered the genome. The LD decay
analysis was conducted using PLINK (version 1.9). An r-square cutoff of 0.2 was chosen to
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define the extent of LD in the population. All marker pairs were compared for LD calculations
and markers within the range of the total number of nucleotides within each chromosome were
compared for LD calculations. LD decay plots for each chromosome were then generated using
the ggplot2 package in R (Fabio Marroni’s Blog, 2011) to visualize the data.

5.5 Genotyping and Genome-Wide Association Analyses
To determine the region(s) that contain the QTL and/or candidate gene(s) responsible for
regulating BD, FDP, MD, FM, FPD, FSD, GFS, FF, SSC, TA and SSCTA we used the GBS
approach. This approach involved genotyping each accession in our population and taking
accurate phenotypic data of the above mentioned traits.
To obtain the genotypic data DNA was collected from each accession as described in
section 4.8 of the materials and methods section. The DNA was prepared into GBS libraries and
sequenced on four lanes of Illumina HiSeq sequencing using the GBS protocol at the Institute for
Genomic Diversity (IGD) at Cornell University, USA. The type II restriction endonuclease
ApeKI was used as the adapter for the protocol. The genotypic data was processed using the
default paremeters (Glaubitz et al., 2014) of the TASSEL-GBS pipeline (version 5.0, Institute for
Genomic Diversity, Ithaca, NY) (Zhang et al., 2007). SNPs were filtered for a minor allele
frequency of 2% and sites were filtered for a minimum site coverage of 0.8 and a minimum
taxon coverage of 0.5 (Gardner et al., 2014). The Burrow Wheeler Aligner (BWA) (version
0.6.2) (Li and Durbin, 2009) was the read mapping software used for the analysis. The Prunus
persica v 1.0 genome assembly from www.rosaceae.org was used to align the GBS data and tag
the SNPs.
The processed genotypic data was then converted into BLUPs (refer to section 5.1) and
used with the phenotypic data in a genome-wide association analysis to identify SNP
polymorphisms associated with the evaluated traits. The genome-wide association analysis was
performed with the compressed mixed linear model (Zhang et al., 2010) implemented in the
GAPIT R package (Lipka et al., 2012) and with the general linear model (GLM) and mixed
linear model (MLM) implemented in the TASSEL software (version 5.0 Institute for Genomic
Diversity, Ithaca, NY). Evaluation of incorporating different amounts of missing data (5-20%
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missing data) was performed, but rejected because it made no difference to the associations
found.

5.6 Assigning Signifiance Thresholds for SNP Discovery
In order to account for experimental error in the GWAS in TASSEL a BenjaminiHoshberg false discovery rate (BH-FDR) correction was conducted. BH-FDR is the most
powerful and simple method to correct for experimental error over multiple tests (Genome
Sciences, 2016). BH-FDR corrections were determined using R (version 3.2.3). The BH-FDR
correction data was used to adjust p-values and assign significance thresholds to identify SNPs
that are associated with the 11 flowering and fruit quality traits evaluated. Significance
thresholds for SNP discovery were identified using a type 1 error rate of P < 0.05 and P < 0.01.
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CHAPTER 6 RESULTS AND DISCUSSION
Genome-wide association studies are influenced by factors such as population structure,
linkage disequilbrium decay, relatedness between individuals within the study population,
accurate phenotyping and the level of environmental variance associated with the traits
evaluated. Therefore, in order to follow a logical progression of the results towards validating
and understanding our GWAS we begin by briefly discussing these factors. Several graphs and
tables have been included in these brief sections in order to better visualize and understand the
discussion.
6.1 Principle Component Analysis
Figure 10 shows the MDS plot for the first three PCs of the study population. This figure
was generated in order to visualize the degree of structure present in the study population. PCs
were generated from a HapMap file, which was produced from the GBS sequencing data. There
were no clear separate clusters on the plot; however, some individuals were more closely related
than others. We also generated a scree plot from the eigenvalues obtained from the PC analysis
in PLINK (version 1.9). All PCs that were greater than 1.0 eigenvalues, which amounted to 9
PCs, were included in the GWAS analysis to account for any cyptic family structure.
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Figure 10 Multi dimensional scaling plot of the study population.
Principle components were generated using the HapMap file produced from the GBS sequencing data.
PC1-3, principle components 1-3.

6.2 Archaeopteryx Tree
Figure 11 shows a cladogram of the population studied. The purpose of the cladogram
was to illustrate the level and order of relatedness between genotypes within the study
population, and to confirm whether our GBS sequencing data was consistent with the pedigrees
of the study population. The cladogram was generated in TASSEL using the HapMap produced
from the GBS sequencing data. The genotypes on the cladogram are shape and/or colour coded
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based on their pedigree presented in Table 3. The cladogram illustrates that the pedigree data we
have is in agreement with our GBS sequencing data. Furthermore, the cladogram shows that
genotypes that were generated from similar parental crosses tend to be more related than those
generated from more distant lineages. Therefore, the cladogram supports the strength, reliability
and accuracy of the GBS sequencing data and further demonstrates that the GBS data is adequate
for assessing the population in a GWAS.
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Figure 11 Archaeopteryx tree of the study population.
All genotypes in similar coloured squares represent progeny that were generated from identical
parental crosses. (eg. all genotypes from the cross ‘Fayette’ x ‘Newhaven’ are in yellow
squares). All genotypes in similar coloured ovals represent progeny where at least one parent in
their cross was the same as those genotypes in identical coloured squares (eg. all genotypes with
the parent ‘Newhaven’, but not ‘Fayette’ are in yellow ovals). All genotypes in similar coloured
hexagons represent genotypes where at least one parent is shared from the cross, however,
genotypes in hexagons are different then gentoypes in ovals in that they do not relate to parental
lineages of genotypes in squares or ovals (eg. all genotypes with ‘Harrow Diamond’ in the
parentage are surrounded by a green hexagon). The three genotypes in purple diamonds represent
flat (donut) peaches. Finally, all genotypes that are not surrounded by coloured shapes represent
genotypes that do not have similar lineage to any other genotypes in the population.
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6.3 Linkage Disequilibrium Decay
The LD decay plots for each of the 8 chromosomes of the association mapping
population studied are illustrated in Appendix A (Figures A1-A8). Table 5 illustrates the
frequency of SNPs across the genome in the association mapping population and the number of
SNPs required, based on the LD decay analysis, to sufficiently detect all of the recombinations
on each chromosome in the study population. The LD decay analysis demonstrates that LD
decay extends a long distance in our study population [Appendix A (Figures A1-A8)] (Table 5).
Our results indicate that approximately 44-324markers per chromosome are needed in this
roughly 221 Mbp genome in order to adequately identify associations between traits and
genotypes. Our results are in agreement with those reported in other studies. Li et al. (2013)
reported that LD extends 1-1.5 million bases in a collection of peaches from around the world
and Aranzana et al. (2010) reported that LD extended up to 15 cM in cultivated peaches. Based
on the LD decay analysis we have sufficient markers from our GBS sequencing data to cover
each chromosome of the genome.
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Table 5 Number of SNPs required to sufficiently detect recombinations on each chromosome in the study
population
Chromosome SNPs Detected from GBS sequencing Bases at LD Decay Bases in genome* Markers Needed for Association**
1
3368
147750
47800000
324
2
2569
282145
29800000
106
3
1647
166007
22100000
133
4
2817
409919
30400000
74
5
1646
277659
18400000
66
6
2894
650608
28800000
44
7
1705
99146
22700000
229
8
1733
91382
21700000
237
Average
2297
265577
27712500
152

*Values taken from Gbrowse (Prunus persica version 2.0.a1 assembly) using the Genome Database for
Rosaceae (GDR)
**Values obtained by dividing the number of bases in the genome by the number of bases at LD Decay
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6.4 Phenotypic Evaluation of the 11 Flowering and Fruit Quality Traits
The yearly and mean minimum and maximum values, standard deviations (SD) and
means of each trait are presented in Table 6. Mean BD values differed between the 2012 and
2013 flowering season due to variation in climatic conditions between these years. Warmer
spring temperatures in 2012 caused trees to flower two weeks earlier compared to the 2013
season.
Mean FDPs in 2012 were one week longer than 2013 due to variation in climatic
conditions observed between these two years. In 2012 conditions were cooler and wetter during
most of the growing season while in 2013 conditions were warmer and dryer; therefore, fruit
took longer to mature in 2012. Despite the longer FDPs observed in 2012 compared to 2013,
mean MD values in 2012 were 10 days shorter compared to mean MD values in 2013. Therefore,
the shorter MD values observed in 2012 are attributed to the earlier onset of flowering in 2012
and not due to reduced FDPs.
The large differences observed for SSC between the 2012, 2013 and 2014 growing
seasons may be attributed to the effects of crop load. In 2012 spring frosts during flowering
caused a reduction in fruit load compared to 2013. Cold winter temperatures in 2014 caused
damage to flowers, thereby, reducing fruit load during the 2014 growing season. Therefore, fruit
load in 2013 was the greatest followed by 2014 and 2012. Reduced crop load alters the
distribution of carbohydrates between sources and sinks (Wu et al., 2008). Individual fruit on a
tree control carbohydrate partitioning by competing with one another. This competition is based
on the demand of fruit for resources and the ability of the translocation system of the tree to
deliver resources to fruit (Farrar, 1993; Gifford and Evans, 1981; Grange and Shaw, 1989;
Wardlaw, 1990). Therefore, reduced fruit load means that more carbohydrates are available to be
utilized for sugar accumulation in fruit; hence, higher mean SSC values in 2012 and 2014 were
expected.
Mean 2014 FM, FSD and FPD values were significantly higher than mean values
observed for these traits in the 2013 season. These differences may be explained by the variation
in precipitation and fruit load observed between these years. In 2014 warm wet conditions were
predominant, while in 2013 hot dry conditions were prevalent. Increases in soil moisture to
saturation enable trees to transport more water into their fruit cells and reduces water loss from
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fruit that is sometimes needed by tree foliage during times of water deficits (Huguet et al., 1992).
These physiological events may have contributed to the larger fruits observed in 2014. Fruit size
is also highly influenced by the availability of carbohydrates to individual fruit (Grossman and
DeJong, 1995). The supply of resources from source organs and the demand of resources by sink
organs, such as fruit, affect the size and mass of individual fruit on a tree. Therefore, the reduced
fruit load in 2014 explained previously may have altered the source/sink relationship, which in
turn increased carbohydrate to fruit leading to larger and heavier fruit in 2014.
Variations in temperature and precipitation between the 2013 and 2014 growing seasons
may have also caused the observed differences in GFS values between these years. Fruit shape is
often compromised due to hot, dry conditions (Crisosto, 1994). Therefore, the hotter, dryer
conditions in 2013 may have contributed to less round fruit compared to the cooler, wetter
conditions observed in 2014. Mean FF, TA and SSCTA values were relatively consistent
between years.
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Table 6 Yearly and mean minimum and maximum values, standard deviations and means of the 11

flowering and fruit quality traits evaluated
Trait Years evaluated Mean
BD
2012/2013
107
FDP
2012/2013
115
MD
2012/2013
223
FM
2013/2014
FSD
2013/2014
FPD
2013/2014
GFS
2013/2014
FF
2012/2013
12.9
SSC
2012/2013/2014
13.29
TA
2013/2014
SSCTA
2013/2014

Min
104
82
190

9.4
4.19

2012
Max
111
158
263

16.4
27.68

SD
1.4
18.9
18.6

1.6
4.2

Mean
125
108
233
154.26
66.78
63.26
0.95
10.5
8.86
7.2
1.58

2013
Min
Max
122
129
74
150
198
273
70.91
248.86
50.56
79.20
37.61
74.32
0.59
1.04
8.1
14.4
3.69
12.98
2.0
11.0
0.86
4.94

SD
1.4
17.9
17.5
39.1
5.6
6.2
0.1
1.2
1.9
1.6
0.6

2014
Max

Mean

Min

SD

212.16
72.6
71.29
0.98

92.33
54.6
42.18
0.59

371.82
88.7
84.59
1.14

50.7
5.7
6.4
0.1

11.5
7.4
1.66

8.5
2.5
0.93

15.5
10.3
4.74

1.3
1.6
0.6

Mean
116
112
228
182.63
69.67
67.14
0.96
11.0
10.77
7.3
1.63

Means
Min
Max
114
128
78
154
194
272
98.72
303.81
56.85
81.76
39.89
78.17
0.59
1.09
8.5
15.0
3.69
20.33
2.3
10.3
0.92
4.84

SD
2.0
18.4
18.5
38.0
4.8
6.0
0.1
1.1
2.6
1.5
0.6

SD, standard deviation; BD, bloom date; FDP, fruit development period; MD, maturity date; FM, fruit
mass; FSD, fruit suture diameter; FPD, fruit polar diameter; GFS, global fruit shape (FPD/FSD); FF, fruit
firmness; SSC, soluble solid content; TA, titratable acidity; SSCTA, sugar to acid ratio

6.5 Correlation
6.5.1 Year to Year Pearson Phenotypic Correlations for Flowering and Fruit Quality Traits
Yearly phenotypic correlations for the 11 flowering and fruit quality traits assessed in this
study were used to generate a Pearson year to year phenotypic correlation matrix (Table 7).
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Character
BD2012
BD2013
MD2012
MD2013
FDP2012
FDP2013
FM2013
FM2014
FSD2013
FSD2014
FPD2013
FPD2014
GFS2013
GFS2014
SSC2012
SSC2013
SSC2014
FF2012
FF2013
TA2013
TA2014
SSCTA2013
SSCTA2014

MD2012

0.98
1.00
0.98
0.34
0.46
0.31
0.47
0.34
0.40
0.12
-0.03
0.32
0.34
0.41
0.00
0.06
0.06
0.06
0.02
0.08

BD2013

-0.25
-0.27
-0.32
-0.34
-0.21
-0.04
-0.23
-0.08
-0.19
-0.04
0.01
0.06
0.04
0.00
0.14
0.02
0.15
-0.08
-0.03
0.10
0.12
0.98
1.00
0.24
0.41
0.21
0.42
0.26
0.37
0.13
-0.02
0.35
0.46
0.51
0.05
-0.07
0.10
0.12
0.02
0.06

MD2013

0.98
0.31
0.44
0.28
0.45
0.32
0.38
0.11
-0.02
0.32
0.34
0.40
0.01
0.04
0.07
0.07
0.01
0.07

FDP2012

0.25
0.41
0.22
0.42
0.27
0.36
0.13
-0.02
0.34
0.45
0.48
0.05
-0.08
0.10
0.12
0.01
0.05

FDP2013

0.39
0.94
0.43
0.87
0.38
0.08
0.02
-0.24
-0.12
-0.15
-0.04
0.12
-0.06
-0.18
-0.03
0.04

FM2013

0.34
0.95
0.45
0.85
0.23
0.03
0.48
0.06
0.40
0.10
0.11
-0.15
-0.11
0.12
0.21

FM2014

0.44
0.73
0.28
-0.18
-0.15
-0.20
-0.12
-0.17
-0.07
0.10
-0.07
-0.14
-0.01
0.00

FSD2013

0.43
0.75
0.06
-0.20
0.47
0.10
0.35
0.09
0.10
-0.11
-0.10
0.09
0.17

FSD2014

0.62
0.53
0.37
-0.24
-0.14
-0.17
-0.01
0.06
-0.02
-0.18
-0.08
0.03

FPD2013

0.61
0.50
0.26
-0.03
0.19
0.09
0.01
-0.16
-0.13
0.11
0.16

FPD2014

0.82
-0.11
-0.05
-0.02
0.10
-0.04
0.05
-0.07
-0.11
0.04

GFS2013

-0.22
-0.18
-0.17
0.01
-0.10
-0.09
-0.06
0.03
0.01

GFS2014

0.54
0.68
0.16
0.07
-0.16
-0.11
0.36
0.38

SSC2012

0.59
0.27
-0.10
0.09
0.07
0.26
0.18

SSC2013

0.19
0.04
0.06
0.14
0.17
0.27

SSC2014

0.21
-0.02
0.01
0.14
0.13

FF2012

-0.03
-0.06
-0.08
0.02

FF2013

0.79
-0.82
-0.73

TA2013

-0.70
-0.82

TA2014

0.89

SSCTA2013

-

SSCTA2014

z

Correlation values rp ≥ 0.65;0.64 rp ≥ 0.50; rp ≥ 0.30; rp ≤ 0.30 were considered strong, moderately strong, moderately weak and
weak, respectively. Correlation values that are single underlined were significant at p < 0.05 and correlation values that are double
underlined are significant at p < 0.01.
y
BD, bloom date; MD, maturity date; FDP, fruit development period; FM, fruit mass; FSD, fruit suture diameter; FPD, fruit polar
diameter; GFS, global fruit shape (FPD/FSD); SSC, soluble solid conent; FF, fruit firmness; TA, titratable acidity; SSCTA, fruit sugar
to acid ratio

BD2012
0.62
-0.19
-0.31
-0.26
-0.35
0.25
0.05
0.22
0.07
0.17
0.00
-0.04
-0.07
-0.12
-0.13
-0.09
-0.10
0.21
-0.19
-0.23
0.11
0.14

Table 7 Year to year Pearson phenotypic correlations among 11 flower and fruit qualtiy characteristics evaluated over 2-3 years in the
study populationz

6.5.1.1 Year to Year Correlations for Individual Traits
Highly significant (P < 0.01) positive correlations were observed across years for MD (rp
= 0.98), FDP (rp = 0.98), GFS (rp = 0.82), SSC (rp = 0.68), TA (rp = 0.79) and SSCTA (rp = 0.89).
Moderately strong significant (P < 0.01) positive correlations were observed across years for BD
(rp = 0.62), FPD (rp = 0.62) and SSC (rp = 0.54 and rp = 0.59). Moderately weak significant (P <
0.01) positive correlations were observed across years for FM (rp = 0.39) and FSD (rp = 0.44). A
weak significant (P < 0.01) positive correlation was observed across years for FF (rp = 0.19).
Most of the year to year correlations observed in this study are in agreement with those reported
in other studies.
Previous studies have reported relatively strong (r > 0.90) year to year correlations for
MD and FDP (Dirlewanger et al., 2012). Therefore, for a given progeny MD and FDP are
considered relatively stable across years. In this study, year to year correlations for BD were
lower than those for MD/FDP. This observation is consistant with reports from previous studies
(Dirlewanger et al., 2012). In general, year to year BD correlations are lower than year to year
MD/FDP correlations because (1) a higher amplitude of variation exists within progeny for
MD/FDP compared to BD and (2) measuring MD/FDP is more reliable and accurate compared
to measuring BD (Dirlewanger et al., 2012).
Differences between mean BD across years have been observed to vary from 6 to 22 days
depending on the population (Dirlewanger et al., 2012). The population evaluated for BD in this
study commenced and completed flowering within eight days. Despite this narrow amplitude
between genotypes, moderately strong phenotypic correlations (r = 0.62, P < 0.01) were
observed for BD across years. The slightly lower correlation coeffecients observed for BD across
years in this study compared to those reported by Dirlewanger et al. (2012) may be explained by
two factors (1) less phenotypic data was available in our population and (2) a higher G x E
interaction may exist in the genotypes evaluated in this study. Furthermore, differences between
mean BDs across years varied by 17 days in this study, which falls in line with the 6-22 day
range reported in other studies.
The reported variations in BD between progeny and within and between years are due to
both environmental (year) effects and G x E effects. Variable chilling and heat accumulation
between years are likely the most influential environmental factors causing the reported variation
in yearly BDs. Exactly how G x E interactions influence BD is not known, but cooler
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temperatures have been shown to increase BD, while warmer temperature decrease BD (Fan et
al., 2010). It is possible that variation in temperatures imposed on different genotypes throughout
the year cause affects on CR, HR and BD (Fan et al., 2010). These affects may translate into
changes in flowering time between years for any given genotype.
The yearly correlations for fruit shape and size components reported in this study are
similar to those reported in previous studies de Silva Linge et al. (2015) reported moderately
strong correlation coeffecients for FPD (r = 0.74), FCD (r = 0.63) and FM (r = 0.67). Quilot et al.
(2004) reported significant correlation coefficients of r = 0.47 and r = 0.52 between years for
fruit fresh and dry mass, respectively. Although year to year correlation values for TA were
significant and strong in this study, it is important to note that lower than expected correlation
values sometimes result due to imprecise measurements of pH and TA.
6.5.1.2 Pairwise Comparison of Trait Correlations betweenYears
Significant strong positive correlations were observed between 2012/2013 MD values
and 2012/2013 FDP values. Significant moderately strong to moderate weak positive correlations
were observed between 2012/2013 MD values and 2012/2013/2014 SSC values. These results
indicate that yearly correlations between MD and FDP, FM, FSD, FPD and SSC are stable across
years (Table 8).
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BD
St
St
Us
Us
Us
NC
NC
Us
Us
NC

FDP

St
St
St
NC
St
NC
NC
NC

MD
St
St
St
St
NC
St
NC
NC
NC
Us
Us
Us
Us
NC
Us
Us

FM

Us
Us
Us
NC
NC
NC

FSD

St
Us
NC
Us
NC

FPD

Us
NC
NC
NC

GFS

Us
Us
St

SSC

NC
NC

FF

St, traits are stable across years; Us, traits are unstable across years; NC, traits are not correlated across years

Character
BD
MD
FDP
FM
FSD
FPD
GFS
SSC
FF
TA
SSC:TA

Table 8 Year to year correlation stability among 11 peach fruit characteristics evaluated for 2-3 years in
the study population

St

TA

-

SSC:TA

Significant strong positive correlations were observed between 2013 FM values and 2013
FSD and FPD values. Likewise, significant strong positive correlations were observed between
2014 FM values and 2014 FSD and FPD values. However, correlations weakened between these
traits when compared across years. These results indicate that the mass and size of fruit are
proportional to one another for the same harvest year, but not between harvest years. This level
of correlation is expected since larger fruit contain more matter, and therefore, weigh more. As
FM changes from year to year so does FS components. Therefore, the level of correlation
between FM and FSD/FPD across years is diminished compared to correlations observed for
these traits within a given year.
Significant strong positive correlations were observed between 2013 FSD and FPD
values and 2014 FSD and FPD values. However, when FSD and FPD values were compared
across years the correlations for these traits diminishes. These results are consistant with the
correlations observed between FM and FS components mentioned previously and a similar
discussion also applies here.
Significant moderately strong to moderately weak positive correlations were observed
between 2013/2014 FPD values and 2013/2014 GFS values. These results illustrate that FPD is
stably correlated with GFS across years.
Finally, significant strong positive correlations were observed between 2013/2014 TA
values and 2013/2014 SSC:TA values. These observations illustrate that stability of correlations
exists between years for SSC and SSC:TA and between TA and SSC:TA.
6.5.2 Trait to Trait Phenotypic and Genotypic Correlations for Flowering and Fruit
Quality Traits
Averaged phenotypic and genotypic data from the 11 flowering and fruit quality traits
assessed in this study were used to generate a Pearson trait to trait phenotypic and genotypic
correlation matrix (Table 9).
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Table 9 Pearson genetic correlation (above diagonal) and phenotypic correlation (below diagonal) among 11
peach flowering and fruit quality characteristics evaluated for 2-3 years in the study populationz
Character

BD

MD

FDP

FM

FSD

FPD

GFS

SSC

FF

TA

SSC:TA

BD

-

-0.19

-0.26

0.16

0.16

0.09

-0.04

-0.17

0.00

-0.22

0.12

MD

-0.08

-

1.00

0.49

0.46

0.41

0.05

0.43

0.04

0.07

0.03

FDP

-0.17

0.99

-

0.46

0.43

0.39

0.06

0.42

0.03

0.08

0.03

FM

0.03

0.42

0.42

-

0.93

0.84

0.12

0.13

0.10

-0.14

0.10

FSD

0.02

0.40

0.41

0.96

-

0.69

-0.16

0.09

0.07

-0.14

0.08

FPD

0.01

0.39

0.40

0.91

0.88

-

0.60

-0.03

0.06

-0.10

0.01

GFS

-0.01

-0.02

-0.02

-0.13

-0.25

0.23

-

-0.15

0.00

0.02

-0.09

SSC

0.05

0.53

0.50

0.13

0.05

0.04

-0.02

-

0.15

0.03

0.32

FF

0.12

-0.04

-0.05

0.15

0.12

0.05

-0.14

-0.04

-

-0.05

0.11

TA

0.04

0.11

0.11

-0.12

-0.12

-0.09

0.06

0.12

-0.04

-

-0.84

SSC:TA

0.02

0.04

0.04

0.11

0.07

0.07

-0.03

0.25

-0.04

-0.83

-

Correlation values rp ≥ 0.65;0.64 rp ≥ 0.50; rp ≥ 0.30; rp ≤ 0.30 were considered strong, moderately
strong, moderately weak and weak, respectively. Correlation values that have a single underline are
significant at p < 0.05 and correlation values that have a double underline are significant at p < 0.01.
y
BD, bloom date; MD, maturity date; FDP, fruit development period; FM, fruit mass; FSD, fruit suture
diameter; FPD, fruit polar diameter; GFS, global fruit shape (FPD/FSD); SSC, soluble solid conent; FF,
fruit firmness; TA, titratable acidity; SSCTA, fruit sugar to acid ratio.
z

6.5.2.1 Pearson Trait to Trait Phenotypic Correlations for Flower and Fruit Quality Traits
Several traits were phenotypically correlated. Significant strong positive correlations
were observed between MD and FDP (r = 0.99, P < 0.01). Significant moderately strong
positive correlations were observed between MD and SSC (r = 0.53, P < 0.01). Several
correlations between MD/FDP and other fruit quality traits have been reported in previous
studies. Etienne et al. (2002b) and de Souza and Byrne (1998) also reported strong positive
correlations between MD and FDP. The strong positive correlations between MD and FDP
indicates that selection for early maturity will almost always result in selections that develop
their fruit over a shorter duration of time from flowering; MD and FDP are reliable predictors of
one another.
The positive correlations between MD and SSC observed indicates that later maturing
selections will tend to have sweeter fruit compared to earlier maturing selections. Several studies
also reported a positive correlation between SSC and later MDs/FDPs in peach (Dirlewanger et
al., 1999; Ruiz and Egea, 2008). Etienne et al. (2002b) reported significant positive correlations
between MD and SSC, glucose and fructose contents. FDP was also found to be significantly
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positively correlated with SSC, and glucose and fructose contents. Rui-juan et al. (2007) reported
significant positive correlations between SSC, flesh flavour and FDP. The positive correlation
between MD/FDP and SSC/fruit sugars means that medium and late season cultivars have a
greater capacity to accumulate sugar compared to early season cultivars. This correlation is
believed to exist because fruit of later maturing genotypes remain on the tree for a longer period
of time than fruit from early maturing genotypes. For this reason, fruit from later maturing
genotypes accumulate more sugars compared to fruit from early maturing genotypes (Byrne,
2002; Engel et al., 1988). These correlations were confirmed by the fact that QTLs for acidity
and sweetness have been reported to be linked to the QTL for FDP, namely UDP96-003, on LG
4 in peach (Quilot et al., 2004).
No significant correlations were observed between MD/FDP and BD. Previous studies
have also noted the lack of correlation between MD/FDP and BD (Bassi et al., 1989;
Dirlewanger et al., 2012; Hansche et al., 1972; Hansche et al., 1992; Layne and Bassi, 2008).
The absence of correlation between these traits is likely because the temporal difference between
the earliest and latest blooming genotypes is small, whereas the spread of MD/FDP is much
greater (Bassi et al., 1989). The lack of correlation between MD/FDP and BD suggests the
possibility of selecting late blooming varieties that mature early, and therefore, damage to
flowers of early maturing varieties from late spring frosts may be avoided (Dirlewanger et al.,
2012).
Significanly strong positive correlations were observed between FM and FSD (r = 0.96, P
< 0.01)/FPD (r = 0.91, P < 0.01). The strong positive correlations observed between FM and
FSD/FPD indicates that selection for heavier fruit will result in fruit that are larger in size. This
observation also indicates that fruit density tends to remain consistant between fruit that differ in
size. Significant strong positive genetic and phenotypic correlations between FM and FPD/FSD
have also been reported in previous studies, which indicate that FM is a reliable measure of FS
(da Silva Linge et al., 2015; de Souza and Byrne, 1998).
Significant strong positive correlations were observed between FSD and FPD (r = 0.88, P
< 0.01). The strong positive correlation observed between FSD and FPD indicates that relatively
round shaped fruit will result from selecting for either FSD or FPD. These results are in harmony
with those reported by de Souza et al (1998) who suggested that FM, FPD and FSD are generally
genetically and phenotypically correlated (de Souza and Byrne, 1998).
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The strong negative correlation observed between TA and SSC:TA indicates that changes
in the sugar acid ratio of fruit is proportional to changes in TA concentration. This observation
indicates that fruit with higher sugar content may be indirectly selected for through selection of
low acid fruit.
6.5.2.2 Pearson Trait to Trait Genotypic Correlations for Flowering and Fruit Quality Traits
Several of the traits assessed in this study were genotypically correlated. The same traits
that were phenotypically correlated with MD/FDP and FM, FPD, SSC and TA were also
genotypically correlated with these traits. Significant positive correlations were observed
between MD and FDP (r = 1.00, P < 0.01), FM (r = 0.49, P < 0.01), FSD (r = 0.46 P < 0.01),
FPD (r = 0.41, P < 0.01) and SSC (r = 0.43, P < 0.01). Significant positive correlations were also
observed between FDP and FM (r = 0.46, P < 0.01), FSD (r = 0.43, P < 0.01), FPD (r = 0.39 P <
0.01) and SSC (r = 0.42, P < 0.01).
FM was highly significant and positively correlated with FSD (r = 0.93, P < 0.01) and
FPD (r = 0.84, P < 0.01) and FPD was significant and positvely correlated with GFS (r = 0.60, P
< 0.01). The genotypic correlations observed between these traits were much stronger than those
observed for their phenotypic correlations. Finally, Significant strong negative correlations were
observed between TA and SSC:TA (r = -0.84, P < 0.01).
6.6 Heritability and Inheritance
The broad sense heritability (H2) for the 11 flowering and fruit quality traits evaluated in
this study are presented in Table 10. H2 of BD in this study was calculated to be 0.10. The H2 of
BD has been evaluated in several other studies and is between 0.39 and 0.90 with most estimates
being above 0.70 (de Souza and Byrne, 1998; Hansche et al., 1972; Monet and Bastard, 1982).
The H2 estimate for BD reported in this study is significantly lower than H2 estimates reported in
previous studies. Compared to previous studies the lower H2 values for BD reported here may be
attributed to (1) the low range of BDs between genotypes observed within years, (2) the large
difference between BDs for each genotype observed across years and (3) the fact that previous
studies used mapping populations to calculate H2 while in this study an association mapping
populations was used to estimate H2. Low within year BD ranges may have resulted due to (1)
rapid warming conditions during the flowering season, which may have caused a sudden and
rapid progression of bud break and flowering or (2) low genetic variability in flowering time
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between the genotypes assessed. Across year differences in BD between genotypes likely
resulted from differences in spring conditions between the 2012 and 2013 growing season. In
2012 Vineland experienced very early and rapid warming spring conditions compared to 2013.
Therefore, almost all of the genotypes flowered 15-20 days earlier in 2012 compared to 2013.
The high variation in year effect compared to genotype effect observed for BD supports this
explanation (Table 4). Finally, F2 and BC mapping populations, where the parental phenotypes
can be scored, represent a more accurate estimate of heritability compared to association
mapping populations where parental genotypes are not available for phenotypic scoring.
Table 10 Broad sense hertiability estimates among 11 peach flowering and fruit quality characteristics
evaluated for 2-3 years in the study population

Trait
Bloom Date
Maturity Date
Fruit Development Period
Fruit Mass
Fruit Suture Diameter
Fruit Polar Diameter
Global Fruit Shape
Soluble Solid Content
Fruit Firmness
Titratable Acidity
Sugar Acid Ratio

Heritability
0.10
0.11
0.09
0.49
0.58
0.63
0.74
0.81
0.21
0.89
0.94

The broad sense heritability of MD and FDP were estimated to be 0.09 and 0.11,
respectively. The heritability of MD/FDP has been observed to range between 0.67 and 0.99,
with most estimates being above 0.80 (Bassi et al., 1989; de Souza and Byrne, 1998;
Dirlewanger et al., 2012; Hansche, 1986b; Hansche et al., 1972; Ming-yu et al., 2008; Mingliang
et al., 1997; Monet and Bastart, 1982; Vileila et al., 1981). The broad sense heritability values
observed in this study are significantly lower compared to estimates reported in previous studies.
Compared to previous studies the lower H2 values for MD/FDP reported in this study may be
attributed to (1) the difference between MDs/FDPs for each genotype observed across years and
(2) the fact that previous studies used mapping populations to calculate H2 while in this study an
association mapping populations was used to estimate H2. Year to year differences in MD/FDP
between genotypes likely resulted from differences in climatic conditions between the 2012 and
2013 growing seasons as explained in section 6.4. The high variation explained by the genotype
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x year effect compared to genotype effect alone observed for both MD and FDP (Table 4)
supports the hypothesis that the low H2 estimates observed in this study may at least be partially
a result of variability in climatic conditions between the 2012 and 2013 growing seasons.
Furthermore, a large residual effect was observed for MD and FDP (Table 4). This effect may be
a result of the lack of partitioning of the variance componenents into tree and genotype x tree
effect since trees were evaluated as a single unit.
For FM, FPD, FSD and GFS H2 estimates were calculated to be 0.49, 0.58, 0.63 and 0.74,
respectively. Heritability estimates for these traits have been evaluated in previous studies and
found to be between 0.26 to 0.93 (da Silva Linge et al., 2015; de Souza and Byrne, 1998;
Hansche, 1986b; Hansche and Beres, 1980; Hansche et al., 1972; Monet and Bastard, 1982). H2
estimates for FM, FPD, FSD and GFS observed in this study fell within the range of the
heritability estimates reported in previous studies. However, H2 estimates reported here tend to
fall nearer to the low to mid H2 ranges observed in previous studies, which is likely a result of
differences in environmental conditions between years. In 2012 Vineland experienced frost
during the flowering season, which resulted in flower damage, and therefore, fruit load was
reduced compared to the 2013 growing season. Decreased fruit load has been associated with
increased FM and FS as explained in section 2.4.3. The greater variation due to year, genotype x
year and residual effects observed for FM, FPD, FSD and GFS compared to the genotype main
effect (Table 4) at least partially explains the slightly lower H2 estimates observed in this study.
H2 estimates for SSC and SSCTA in the current study were calculated to be 0.81 and
0.94, respectively. H2 of SSC has been evaluated in several studies and reported to range from
0.01-0.43 (de Souza and Byrne, 1998; Hansche, 1986b; Hansche and Beres, 1980; Hansche et
al., 1972; Monet and Bastard, 1982). However, Brooks et al. (1993) report that H2 for SSC,
acidity and sugar:acid ratio were greater than 0.72. The H2 values for SSC and SSCTA reported
in this study are significantly higher compared to those reported in previous studies. The
relatively high H2 SSC and SSCTA values reported in this study indicate that selection for SSC
and SSCTA can be achieved successfully from many peach crosses. It is important to note,
however, that the low heritability estimates associated with SSC observed in some studies have
been attributed to imprecise measurements of SSC. The level of impreciseness is discussed in
section 6.9.2. Because SSC is quantitatively regulated (Dirlewanger et al., 1999; Quilot et al.,
2004) a high level of variability between genotypes is expected for SSC (Cantín et al., 2006).
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The H2 estimate for TA was calculated to be 0.89. H2 estimates for peach acidity,
involving both pH and TA measurements, have been reported to be low to moderate (0.19 - 0.39)
in previous studies (Hanshce et al., 1972; de Souza and Byrne, 1998). H2 TA estimates reported
in this study are significantly higher compared to those estimates reported in previous studies.
However, as with SSC, it is important to note that the low heritability estimates associated with
acidity observed in some studies have been attributed to imprecise measurements of pH and TA.
The level of impreciseness has been previously discussed in section 6.9.2.
The H2 estimate for FF was calculated to be 0.21. Hansche et al. (1972) reported H2
values of 0.13 for FF. The H2 estimate for FF reported in this study is slightly higher compared
to that reported by Hansche et al. (1972). Low heritability estimates for FF are expected in peach
for several reasons. FF within and among genotypes may vary considerably due to
environmental, cultural, physiological and genetic factors (Blake and Davidson, 1936; Boggess
et al., 1974; Craft, 1955; Delwiche et al., 1987; Kader and Mitchell, 1989a; McDonald and
Delwiche, 1983; Mitchell et al, 1977). Peaches may soften very rapidly while they are on the tree
or shortly after (i.e. within a few hours) of being harvested. Therefore, firmness tends to be
highly variable between peaches depending on the stage of maturity they are at or the length of
the post harvest period that has passed before fruit have been evaluated. Different regions within
the same fruit may also vary greatly in firmness. Regions nearest to the suture tend to softening
first; in many instances we noted that the same fruit was soft to the touch at the suture and near
the stem end while being firm at the cheeks, opposite end of the suture and near the blossom end.
In general, early season peach and nectarine genotypes are less firm at the onset of physiological
maturity compared to late season varieties (Crisosto, 1994). A more detailed explanation on the
environmental, cultural, physiological and genetic factors that affect fruit firmness in peach can
be found in section 2.5.3.
6.7 Frequency Distributions
6.7.1 Phenotypic Distribution of BD
The distribution pattern for the BD BLUPs as well as BD yearly values and means were
skewed to the right departing slightly from normality (Figure 12 A-D). This pattern of
distribution suggests that BD is likely regulated in a quantitative manner in our study population.
BDs have also been reported to depart significantly from normality in several other populations
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(Fan et al., 2010); these distributions tend to shift from being right skewed to being left skewed
from year to year. Based on these distribution patterns, studies report that BD is likely regulated
in a quantitative manner in peach and other Prunus species (Quilot et al., 2004; Verde et al.,
2002). By contrast some studies have reported that BD follows a multimodal distribution in
several populations and over multiple years (Fan et al., 2010). Our BD frequency distribution
results are consistant with those reported in previous studies (Fan et al., 2010; Quilot et al., 2004;
Verde et al., 2002) indicating that BD follows a skewed normal distribution and is regulated in
a quantitative manner.
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Figure 12 Frequency distribution of the peach BD trait in the association mapping population.
(A) Histogram of 2012 BD phenotypic data, (B) Histogram of 2013 BD phenotypic data, (C) Histogram of
averaged BD phenotypic data, (D) Histogram of BD best linear unbiased predictors (BLUPs) expressed as
estimated breeding values (EBVs).

6.7.2 Phenotypic Distribution of MD and FDP
The MD and FDP BLUPs and yearly phenotypic values and mean values did not have a
normal frequency distribution (Figures 13 D and 14 D). A review of the literature indicated that
MD and FDP typically have a bimodal or trimodal distribution in most populations (Eduardo et
al., 2011; Pirona et al., 2013; Quilot et al., 2004). A bimodal distribution usually indicates that
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two main MD/FDP phenotypes exist in a population, namely early and mid-maturing, mid and
late-maturing or early and late-maturing phenotypes. A trimodal distribution usually indicates
that three main MD/FDP phenotypes exist in a population, namely early, mid and late-maturing
phenotypes. We catagorized our MD/FDP data into bins of five day intervals to identify
variations in modality that may be associated with this trait.The catagorized data demonstrated
that our MD/FDP data exhibited features that resembled a bi or trimodal distribution. The shape
of our frequency distribution resembled the tri-modal distribution reported by Pirona et al.
(2013). Furthermore, we observed three main haplotypes in our population that associated with
the MD/FDP phenotypic data. These haplotypes corresponded to early, mid and late maturity.
Based on this information we suggest that our yearly and mean MD/FDP frequency distributions
are closer to trimodality than bimodality (Figures 13 and 14 A-C). Therefore, we suggest that
MD and FDP follow a Mendelian behaviour of inheritance as has been reported in previous
studies (Bassi et al., 1988, 1999; Yamaguchi et al., 1984). .

125

E

M

20

L

A

L B

Frequency (Number of Genotypes)

16

16

14

14

12

12

10

10
8
6
4

8
6
4

2

2

0

0
Fruit Development Period (Days)

Fruit Development Period (Days)

E

M

20

LC

D

30
Frequency (Number of Genotypes)

18
Frequency (Number of Genotypes)

M

18

18
Frequency (Number of Genotypes)

E
20

16
14

12
10

8
6

4

25
20
15

10
5

2

0

0

FDP BLUPs (EBVs)

Fruit Development Period (Days)

Figure 13 Frequency distribution of the peach FDP trait in the association mapping population.
(A) Histogram of 2012 FDP phenotypic data, (B) Histogram of 2013 FDP phenotypic data, (C) Histogram of
averaged FDP phenotypic data, (D) Histogram of FDP best linear unbiased predictors (BLUPs) expressed as
estimated breeding values (EBVs). E, M and L refer to early, mid and late-maturing, respectively.
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Figure 14 Frequency distribution of the peach MD trait in the association mapping population.
(A) Histogram of 2012 MD phenotypic data, (B) Histogram of 2013 MD phenotypic data, (C) Histogram of
averaged MD phenotypic data, (D) Histogram of MD best linear unbiased predictors (BLUPs) expressed as
estimated breeding values (EBVs). E, M and L refer to early, mid and late-maturing, respectively.

6.7.3 Phenotypic Distribution of Fruit Mass, Fruit Polar Diameter, Fruit Suture Diameter
and Global Fruit Shape
FM, FPD, FSD and GFS BLUPs as well as FM, FPD, FSD and GFS yearly phenotypic
values and mean values were normally distributed in our study population. (Figures 15, 16, 17
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and 18 A-D). This pattern of distribution suggests that these traits are likely regulated in a
quantitative manner in our population. According to most studies, FM, FPD, FSD and FCD
generally present a typical normal distribution (Etienne et al., 2002b; Dirlewanger et al., 1999;
Quilot et al., 2004; da Silva Linge et al., 2015). However, trangressive segregation has also been
reported for these traits (de Silva Linge et al., 2015). Quilot et al. (2004) reportd that FM had a
bimodal frequency distribution in a BC2 population, but when the same population was assessed
for FM in a later year a typical normal distribution was observed. Our FM, FPD, FSD and GFS
frequency distribution results are consistant with those reported in previous studies (Etienne et
al., 2002b; Dirlewanger et al., 1999; Quilot et al., 2004; da Silva Linge et al., 2015) indicating
that FM, FPD, FSD and GFS follow a normal distribution and are regulated in a quantitative
manner.
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Figure 15 Frequency distribution for the peach FM trait in the association mapping population.
(A) Histogram of 2013 FM phenotypic data, (B) Histogram of 2014 FM phenotypic data, (C) Histogram of
averaged FM phenotypic data, (D) Histogram of FM best linear unbiased predictors (BLUPs) expressed as
estimated breeding values (EBVs).
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Figure 16 Frequency distribution for the peach FPD trait in the association mapping population.
(A) Histogram of 2013 FPD phenotypic data, (B) Histogram of 2014 FPD phenotypic data, (C) Histogram
of averaged FPD phenotypic data, (D) Histogram of FPD best linear unbiased predictors (BLUPs)
expressed as estimated breeding values (EBVs).
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Figure 17 Frequency distribution for the peach FSD trait in the association mapping population.
(A) Histogram of 2013 FSD phenotypic data, (B) Histogram of 2014 FSD phenotypic data, (C) Histogram
of averaged FSD phenotypic data, (D) Histogram of FSD best linear unbiased predictors (BLUPs)
expressed as estimated breeding values (EBVs).
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Figure 18 Frequency distribution for the peach GFS trait in the association mapping population.
(A) Histogram of 2013 GFS Phenotypic data, (B) Histogram of 2014 GFS Phenotypic data, (C) Histogram
of averaged GFS phenotypic data, (D) Histogram of GFS best linear unbiased predictors (BLUPs)
expressed as estimated breeding values (EBVs).

6.6.4 Phenotypic Distribution of FF
The distribution pattern for the FF BLUPs as well as FF yearly and mean values were
skewed to the right departing slightly from normality (Figure 19 A-D). This pattern of
distribution suggests that FF is likely regulated in a quantitative manner in our study population.
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Figure 19 Frequency distribution for the peach FF trait in the association mapping population.
(A) Histogram of 2012 FF phenotypic data, (B) Histogram of 2013 FF phenotypic data, (C) Histogram of
averaged FF phenotypic data, (D) Histogram of FF best linear unbiased predictors (BLUPs) expressed as
estimated breeding values (EBVs).

6.7.5 Phenotypic Distribution of SSC
The distribution pattern for the SSC BLUPs as well as SSC yearly and mean phenotypic
values were skewed to the right departing slightly from normality (Figure 20 A-E). This pattern
of distribution suggests that SSC is likely regulated in a quantitative manner in our population.
Several studies report that SSC (Verde et al., 2002), sucrose (Quilot et al., 2004), glucose,
fructose and sorbital have a typical normal distribution; however, other studies report variations
133

from normality for SSC and all sugar components. Our SSC frequency distribution results are
consistant with those reported in previous studies (Quilot et al., 2004; Verde et al., 2002)
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Figure 20 Frequency distribution for the peach SSC trait in the association mapping population.
(A) Histogram of 2012 SSC phenotypic data, (B) Histogram of 2013 SSC phenotypic data, (C) Histogram of
2014 SSC phenotypic data, (D) Histogram of averaged SSC phenotypic data, (E) Histogram of SSC best
linear unbiased predictors (BLUPs) expressed as estimated breeding values (EBVs).

6.7.6 Phenotypic Distribution of TA
The TA BLUPs and yearly and mean phenotypic values did not have a normal frequency
distribution (Figures 21 D). A review of the literature indicated that TA typically has a bimodal
distribution (Dirlewanger et al., 1999; Boudehri et al., 2009). We catagorized our TA data into
bins to identify variations in modality that may be associated with acidity. The catagorized data
demonstrated that our TA data exhibited features that resembled a bimodal distribution, however,
the biomodality of the distribution was not clear (Figure 21 A and C) likely because the LA
genotypes were under represented in our population. Our population consisted of 7 LA
genotypes and 125 NA genotypes. In order to clarify the nature of the distribution we looked into
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the haplotypes that associated with the most significant SNPs from our TA GWAS. We observed
two main haplotypes in our population that associated with the TA data. These haplotypes
corresponded to LA nd NA phenotypes. Despite the unequal representation of phenotypes, we
were still able to observe distinct LA and NA haplotypes in 99% of our genotypes. Therefore,
based on this information we suggest that our yearly and mean TA frequency distributions are
bimodal. The bimodal nature of the acid character in peach is in agreement with the observed
segregation of the non-acid fruit trait (1/4 LA fruit and ¾ NA fruit) (Dirlewanger et al., 1999).
We suggest that TA follows a Mendelian behaviour of inheritance as has been reported in
previous studies.
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Figure 21 Frequency distribution for the peach TA trait in the association mapping population.
(A) Histogram of 2013 TA phenotypic data, (B) Histogram of 2014 TA phenotypic data, (C) Histogram of
averages TA phenotypic data, (D) Histogram of TA best linear unbiased predictors (BLUPs) expressed as
estimated breeding values (EBVs). LA and NA represent low acid and normal acid phenotypes, respectively

6.7.7 Phenotypic Distribution of SSCTA
The SSCTA BLUP values as well as the SSCTA yearly and mean phenotypic values did
not have a normal frequency distribution (Figures 22 A-D). More than 90% of the genotypes had
a sugar to acid ratio between 1.0 and 2.0 in 2013 and 2014 as well as data averaged between
these years.
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Figure 22 Frequency distribution for the peach SSCTA trait in the association mapping population.
(A) Histogram of 2013 SSCTA phenotypic data, (B) Histogram of 2014 SSCTA phenotypic data, (C)
Histogram of averaged SSCTA phenotypic data, (D) Histogram of SSCTA best linear unbiased predictors
(BLUPs) expressed as estimated breeding values (EBVs).
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6.8 Marker Discovery
The phenotypic and genotypic data were used to conduct association analysis. The
objective of the analysis was to identify the genomic region(s) that hold major loci for the 11
flowering and fruit quality traits evaluated in the population. Because we used BLUPs to model
the genotypic effect as a random effect, the model accounted for variance due to genotype x tree
and genotype x year (ie. G x E). For this reason we are only illustrating QTLs identified by the
BLUPs. However, SNP detection over multiple years have been included in appendix B for
comparison. We only considered SNPs that were significant in at least one year and the means of
the years combined. Using this approach we report the most significant SNP on each LG for
seven of the eleven traits evaluated (Table 11). We identified the allelic variants (haplotypes) for
the most significant SNPs from each LG that associated with each of the seven traits. We report
the genomic location, probability, r-square value, haplotype, means, standard error and
phenotypic classification for each of these SNPs (Table 12). We also detail any genes and
Arabadopsis orthologs and putative functions when SNPs fell within genes (Table 13). However,
it must be noted that causative alleles may be causd by other types of mutations such as
transposons and large insertions, deletions and re-arrangements that are not captured by GBS.
We evaluated each trait in the population using both the general linear model
(GLM) and mixed linear model (MLM) procedures. The MLM is considered a superior and more
robust procedure compared to the GLM when conducting GWAS because it accounts for both
population structure and relatedness (Xuehui et al., 2010; Yang eta l., 2010; Zhang et al., 2010).
The GLM procedure may still be used to conduct GWAS, however, it does not account for
relatedness, and therefore, may increase the chance of false positives due to unequal relatedness
among individuals in a given cohort. That said, many studies have reported effective trait loci
using the GLM approach in GWAS. In contrast, MLM procedures may sometimes be restrictive,
generating false-negatives, and therefore, may miss SNPs that are actually associated with traits
(Morris et al., 2013). With respect to model selection in GWAS the structuring of the trait itself
may be less important than structuring of the alleles underlying the trait. In some cases
population structuring of these alleles may account for the overcorrection by the MLM.
In order to ensure that we were accounting for false positives associated with using the
GLM and false negatives associated with using the MLM we took a balanced approach of using
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both the GLM and MLM to identify SNPs in our population. In our approach we first conducted
the GWAS on each trait using a MLM and if significant SNPs were identified using the MLM
we only reported these SNPs and did not report SNPs identified by our GLM. Using this
approach we identified SNPs that were highly significant while accounting for false-positives. If
the MLM procedure did not yield any significant SNPs associated with a trait, we conducted the
GWAS using a GLM. If we identified significant SNPs/genomic regions associated with a trait
using the GLM we compared the physical location of these SNPs/genomic regions with loci
previously mapped for that same trait. When SNPs/genomic regions identified by our GLM colocated or were in close proximity to previously mapped loci we considered these SNPs or loci
as real. If the GLM procedure yielded SNPs that did not co-locate or map close to previously
mapped loci we did not attempt to draw any conclusions that our results were real. In this way
we took a cautious approach to minimize false-negatives.
We were able to identify SNPs that were significantly associated with FDP, MD
and TA using the MLM procedure. We did not detect any SNPs that were significantly
associated with FPD and GFS using the MLM procedure. However, we were able to identify
SNPs that were significantly associated with these traits using the GLM procedure. FM, FSD,
SSC and FF failed to detect any significant SNPs in a single year.
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Table 11 Association statistics of loci most significantly associated with the 11 peach flowering and fruit
quality traits evaluated
2012
Trait
BD^
FDP^^
MD^^
FM^^

FSD^

FPD^
GFS^
FF^
SSC^

TA^^

SSCTA^^

SNP Position
Scaffold_1:22476839
Scaffold_4:10660784
Scaffold_4:10660784
Scaffold_2:1551130
Scaffold_6:113793
Scaffold_1:19893128
Scaffold_2:21551130
Scaffold_3:20907130
Scaffold_4:19440808
Scaffold_5:15835334
Scaffold_6:113793
Scaffold_8:8292790
Scaffold_2:21551130
Scaffold_5:15835334
Scaffold_6:113793
Scaffold:1:29881954
NA
Scaffold_1:36648071
Scaffold_2:14694033
Scaffold_7:19356869
Scaffold_3:4328044
Scaffold_5:6965207
Scaffold_6:20822024
Scaffold:_1:14145588
Scaffold_2:5138644
Scaffold_3:4328044
Scaffold_4:26000066
Scaffold_5:6965207
Scaffold:_6:20822024
Scaffold_8:4043726

Probability
1.91E-06**
6.86E-09**
4.78E-09**
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
NA
2.31E-03
9.49E-05
1.20E-02
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

2013
r2
0.15
0.31
0.36
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
NA
0.09
0.13
0.06
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Probability
3.35E-04
1.61E-08**
2.28E-08**
4.62E-03
7.82E-04
4.30E-04
6.06E-03
8.93E-03
2.30E-03
3.46E-04
1.65E+03
2.07E-04
4.17E-04
3.42E-05
1.18E-05
1.95E-04
NA
4.42E-04
2.03E-02
2.79E-03
1.52E-07**
1.46E-07**
5.06E-05
6.06E-07**
1.02E-05**
1.06E-11**
5.02E-05**
1.07E-11**
1.33E-06**
7.56E-06**

2014
r2
0.12
0.31
0.30
0.08
0.13
0.08
0.07
0.05
0.06
0.11
0.08
0.11
0.12
0.14
0.16
0.12
NA
0.10
0.05
0.08
0.27
0.28
0.19
0.29
0.21
0.48
0.18
0.48
0.26
0.23

Probability
ND
ND
ND
2.46E-05
9.19E-04
4.96E-03
4.57E-06
1.50E-04
1.12E-04
1.21E-04
2.87E-05
2.62E-03
2.32E-05
9.72E-05
1.47E-06*
2.00E-05*
ND
6.75E-04
2.03E-02
9.46E-06
7.79E-08**
6.90E-08**
7.27E-06**
6.69E-06**
2.59E-06**
1.88E-12**
2.57E-06**
1.98E-12**
3.22E-07**
1.02E-06**

Combined Years (BLUPs)
r2
ND
ND
ND
0.13
0.12
0.05
0.15
0.08
0.09
0.11
0.12
0.07
0.15
0.13
0.17
0.15
ND
0.09
0.05
0.13
0.28
0.28
0.23
0.25
0.23
0.50
0.23
0.51
0.28
0.28

Probability
7.50E-07**
8.18E-09**
4.64E-09**
6.09E-06*
3.67E-05*
1.84E-04*
8.16E-06*
1.62E-04*
5.19E-05*
6.59E-06*
8.00E-06*
1.69E-04*
4.07E-06**
1.84E-06**
6.16E-08**
7.93E-07*
NA
1.04E-05*
1.21E-05*
7.17E-06*
1.20E-08**
1.02E-08**
3.96E-06**
7.79E-07**
1.04E-06**
8.15E-13**
4.27E-07**
8.98E-13**
4.67E-07**
6.54E-07**

r2
0.14
0.30
0.36
0.15
0.19
0.09
0.15
0.09
0.10
0.15
0.14
0.11
0.18
0.18
0.22
0.19
NA
0.12
0.12
0.13
0.31
0.32
0.24
0.28
0.25
0.52
0.27
0.52
0.27
0.28

ND, No Data collected; NA, no associations found; GLM, general linear model; MLM, mixed linear
model
*Marker trait association significant based on a 5% Benjamini-Hochberg FDR
**Marker trait association significant based on a 1% Benjamini-Hochberf FDR
^Results reported based on GLM
^^Results reported based on MLM
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Table 12 Variance statistics for allele classes of SNPs for loci most significantly associated with seven
flowering and fruit quality traits evaluated over two to three years in the study population.
Trait^

SNP Position

Probability

r2

BD

Scaffold_1:22476839

<0.01

0.15

FDP/MD

Scaffold_4:10660784

<0.01

0.52/0.53

FPD

Scaffold_6:113793

<0.01

0.32

GFS

Scaffold:1:29881954

<0.01

0.19

Scaffold_3:4328044

<0.01

0.40/0.73

Scaffold_5:6965207

<0.01

0.42/0.73

Scaffold_6:20822024

<0.01

0.25/0.43

Scaffold_1:14145588

<0.01

0.34

Scaffold_2:5138644

<0.01

0.22

Scaffold_4:26000066

<0.01

0.39

Scaffold_8:4043726

<0.01

0.27

TA/SSCTA

SSCTA

Allele Class
CC
CT
AA
TT
CT
CC
AA
CA
CC
CT
TT
CC
CT
TT
CA
AA
TT
CC
CT
CA
AA
GG
CA
AA
GG
CC
CT
TT
CC
TT
CT

Mean*
115.80
116.48
117.32
97/213
109/225
131/246
65.64
70.20
73.92
0.97
0.99
1.00
2.95/3.99
7.45/1.51
2.95/3.98
7.43/1.52
3.10/3.86
7.38/1.56
7.49/1.50
1.33
1.55
4.17
1.55
1.60
4.83**
1.53
1.90
4.00
1.41
1.57
4.83**

SE
0.1
0.11
0.12
0.66/0.65
1.31/1.28
1.15/1.09
0.38
0.31
0.33
0.00
0.00
0.00
0.03/0.05
0.11/0.03
0.03/0.05
0.1/0.03
0.02/0.04
0.12/0.04
0.11/0.02
0.02
0.04
0.04
0.02
0.05
0.04
0.08
0.07
0.03
0.05

Phenotype
Early Flowering
Mid Flowering
Late Flowering
Short FDP/Early Maturing
Medium FDP/Mid Maturing
Long FDP/Late Maturing
Short Fruit
Medium Length Fruit
Long Fruit
Wide Fruit
Less Wide Fruit
Round Fruit
Low Acid/High Sugar to Acid
Normal Acid/Low Sugar to Acid
Low Acid/High Sugar to Acid
Normal Acid/Low Sugar to Acid
Low Acid/High Sugar to Acid
Normal Acid/Low Sugar to Acid
Normal Acid/Low Sugar to Acid
Low Sugar to Acid
Low sugar to Acid
High Sugar to Acid
Low Sugar to Acid
Low sugar to Acid
High Sugar to Acid
Low Sugar to Acid
Low sugar to Acid
High Sugar to Acid
Low Sugar to Acid
Low Sugar to Acid
High Sugar to Acid

Means for BD, FDP, MD, FPD, GFS, TA, and SSCTA ar expressed as days, days, Julian days,
millimeters, a ratio, grams/litre and as a ratio, respectively
*Differences between allele class means are significant according to an F-test (α = 0.05)
**Value is represented by only one genotype
^Only traits in which we detected SNPs that were significant in at least one year and the means of the
years combined are reported
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Table 13 Single nucleotide polymorphisms (SNPs) identified using best linear unbiased predictors (BLUPs)
for seven flowering and fruit quality traits and their genomic and gene positions and orientations and the
putuative gene functions and gene orthologs for those genes that contained SNPs
Locu
s
1

Genomic
Position (bp)
17176557

Genomic
Location
intragenic

Gene

Gene Orthologᵇ

BD

SNP
Number
1

Prupe.1G187400.1

AT4G04950.1

BD

2

1

17176595

intragenic

Prupe.1G187400.1

AT4G04950.1

BD*

3

1

22476801

intragenic

Prupe.1G211400.1

AT5G61790.1

BD*

4

1

22476839

intragenic

Prupe.1G211400.1

AT5G61790.1

BD*

5

1

22705444

intergenic

BD*

6

1

23039087

intergenic

BD*

7

1

23077741

intergenic

BD

8

1

23085346

intergenic

BD*

9

1

23139171

intergenic

BD*

10

1

23139263

intergenic

BD*

11

1

23139303

intergenic

BD

12

1

23158573

intergenic

BD

13

1

23158595

intergenic

BD

14

1

23158603

intergenic

BD

15

1

23167692

intergenic

FDP^*/MD^*

1

4

10617717

intergenic

FDP^/MD^

2

4

10617843

intergenic

FDP^*/MD^*

3

4

10660784

intragenic

Prupe.4G179900.1

AT5G53860.2

MD^^

4

4

12713584

intergenic

FDP^^/MD^

5

4

12717141

intergenic

FDP^^/MD^

6

4

12749548

intergenic

FDP^^/MD^^

7

4

20843443

intergenic

FDP^^/MD^^

8

4

20843475

intergenic

FPD*

1

6

113793

intergenic

FPD*

2

6

1399953

intergenic

GFS

1

1

29535331

intergenic

GFS

2

1

29535332

intergenic

GFS

3

1

29607919

intergenic

GFS

4

1

29670488

intergenic

Trait
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GFS

5

1

29881953

intragenic

Prupe.1G305200.1

AT5G08550.1

GFS

6

1

29881954

intragenic

Prupe.1G305200.1

AT5G08550.1

TA/SSCTA

1

1

2289518

intergenic

TA/SSCTA

2

1

13387876

intergenic

TA/SSCTA

3

1

13387911

intergenic

TA*/SSCTA*

4

3

4328044

intragenic

Prupe.3G060100.1

AT1G79760.1

TA*/SSCTA*

5

3

4328047

intragenic

Prupe.3G060100.1

AT1G79760.1

TA*/SSCTA*

6

5

618712

intragenic

Prupe.5G005100.1

AT5G12110.1

TA/SSCTA

7

5

629534

intergenic

TA*/SSCTA*

8

5

669876

intragenic

Prupe.5G005600.1

AT2G33620.1

TA*/SSCTA

9

5

674942

intragenic

Prupe.5G005700.1

AT2G33630.1

TA*/SSCTA*

10

5

829109

intergenic

TA/SSCTA

11

5

829127

intergenic

TA/SSCTA

12

5

894436

intergenic

TA/SSCTA

13

5

1123431

intragenic

Prupe.5G010900.1

AT1G76360.1

TA*/SSCTA*

14

5

1142525

intragenic

Prupe.5G011100.1

AT1G42470.1

TA/SSCTA

15

5

1190017

intragenic

Prupe.5G011300.1

AT4G35090.1

TA*/SSCTA*

16

5

1205020

intragenic

Prupe.5G011400.1

AT4G35090.1

TA*/SSCTA*

17

5

1205043

intragenic

Prupe.5G011400.1

AT4G35090.1

TA*/SSCTA*

18

5

1205050

intragenic

Prupe.5G011400.1

AT4G35090.1

TA*/SSCTA*

19

5

1212159

intragenic

Prupe.5G011500.1

AT2G45250.1

TA*/SSCTA*

20

5

1212182

intragenic

Prupe.5G011500.1

AT2G45250.1

TA*/SSCTA*

21

5

1212635

intragenic

Prupe.5G011500.1

AT2G45250.1

TA/SSCTA

22

5

1221316

intragenic

Prupe.5G011600.1

AT2G35610.1

TA*/SSCTA*

23

5

1366751

intragenic

Prupe.5G012700.1

AT2G20142.1

TA/SSCTA

24

5

1468050

intergenic

TA*/SSCTA*

25

5

1479270

intragenic

Prupe.5G013700.1

AT1G17200.1

TA/SSCTA*

26

5

1492224

intergenic

TA/SSCTA*

27

5

1492263

intergenic

TA*/SSCTA*

28

5

1694346

intragenic

Prupe.5G015500.1

AT4G19420.1

TA*/SSCTA*

29

5

1701801

intragenic

Prupe.5G015600.1

AT1G70350.1

TA*/SSCTA*

30

5

1701950

intragenic

Prupe.5G015600.1

AT1G70350.1
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TA/SSCTA

31

5

1702054

intragenic

Prupe.5G015600.1

AT1G70350.1

TA*/SSCTA*

32

5

1702217

intragenic

Prupe.5G015600.1

AT1G70350.1

TA*/SSCTA*

33

5

1702229

intragenic

Prupe.5G015600.1

AT1G70350.1

TA*/SSCTA*

34

5

1702258

intragenic

Prupe.5G015600.1

AT1G70350.1

TA/SSCTA

35

5

1708880

intragenic

Prupe.5G015700.1

AT4G19400.1

TA/SSCTA

36

5

1722275

intragenic

Prupe.5G015800.1

AT5G45290.1

TA*/SSCTA*

37

5

6388842

intergenic

TA/SSCTA

38

5

6398689

intergenic

TA*/SSCTA*

39

5

6965207

intergenic

TA*/SSCTA*

40

5

7518766

intergenic

TA/SSCTA

41

5

8839556

intergenic

TA/SSCTA

42

5

8856016

intragenic

Prupe.5G074300.1

AT1G62530.1

TA/SSCTA

43

5

9190916

intergenic

TA/SSCTA

44

6

20822024

intergenic

SSCTA

1

1

7522417

intergenic

SSCTA

2

1

7544811

intergenic

SSCTA

3

1

14145588

intergenic

SSCTA

4

1

26694251

intragenic

Prupe.1G256800.1

AT5G26830.1

SSCTA

5

1

26694264

intragenic

Prupe.1G256800.1

AT5G26830.1

SSCTA

6

1

42905873

intergenic

SSCTA

7

2

5138644

intergenic

SSCTA

8

2

5138657

intergenic

SSCTA

9

2

5138682

intergenic

SSCTA

10

2

5138692

intergenic

SSCTA

11

2

6318377

intergenic

SSCTA

12

4

3127764

intergenic

SSCTA

13

4

16569348

intergenic

SSCTA

14

4

26000066

intergenic

SSCTA

15

4

29409172

intergenic

SSCTA

16

5

629595

intergenic

SSCTA

17

5

868872

intragenic

Prupe.5G008300.1

AT1G42540.1

SSCTA

18

5

985948

intragenic

Prupe.5G009400.1

AT1G20720.1

144

SSCTA

19

5

1369542

intragenic

SSCTA

20

5

1369600

intergenic

SSCTA

21

5

1467588

intergenic

SSCTA

22

5

7025921

intergenic

SSCTA*

23

5

7518766

intergenic

SSCTA

24

5

9352452

intergenic

SSCTA

25

5

15808985

intragenic

SSCTA

26

5

17659424

intergenic

SSCTA

27

6

831357

intergenic

SSCTA

28

6

23930558

intergenic

SSCTA

29

6

24265199

intergenic

SSCTA

30

8

4043726

intergenic

SSCTA

31

8

4043735

intergenic

Prupe.5G012700.1

AT2G20142.1

Prupe.5G194300.1

AT1G74470.1

BD, Bloom Date; FDP, fruit development period; MD, maturity date; FPD, fruit polar diameter; GFS,
global fruit shape; TA, titratable acidity; SSCTA, sugar to acid ratio
* SNP is associated with the two most significant FDR values; ^ SNP is significant at P < 0.01;
^^SNP is significant at P < 0.05
ᵃ Putative gene functions are only listed for genes that contained SNPs identified by the GWAS
ᵇ Gene orthologs are only listed for genes that contained SNPs identified by the GWAS

6.8.1 SNP Discovery for Bloom Date
Manhattan plots were generated for BD BLUPs using both GLM and MLM procedures;
however, significant SNPs were only identified using the GLM procedure (Figure 23). 15 SNPs
were found to be associated with BD at P < 0.01 (Table 13). Eight of these SNPs were associated
with the two most significant BH FDR adjustment values. The eight most significant associated
SNPs covered a region of 662,502 bp (scaffold_1: 22,476,801..23,139,303) (Figure 24); here we
refer to this region as the BD locus.
The SNP with the strongest association was BD SNP 4 positioned on
scaffold_1:22476839, with a p-value of 7.50E-07 and an r2 of 0.15 based on the GWAS BLUPs
(Table 11). This SNP accounted for 15% of the phenotypic variation of BD in our population
(Table 12). We identified three haplotypes at this locus including CC, CT, and TT, which on
average associated with early, mid and late flowering phenotypes, respectively (Table 12). These
results suggest that breeding for earlier flowering peaches in our study population is possible.
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However, due to the lack of variation in BD within our population advancements in breeding for
this trait would be limited. Selection for CC alleles would have a negligible potential to reduce
BD within our study population. That said, in different populations that are more variable in BD,
selection using the SNP reported here may prove successful at MASS targeted towards early or
late flowering cultivars.
The lack of variation observed for BD in this study may be explained by the scoring
method used. We scored BD only once for each genotype; our socring method was based on the
Julian day when ~50% of the flowers on three trees were at the full bloom stage. Fleckinger
(1945) used a more comprehensive method to score BD. In his method BD was scored three
times during each bloom season (1) average date for bloom beginning (E stage), (2) average date
for full bloom (F stage) and (3) average date for bloom end (G stage). Cantín et al. (2010)
utilized this scoring method and found no significant differences among progenies at the E stage,
however, they observed higher differences for both F and G stages of bloom. Therefore, it is
evident that variations in BD in some progenies may be a result of differences in the length of the
blooming period rather than differences accounted for at any single BD stage.
There have been 16 other QTLs identified for BD on LG 1 (Dirlewanger et al., 2012; Fan
et al., 2010; Quilot et al., 2004; Yamamoto et al., 2001) (Appendix C, Table C1). The physical
positions of most of these QTL are unknown; however, one QTL (Pchgms3) identified by Fan et
al. (2010) has been positioned on scaffold_1: 27,691,861. Pchgms3 is 4,552,558 bp downstream
of our reported BD locus. Given the low marker density reported by Fan et al. (2010) and the
relatively close proximity of Pchgms3 to our locus, we suggest that our BD locus and Pchgms3
are specifiying the same region on LG 1 that controls BD.
Based on a search in the reference genome, version 2.0 (v2.0), we were able to locate 65
genes within the BD locus (Appendix D – Table D1). Two of these genes, namely
Prupe.1G211400 and Prupe.1G215800, contained SNPs identified by our BD GWAS (Table 13).
Gene orthologs of Prupe 1G211400, calnexin 1 (CNX1) (AT5G61790) (Liu et al., 2015), and
Prupe 1G215800, HAT dimerisation (AT5G33406), have been studied in Arabidopsis thaliana
(Arabidopsis). However, the established functions of these orthologs did not match any known
mechanisms associated with BD.
Two additional SNPs, BD SNPs 1 and 2 (Table 13), identified by our BD GWAS on LG
1 were also positioned within a gene (Prupe.1G187400). Although these SNPs did not fall within
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the BD locus identified by the BD GWAS, they were still associated with BD at P < 0.01. A
gene ortholog of Prupe.1G187400 in Arabidopsis, ARABIDOPSIS THALIANA MONOTHIOL
GLUTAREDOXIN 17 (ATGRXS17) (AT4G04950), was identified (Cheng et al., 2011).
ATGRXS17 plays a critical role in redox homeostatis and hormone perception in a temperaturedependant manner and codes for a thioredoxin family protein. Thioredoxins (TRX) are
components of cellular redox balance and regulate many target proteins through thiol/disulfide
exchange reactions (Marchal et al., 2014). More specifically, TRX have been found to provide
the energy required to complete consecutive dormancy release and bud break in Japanese apricot
(Zhuang et al., 2013). TRX also indirectly play a role in the formation of part of a redoxmediated metabolic switch, which allows plants to respond to rapid changes in the external
environment such as light intensity. This switch is regulated via interactions between TRX and
chloroplast protein 12 (CP12) found in higher plants (López-Calcagno et al., 2014). CP12 is
expressed in floral tissue and mediates the reversible formation of a multiprotein complex
between glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and phosphoribulokinase (PRK)
in response to changes in light intensity (Singh et al., 2011). Therefore, we suggest that
Prupe.1G187400 may be involved in the mediation of BD in peach through a TRX mediated
switch, which allows trees to respond to changes in the external environment, such as light
duration and temperature changes, that are particularly common during the spring when
dormancy is released
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Figure 23 Manhattan plot for bloom date (BD) BLUPs using a general linear model (GLM).
Red and blue lines represent significance thresholds at P < 0.01 and P < 0.05, respectively using a BenjaminiHochberg false discovery rate adjustment (BH FDR adjustment)

148

Figure 24 Graphical representation of linkage group 1 (LG1) and corresponding region of association to
bloom date (BD).
(A) Overview of LG1. (B) General genomic position of the BD locus. (C) Detailed genomic region identified by
the genome-wide association study (GWAS) for BD showing the four regions where single nucleotide
polymorphisms (SNPs) were identified as indicated by the light blue sections numbered 1-4. (D) Detailed
region where SNPs 3-7 were identified (corresponds to region 1 in C). (E) Detailed region where SNP 8 was
identified (corresponds to region 2 in C). (F) Detailed region where SNP 9 was identified (corresponds to
region 3 in C). (G) Detailed region where SNPs 11-20 were identified (corresponds to region 4 in C)
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6.8.2 SNP Discovery for Fruit Development Period and Maturity Date
Manhattan plots were generated for MD and FDP BLUPs using a MLM (Figures 25 and
26). Seven SNPs were found to be associated with FDP at P < 0.05, but only three of these SNPs
were associated with FDP at P < 0.01 (Table 13). Eight SNPs were found to be associated with
MD at P < 0.05, however, only five of these SNPs were associated with MD at P < 0.01 (Table
13). The three SNPs identified at P < 0.01 for FDP were also observed for MD. These SNPs
covered a region of 43,067 bp (scaffold_4: 10,617,717 – 10,660,784) (Figure 27); we refer to this
region as the MD/FDP locus. The SNPs associated with the MD/FDP locus were located at
10,617,717 bp (SNP1), 10,617,843 bp (SNP2) and 10,660,784 bp (SNP3), respectively (Table
12). MD/FDP SNPs 1 and 2 were located in intergenic regions and SNP 3 fell within an intron of
the gene Prupe.4G179900 (Table 13).
The SNP with the strongest association to MD/FDP was SNP 3 (scaffold_4:10660784)
(Table 11). Based on the GWAS of the BLUPs SNP 3 had a p-value of 8.18E-09 and 4.64E-09
and an r2 of 0.30 and 0.36 for MD and FDP, respectively (Table 11). This locus accounted for
52% of the phenotypic variation of MD/FDP in our population (Table 12). We identified three
haplotypes at this locus including TT, CT, and CC, which on average associated with early, mid
and late maturing phenotypes, respectively (Table 12). Our results indicate that selection for TT
alleles would have the potential to decrease average FDP by 14% (15.4 d) (r2 = 0.30) and MD by
7% (15.3 d) (r2 = 0.36). In contrast, if the objective is to breed for later maturing peaches
selection for CC alleles would have the potential to increase average FDP by 16% (18.4 d) (r2 =
0.30) and MD by 8% (18.2 d) (r2 = 0.36). Based on these results, selection for lateness would be
slightly more effective than selection for earliness. This degree of asymmetry of selection
response indicates that (1) major gene effects are likely present in both the MD and FDP traits
(Hesse, 1975b; Vileila-Morales et al., 1981) and (2) there may be more genes fixed or toward
fixation for both lateness and long FDP than for earliness and short FDP (de Souza and Byrne,
1998).
There have been at least 10 other loci identified for MD/FDP on LG 4 (da Silva Linge et
al., 2015; Dirlewanger et al., 1998; Eduardo et al., 2011; Etienne et al., 2002; Li Qin et al., 2011;
Pirona et al., 2013; Quarta et al., 2000) (Appendix C, Table C1). The positions of all of the
reported loci that we were able to locate on the peach physical map co-located with or were in
close proximaty to our MD/FDP locus. Our MD/FDP locus fell within the qMD4.1 locus
150

identified by Eduardo et al. (2011) and was nearby the refined qMD4.1 locus identified by
Pirona et al. (2013) (Figure 27). qP-Fw4.1, reported by da Silva Linge et al. (2015), was
positioned on scaffold_4: 10,665,019. This QTL is only 4,235 bp downstream from our reported
MD/FDP locus. Finally, BPPCT015, reported by Li Qin et al. (2011), was positioned on
scaffold_4: 12557824..12558026. This QTL is 1,897,040 bp upstream from our reported
MD/FDP locus and 159,115 bp downstream from our reported MD locus discussed later. These
results suggest that the MD/FDP locus reported here is the same as those MD/FDP loci reported
in other studies.
Based on a search in the reference genome (v2.0) we were able to locate 9 genes within
the MD/FDP locus (Table 14). Three of these genes, namely Prupe.4G79900, Prupe.4G179800
and Prupe.4G179200 may play roles in the determination of MD/FDP in peach. Gene orthologs
of Prupe.4G79900 in Arabidopsis, embryo defective 2737 (EMB 2737) (AT5G53860) (Tzafrir et
al., 2004), and Zea maize (maize), embryo specific 12 (EMB12) (Shen et al., 2013) have been
studied. EMB2737 and EMB12 belong to a family of EMB genes that are required for normal
embryo development in Arabadopsis and maize, respectively. It is adaptatively essential that
embryo development is complete prior to fruit attaining maturity in order to ensure that
reproductively viable seeds are produced. Gene orthologs of Prupe.4G179800 in Arabidopsis,
early nodulin-like protein 1 (ENODL1) (AT5G53870) and loblolly pine (Pinus taeda),
PtNIP1(Ciavatta et al., 2001), have also been studied. PtNIP1 is an ENODL transcript that is
expressed in the embryos of loblolly pine during embryogenesis. The PtNIP1 transcript is
abundantly expressed in immature zygotic and somatic embryos of developing seeds, but is
undetectable during later-stages of embryo development. Finally, gene orthologs of
Prupe.4G179200 in Arabidopsis, purine permease 10 (PUP10) (AT4G18210), and rice (Oryza
sativa), PUP10 (Qi and Xiong, 2013), have also been studied. PUP10 has been shown to delay
flowering in rice. De Souza and Byrne (1998) reported negative correlations between flowering
time and FDP and Weinberger (1948) reported that early flowering genotypes tend to have
longer FDP. This phenomenon may occur because a high correlation exists between temperature
and FDP. Therefore, fruit of very early flowering genotypes may be slower to develop during
stage I of growth compared to late flowering genotypes. This difference may be due to cooler
temperatures following bloom experienced by early flowering genotypes (Boonprakob et al.,
1992; Rodriguez, 1987; Sherman and Weinberg, 1948; Topp and Sherman, 1989). Taken
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together these results suggest that the determination of MD and FDP in peach may be regulated
at the embryo level during seed and fruit development or during the transition between dormancy
and bud break in spring. However, given the narrow flowering range observed in this study, the
determination of maturity period in our population is not likely strongly effected by BD as has
been previously reported.
The genotypic data assessed in this study was aligned with the ‘Lovell’ reference
genome, and therefore, the genes identified in our MD/FDP region are restricted to those found
within this reference. It is conceivable that the gene regulating MD/FDP in our population is not
present in the reference genome. Therefore, some of our SNPs may be within a gene, or nearby a
gene that is in our locus, but was not identified by the ‘Lovell’ alignment. Although this
possibility would be rare given the fact that gene order is highly conserved in peach, it would be
interesting to sequence the MD/FDP locus and surrounding region to see if any other genes exist
at or near this locus that are not present in the ‘Lovell’ reference. It is also possible that the gene
responsible for controlling MD/FDP is not within our locus, but located in a neighboring region.
Two additional SNPs were identified for MD on LG 4 at P < 0.01, but not for FDP (Table
13). The SNPs associated with MD were located at 12,717,141 bp (SNP 4) and 12,749,548 bp
(SNP 5) spanning a region of 32,407 bp (Figure 28); we refer to this locus as MD. Both of these
SNPs were located in intergenic regions. Based on a search in the reference genome (v2.0) we
were able to locate 7 genes within the MD locus (Figure 28).Our MD locus fell within the
qMD4.1 locus identified by Eduardo et al. (2011) (Figure 28).
Taken together, our results suggest that the inheritance of the MD/FDP trait is controlled
by a few major genes, which are under the influence of modifying factors as has been
demonstrated in previous studies (Bassi et al., 1988, 1999; Yamaguchi et al., 1984). Our results
also indicate that breeding for early and late maturing peaches and peaches with short or long
FDPs may be efficiently carried out with rapid advancements using MASS through the
utilization of the SNPs identified in this study.

152

Figure 25 Manhattan plot for fruit development period (FDP) best linear unbiased predictors (BLUPs) using
a mixed linear model (MLM).
Red and blue lines represent significance thresholds at P < 0.01 and P < 0.05, respectively, using a BenjaminiHochberg false discovery rate (BH FDR) adjustment
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Figure 26 Manhattan plot for maturity date (MD) best linear unbiased predictors (BLUPs) using a mixed
linear model (MLM).
Red and blue lines represent significance thresholds at P < 0.01 and P < 0.05, respectively, using a BenjaminiHochberg false discovery rate (BH FDR) adjustment

154

Figure 27 Graphical representation of linkage group 4 (LG4) and corresponding region of association to fruit
development period (FDP) and maturity date (MD).
(A) LG4 and the genetically mapped markers on LG4. The position of the original qMD4.1 locus (Eduardo et
al., 2011) is marked by red arrows and the position of the refined qMD4.1 locus (Pirona et al., 2013) is
marked by blue arrows. (B) General genomic region identified by the genome-wide association study
(GWAS) for MD/FDP. (C) Detailed genomic region identified by GWAS for MD/FDP showing the genes
found within this region and the two regions where single nucleotide polymorphisms (SNPs) were identified
as indicated by the ligh blue sections numbered 1 and 2. (D) Detailed genomic region showing the location of
SNP1 and SNP2 (corresponds to region 1 in C), (E) Detailed region showing the location of SNP3
(corresponds to region 2 in C)
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Figure 28 Graphical representation of linkage group 4 (LG4) and the corresponding region of association
with the maturity date (MD) trait.
(A) General overview of LG4. The position of the original qMD4.1 locus (Eduardo et al., 2011) is marked by
red arrows and the position of the refined qMD4.1 locus (Pirona et al., 2013) is marked by blue arrows. (B)
General region identified by the genome-wide association study (GWAS) for MD. (C) Detailed genomic
region identified by the GWAS for MD and the genes and single nucleotide polymorphisms (SNPs) found
within this region

Table 14 The genomic positions, transcript orientations, putative gene functions and Arabidopsis orthologs
for the genes on linkage group 4 (LG4) identified within the range of maturity date/fruit development period
(MD/FDP) single nucleotide polymorphisms (SNPs) associated with the two most significant BenjaminiHochberg false discovery rate (BH FDR) adjustment values identified by the genome-wide association study
(GWAS)
Gene
Transcript Start Transcript End Genomic Orientation
Putative Gene Function
Gene Ortholog
Prupe.4G179100.1
10620213
10621628
+
Polynucleotidyl transferase, ribonuclease H-like superfamily protein AT2G36110.1
Prupe.4G179200.1
10621897
10622773
+
purine permease 10
AT4G18210.1
Prupe.4G179300.1
10625033
10628440
+
Unknown
AT4G16807.1
Prupe.4G179400.1
10629172
10634877
Unknown
AT2G30700.1
Prupe.4G179500.1
10635017
10638518
+
Unknown
AT5G62270.2
Prupe.4G179600.1
10639863
10647757
+
Ypt/Rab-GAP domain of gyp1p superfamily protein
AT2G30710.1
Prupe.4G179700.1
10646458
10646951
+
Unknown
Unknown
Prupe.4G179800.1
10649308
10651183
+
early nodulin-like protein 1
AT5G53870.1
Prupe.4G179900.1
10654233
10662179
embryo defective 2737
AT5G53860.2

The genomic region identified for the MD/FDP locus in this study is unique. Our region
lies within the previously reported qMD4.1 region, but lies 313,413 bp upstream from the refined
qMD4.1 region reported by Pirona et al. (2013) (Figure 27). Furthermore, we identified a SNP
polymorphism within an intron of the gene ppa008301m, transcription factor: NAC domaincontaining protein 72, proposed by Pirona et al. (2013) to be involved in the control of peach
fruit ripening; this SNP segregated for MD/FDP in our population. It is noteworthy to mention
that SNPs within non-coding sequences such as introns or UTRs can be causative. Therefore, the
SNP identified in the intron of ppa008301may represent a potential reason for differences
observed between early, mid and late maturing genotypes.
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Furthermore, our population did not contain the allele identified by Pirona et al. (2013)
that was proposed to differentiate between maturity date phenotypes. Therefore, our data
suggests that there are no associations between MD/FDP and ppa008301m. Therefore, the reason
for earliness in our population is likely not ppa008301m. There are several reasons that may
explain the discrepancies observed between our data and those reported by Pirona et al. (2013).
The most evident explanation lies in the fact that the population structure between the
CxA/WxBy populations versus the population used in our study are different. Both CxA and
WxBy are bi-parental mapping populations, and therefore, only contain the genes present in the
parents used to generate them. In contrast, our population consists of a wide range of germplasm
containing much more genetic diversity compared to the mapping population used by Pirona et
al. (2013). In addition, MD and FDP may be regulated by several genes that occur in all peach
accessions and these genes may act redundantly in the peach genome as a whole. Therefore, it is
conceivable that both the refined qMD4.1 locus and the MD/FDP locus we identified each
contain a different gene that regulates MD/FDP and these genes or genomic regions are colocated. In this situation ppa008301 may be responsible for regulating MD/FDP in the
CxA/WxBy populations, while a separate gene may be regulating MD/FDP in our population. In
this scenario alleleic variation at ppa008301m may be absent all together in our population.
Therefore, both genes may be present in both populations, but ppa008301m only segregates in
the CxA and WxBy populations.
A second explanation is that our region is a more accurate representation of the actual
region that contains the gene responsible for determining MD/FDP. This explanation is feasible
if we consider the differences in population structures between the bi-parental mapping
populations (BPP) used by Pirona et al. (2013) and the AM population used in this study. In a
BPP there are only two individuals from which genes are derived, while in an AM population
several genetic backgrounds are used to study the genetic makeup of the population. Therefore, it
is often the case that BPP are not as accurate at identifying genes or genomic regions compared
to AM populations. This is simply because BPP generally do not contain as wide a range of
genetic diversity and allelic variation in comparison to AM populations.
It is also possible that the interval reported by Pirona et al. (2013) is correct, but the gene
they suggested, namely ppa008301m, was not the one responsible for the MD/FDP phenotypes
observed in their populations. Pirona et al. (2013) based their assumption that ppa008301m was
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the gene regulating MD/FDP based on annotations of the genes present in the qMD4.1 locus,
which contained 25 genes in total. However, there is no direct evidence that ppa008301m is
actually causative for the MD/FDP phenotype in peach. Rather, ppa008301m was reported to be
a transcription factor that belongs to a family of transcription factors that regulate earliness in
other species. Therefore, although ppa008301m is a good candidate based on functional
annotation, it is not certain that this gene in fact regulates MD/FDP in peach.

6.8.3 SNP Discovery for Fruit Polar Diameter
Manhattan plots were generated for FPD BLUPs using both GLM and MLM procedures;
however, significant SNPs were only identified using the GLM procedure (Figure 29). 2 SNPs
were found to be associated with FPD at P < 0.01 (Table 13). These SNPs covered a region of
1,286,160 bp (scaffold_6: 113,793 to 1,399,953) here we refer to this region as the FPD locus.
The SNP with the strongest association to FPD was SNP 1 (scaffold_6:113793), with a p-value
of 6.16E-08 and an r2 of 0.22 based on the GWAS of the BLUPs (Table 11). This SNP accounted
for 32% of the phenotypic variation of FPD in our population (Table 12). We identified three
haplotypes at this locus including AA, CA, and CC, which on average associated with short
(65.6 mm), medium length (70.2 mm) and long fruit (73.9 mm), respectively (Table 12). Our
results indicate that selection for CA alleles using MASS at this locus would have the potential to
narrow the range of phenotypes towards the mean in breeding populations. Fruit shape and size
are important quality attributes in peach because they influence consumer acceptance and
postharvest handling of fruit (Cantín et al., 2010). Round shaped peach and nectarine fruits
without protruding tips are preferred by consumers (Badenes et al., 2006). Furthermore,
protruding tips and sutures make fruit susceptible to bruising during handling and shipping, and
are therefore, undesirable traits in peaches destined for commercial markets (Kader, 2002). Since
long and short fruit are considered anamolies and medium length fruit are preferred in peach
markets we suggest that the use of MASS at the FPD SNP identified in this study would benefit
breeders and the peach industry.
There have been at least three other loci identified for FPD on LG 6 (da Silva Linge et al.,
2015; Quilot et al., 2004) (Appendix C, Table C1). The physical position of one of these loci, qPFh2.1 is known (da Silva Linge et al., 2015); however, its position (scaffold_6: 10,707,212) is
9,307,259 bp downstream of our FPD locus. Therefore, it is inconclusive whether our FPD locus
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and qP-Fh2.1 specify the same region on LG6 that controls FPD. Based on a search in the
reference genome (v2.0) we were able to locate 187 genes within the FPD locus (Appendix D,
Table D2).

Figure 29 Manhattan plot for fruit polar diameter (FPD) best linear unbiased predictors (BLUPs) using a
general linear model (GLM).
Red and blue lines represent significance thresholds at P < 0.01 and P < 0.05, respectively using a BenjaminiHochberg false discovery rate (BH FDR) adjustment.

6.8.4 SNP Discovery for Global Fruit Shape
Significant SNPs for GFS BLUPs were only identified using the GLM procedure (Figure
30). No SNPs were found to be associated with GFS at P < 0.01, however, six SNPs were found
to be associated with GFS at P < 0.05 (Table 13). All six SNPs were associated with the two
most significant BH FDR adjustments values. These SNPs covered a region of 346,623 bp
(scaffold_6: 29,535,331..29,881,954) (Figure 31); here we refer to this region as the GFS locus.
The SNP with the strongest association to GFS was SNP 6 (scaffold:1:29881954), with a
p-value of 7.93E-07 and an r2 of 0.19 based on the GWAS of the BLUPs (Table 11). This SNP
accounted for 19% of the phenotypic variation of GFS in our population (Table 12). We
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identified three haplotypes at this locus including CT, which associated with flat fruit (GFS =
0.97), TT, which associated with rounder fruit (GFS = 0.99) and CC, which associated with
round fruit (GFS = 1.00) (Table 12). Our results indicate that selection for CC or TT alleles
would have the potential to increase fruit roundness by 1.4% (r2 = 0.19). For this trait, very small
differences makes a huge difference in marketablility. For example, a difference in ratio as small
as ± 0.02 (from 1.00) may result in fruit that are unmarketable and appear deformed because they
are not "round" enough based on consumer preference (Cantin et al., 2010). Based on this
understanding, a percent gain of 1.4% is actually valuable to breeders.
Based on a search in the reference genome (v2.0) we were able to locate 45 genes within
the GFS locus (Appendix D, Table D3). One of these genes, Prupe.1G305200, contained two
SNPs identified by our GWAS; both SNPs were located in a single intron (Table 13). An
Arabidopsis ortholog for this gene, GC-rich sequence DNA-binding factor-like protein
(AT5G08550), was identified; however, its function was not related to fruit shape.

Figure 30 Manhattan plot for global fruit shape (GFS) best linear unbiased predictors (BLUPs) using a
general linear model (GLM).
The blue line represents a significance threshold at P < 0.05 using a Benjamini-Hochberg false discovery rate
(BH FDR) adjustment.
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Figure 31 Graphical representation of linkage group 1 (LG1) and corresponding region of association to
global fruit shape (GFS).
(A) Overview of LG1. (B) General genomic position of the GFS locus. (C) Detailed genomic region identified
by the genome-wide association study (GWAS) for GFS showing the three regions where single nucleotide
polymorphisms (SNPs) were identified as indicated by the light blue sections numbered 1-3, (D) Detailed
region where SNPs 1 and 2 were identified (corresponds to region 1 in C). (E) Detailed region where SNPs 3
and 4 were identified (corresponds to region 2 in C). (F) Detailed region where SNPs 5 and 6 were identified
(corresponds to region 3 in C)

6.8.5 SNP Discovery for Titratable Acidity
Manhattan plots were generated for TA BLUPs using a MLM (Figure 32). 44 SNPs were
found to be associated with TA at P < 0.01 (Table 13). 24 of these SNPs were found to be
associated with TA at the two most significant BH FDR adjustment values. 22 of these 24 SNPs
covered a region of 6,900,054 bp (scaffold_5: 618,712 to 7,518,766) (Figure 33); here we refer
to this region as the TA locus. The TA locus identified in this study is in agreement with the
reported position of the D locus (Dirlewanger et al., 1998) (Figure 33). In fact, three of the SNPs
identified by our TA GWAS, namely SNPs 10, 11 and 12 (Table 13) (Figure 33), fell within the
reported D locus flanked by the markers D-Scar0 and CPPCT040; however, these SNPs were
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located in intergenic regions. The SNPs with the strongest association to TA were SNP 4
(scaffold_3:4328044), SNP 39 (scaffold_5:6965207) and SNP 44 (scaffold_6: 20822024) (Table
11). Based on the GWAS of the BLUPs these SNPs had p-values of 1.20E-08, 1.02E-08 and
3.96E-06 and an r2 of 0.31, 0.32 and 0.24, respectively (Table 11). SNP 4, 39 and 44 accounted
for for 40%, 42% and 24% of the phenotypic variation of TA in our population, respectively
(Table 12). Our results indicate that two haplotypes associated with SNP 4 (CT and TT) and SNP
39 (CA and AA) and three haplotypes associated with SNP 44 (TT, CC and CT). CT and TT
haplotypes on SNP 4 asscociated with LA and NA phenotypes, respectively. CA and AA
haplotypes on SNP 39 associated with LA and NA phenotype, respectively. Finally, TT
haplotypes on SNP 44 associated with LA phenotypes and CC and CT haplotypes associated
with NA phenotypes at this locus. Our results indicate that selection for CT, CA and TT alleles
on SNPs 4, 39 and 44 would have the potential to decrease average acidity by 43% (2.2 g/L) (r2
= 0.31), 56% (3.7 g/L) (r2 = 0.32) and 48% (2.9 g/L) (r2 = 0.24), respectively. If the objective is
to select NA phenotypes then selection for TT, AA and CC/TT alleles on SNPs 4, 39 and 44
would have the potential to increase average acidity by 43% (2.2 g/L), 44% (2.9 g/L) and 25%
(1.5 g/L), respectively. Based on these values MASS using SNP 39 on LG 5 would be the most
practical choice in breeding programs targeting LA fruit.
Based on a search in the reference genome (v2.0) we were able to locate 578 genes
within our TA locus (Appendix D, Table D4). 13 of these genes contained SNPs identified by the
TA GWAS and we were able to identify Arabidopsis orthologs for all of these genes (Table 13).
Three of these genes have been shown to be involved in transcriptional, translational and posttranslation regulation in Arabidopsis (https://www.arabidopsis.org). Prupe.5G005100 was
similar to an Arabidopsis Glutathione S-transferase, C-terminal-like; Translation elongation
factor EF1B/ribosomal protein S6 (AT5G12110), which plays a role in translational elongation.
Prupe.5G005600 shared similarity to an AT hook motif DNA-binding family protein (AHL10)
(AT2G33620) that regulates transcription in Arabidopsis. Prupe.5G010900 was similar to an
Arabidopsis protein kinase superfamily protein (AT1G76360), which functions in protein
phosphorylation. All three of these genes were in close proximaty to the reported D-Locus lying
between 147,820 bp upstream and 129,396 kb downstream from this locus. We suggest that one
or more of these genes may play a role in the regulation of peach fruit acidity at the
transcriptional, translational or post translational level. Two additional TA SNPs, SNPs 4 and 5,
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associated with TA on LG 3 at P < 0.01 (Table 50). These SNPs were located 3 bp apart in an
intron of the gene Prupe.3G060100. We identified an Arabidopsis ortholog for this gene,
DOWNSTREAM TARGET OF AGL15-4 (AT1G79760); however, its function was not related
to fruit acidity.
Several loci and genes have been reported by other studies to associate with or play a role
in regulating peach fruit acidity. A few of these loci and genes are located on LGs that were
identified by our TA GWAS as containing SNPs that were significantly associated with TA at P
< 0.01. At least seven TA related loci have been reported on LG 3 (Eduardo et al., 2011; Quilot
et al., 2004), six on LG 5 (Dirlewanger et al., 1999 and 2006; Etienne et al., 2002; Quilot et al.,
2004) and three on LG 6 (Quilot et al., 2004) (Appendix C, Table C1). At least six TA related
genes have been reported on LG 1, nine on LG 3, one on LG 5 and five on LG 6 (Etienne et al.,
2002) (Appendix C, Table C2). The position of several of these loci and genes were co-located
with or were in close proximaty to our TA locus or other TA SNPs identified by our GWAS.
Our TA locus is in agreement with the reported position of the D locus (scaffold_5:
766,532..994,035) identified by Dirlewanger et al. (1998) (Figure 33). AC9, a QTL reported by
Dirlewanger et al. (1999), associates with malic and citric acids and was positioned on
scaffold_5: 8,752,877..8,753,303, which lays 1,234,111 bp upstream from our reported TA
locus. We also located three SNPs on LG 6 covering a region 4,089,410 bp (scaffold_6:
20,822,024.. 24,911,434) that associated with TA at P < 0.01 (Table 13). The QTL, BPPCT025
reported by Quilot et al. (2004), associated with quinic acid and was positioned on scaffold_6:
21,129,947 in agreement with the position of the TA associated region on LG 6 identified by our
TA GWAS.
Etienne et al. (2002) reported several candidate genes in Prunus that co-located with or
were in close proximity to several of the SNPs that were identified by our TA GWAS. They
reported a malate dehydrogenase (PRUpe; Mdh1e) that may regulate malic acid through its
function in organic acid metabolism. Mdh1e is located on scaffold_1: 2,591,246..2,591,663,
which co-locates with the genomic region identified by our TA GWAS on LG 1. The closest
SNP (SNP1) (Table 13) that associated to TA in our population is located 301,728 bp
downstream from Mdh1e. They also reported two vacuolar H+-pyrophosphatase (PRUpe;Vp1
and Vp2) that may regulate fruit acidity through their function in solute accumulation. Vp1 is
located on scaffold_3: 6,847,626..6,854,124 and is about 2,519,579 bp downstream from the
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SNPs we identified on LG 3. Vp2 is located on scaffold_6: 28,051,401..28,055,510 and is about
7,229,377 bp downstream from the genomic region identified by our TA GWAS on LG 6. They
also reported an isocitrate dehydrogenase (PRUpe;Icdh1) that has been implied in controlling
citric acid through its function in organic acid metabolism. Icdh1 is located on scaffold_3:
1,105,032..1,109,664, which is about 3,218,383 bp upstream from the SNPs we identified on LG
3. Etienne et al. (2002) also reported a membrane intrinsic protein, (PRUpe;Mip3) that may
regulate fruit acidity through its function in water transport. Mip3 is located on scaffold_6:
23,754,179..23,756,193, which co-locates with the genomic region identified by our TA GWAS
on LG 6.
Fruit acidity is composed of multiple components including malic, citric, quinic and
shikimic acids. The complex composition of this trait coupled with the results reported here and
in other studies indicates that fruit acidity is likely controlled by several QTL over several LGs.
Based on our findings and those findings reported in other studies we suggest that several
regions of the genome control separate components of acidity (i.e. malic, citric, quinic and
shikimic acids), while one main locus (i.e. the D locus) plays a major role in regulating all of
these components as a whole. Due to the close proximity or co-locations of our SNPs with those
loci or genes reported in other studies, we suggest that our TA locus and those genomic regions
identified on LGs 1, 3 and 6 specify the same regions that were identified in the previous studies
mentioned above.
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Figure 32 Manhattan plot for titratable acidity (TA) best linear unbiased predictors (BLUPs) using a mixed
linear model (MLM).
Red and blue lines represent significance thresholds at P < 0.01 and P < 0.05, respectively using a BenjaminiHochberg false discovery rate (BH FDR) adjustment.
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Figure 33 Graphical representation of linkage group 5 (LG5) and corresponding region of association to
titratable acidity (TA)
Region of association to TA is indicated by the dark blue line at the top of the image in (A). (A) Overview of
LG5 showing the two regions where single nucleotide polymorphisms (SNPs) were identified by the genomewide association study (GWAS) as indicated by the two regions highlighted in red labeled 1 and 2. The
position of the D-Locus is marked between the two red arrows. (B) General genomic region where SNPs 6-38
were identified (corresponding to region 1 in A). The three regions where SNPs were identified in this region
are indicated by the light blue sections numbered 1-3. The position of the D-Locus is marked between the two
red arrows. (C) Detailed region where SNPs 6-12 were identified (corresponds to region 1 in B). (D) Detailed
region where SNPs 13-25 were identified (corresponds to region 2 in B). (E) Detailed region where SNPs 2638 were identified (corresponds to region 3 in B). (F) Detailed region where SNPs 39-42 were identified
(corresponds to region 2 in A)

6.8.6 SNP Discovery for Sugar to Acid Ratio
Manhattan plots were generated for SSCTA BLUPs using a MLM (Figure 34). 75 SNPs
were found to be associated with SSCTA at P < 0.01; these SNPs were distributed across all 8
LGs (Table 13). However, only SNPs on LGs 3 and 5 were found to be associated with TA at the
two most significant BH FDR adjustment values. The position of the SSCTA SNPs and genomic
regions identified by the SSCTA GWAS on LGs 3, 5 and 6 are consistant with those reported for
TA (Figure 33) (Table 13). However, several SNPs were exclusive to SSCTA on LGs 1, 2, 4, 5,
6 and 8 (Table 13). These results indicate that sugar to acid ratio has a much greater complexity
of inheritance compared to TA alone as would be expected. The additional SNPs identified on
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the remaining LGs also indicate that the QTLs that control the sugar component of the SSCTA
trait seem to be distributed across multiple LGs. The SNPs with the strongest association to
SSCTA were SSCTA SNP 3 (scaffold_1:14145588), SSCTA SNP 7 (scaffold_2:5138644),
TA/SSCTA SNP 4 (scaffold_3:4328044), SSCTA SNP 14 (scaffold_4:26000066), TA/SSCTA
SNP 39 (scaffold_5:6965207), TA/SSCTA SNP 44 (scaffold_6: 20822024) and SSCTA SNP 30
(scaffold_8:4043726 ) (Table 11). The association statistics related to these SNPs are presented
on Table13. These SNPs accounted for 34, 22, 40, 39, 42, 25 and 27% of the phenotypic
variation of SSCTA in our population, respectively (Table 12). The haplotypes that associated
with the SNPs on scaffold_3:4328044, scaffold_5:6965207 and scaffold_6: 20822024 for TA
also associated with SSCTA. CT and TT haplotypes on SSCTA SNP 7 associated with
phenotypes with high sugar to acid and low sugar to acid, respectively. CA and AA haplotypes
on SNP 39 associated with high sugar to acid and low sugar to acid phenotypes, respectively. TT
haplotypes on SNP 44 associated with high acid phenotypes and CC and CT haplotypes
associated with normal acid phenotypes at this locus. Our results indicate that selection for CT,
CA and TT alleles on SNPs 4, 39 and 44 would have the potential to increase average sugar to
acid ratios in fruit by 45% (r2 = 0.73), 45% (r2 = 0.73) and 34% (r2 = 0.43), respectively. The
remaining SNPs each had three haplotypes conferring either high sugar to acid or low sugar to
acid phenotypes (Table 12), however, there impact as markers in MASS would not be as
practical as SNPs 4, 39 and 44. Furthermore, the high sugar to acid haplotypes, namely GG and
CT, associated with SSCTA SNPs 3 and 30, respectively, were only present in a single genotype
for each of these loci. Therefore, it is likely that genotyping errors at these loci may account for
the observed high sugar to acid haplotypes associated with these loci, however, this suggestion
cannot be confirmed. These results indicate that high sugar to acid phenotypes can be easily and
efficiently selected for using MASS at a number of SNPs across the genome.
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Figure 34 Manhattan plot for sugar to acid ratio (SSCTA) best linear unbiased predictors (BLUPs) using a
mixed linear model (MLM).
Red and blue lines represent significance thresholds at P < 0.01 and P < 0.05, respectively using a BenjaminiHochberg false discovery rate (BH FDR) adjustment.

6.8.7 Lack of SNP Discovery
The lack of SNP discovery for FF, SSC, FM and FSD may be due to several
environmental, physiological, genetic, cultural and technical factors (Blake and Davidson, 1936;
Boggess et al., 1974; Craft, 1955; Delwiche et al., 1987; Kader and Mitchell, 1989a; McDonald
and Delwiche, 1983; Mitchell et al, 1977).
6.8.7.1 Lack of SNP Discovery for FF
Differences in environmental conditions due to growing season and location have
pronounced effects on fruit texture (Knee and Smith, 1989; Luton and Holland, 1986) and
include variables such as light, temperature and moisture (Sams, 1999). Light is necessary for
fruit development and acts to improve fruit texture, however, light above photosynthetic
saturation levels can increase fruit temperature and may result in fruit damage and softening
(Sams, 1999). Therefore, FF may be affected by the position of fruit on a tree; fruit that are
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closer to the interior of a tree, where sunlight intensity is reduced from shading branches and
leaves, tend to be firmer than fruit on the perimeter of the tree, where sunlight exposure is more
intense (Blanpied et al., 1978). Temperature directly influences metabolism, and theferore, has
an indirect effect on cellular structure and other components that influence texture (Sams, 1999).
Fruit temperature and firmness have been reported to be correlated in apples (Blanpied et al.,
1978; Haller, 1941), strawberries (Rose et al., 1934) and pear (Hartman, 1924). The degree of
cellular hydration (water content) influences cell turgor, and therefore, directly influences plant
and fruit texture (Sams, 1999). For example, in apple a 5% loss of water results in unmarketable
fruit due to loss of texture (Sams, 1999). Variability in climatic conditions between years may
have influenced fruit texture in this study as discussed in section 6.4.
Cultural factors such as nitrogen, phosphorus, potassium and calcium may have
pronounced effects on texture (Sams, 1999). For example, application of nitrogen and potassium
fertilizer is reported to cause a reduction of firmness in fruit and vegetable crops (Blanpied et al.,
1978; Peck and van Buren, 1975; Prasad et al., 1988; Reeve, 1970). Of all plant nutrients,
calcium levels are particularly associated with fruit quality in general and firmness in particular
(Sams, 1999). Excessively high ratios of potassium:calcium have been reported to increase the
occurance of fruit disdorders associated with undesirable texture (Bramlage et al., 1983;
Sharples, 1984). A loss of firmness also results when fruit phosphorus and calcium levels are
both excessively low (Sharples, 1980). The connection between calcium and fruit softening as a
result of numerous physiological and biochemical processes is well documented (Poovaiah et al.,
1988). Excessive soil moisture and increased humidity may reduce the mobility of calcium
within plants. Therefore, variability in FF values between years may have been indirectly
influence by calcium levels during the 2012 and 2013 growing seasons due to climatic variation
between these years.
Physiological factors such as fruit size have been reported to be correlated with FF
(Sams, 1999). This phenomenon is likely a result of the fact that fruit size is determined by both
cell size and cell number. Most fruit, regardless of size contain more or less the same number of
cells, and therefore, in most cases the main factor influencing fruit size is cell growth and not cell
number. For this reason smaller fruit tend to have a larger proportion of their volume in cell wall
material, which means that tissue density and firmness is higher in smaller fruit (Sams, 1999).
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The composition of the cell wall has a strong effect on flesh firmness and texure (Layne and
Bassi, 2008).
The most significant quality attribute that usually determines shelf-life in peach is
softening during ripening, an attribute that is common in most fruit. Fruit softening arises from
different processes including loss of turgor, degredation of starch and breakdown of fruit cell
walls. Breakdown of fruit cell walls is the most influential component that causes changes in
texture during ripening. Therefore, the stage of maturity at harvest directly impacts the texture of
fruit; this is particularly true in peach (Kader et al., 1982). FF is highly correlated with fruit
maturity and ripening (Eduardo et al., 2011); the more mature/ripe the fruit, the lower the FF
value. Due to this correlation, evaluation of FF should be considered completely separate from
evaluation of MD/FDP if the objective is to identify QTLs for both FF and MD/FDP. FF values
obtained from fruit at different maturity or ripening stages cannot adequately be used to identify
QTLs associated with the FF of a genotype. Therefore, FF and MD/FDP measurements should
be taken from independent fruit. If both FF and MD/FDP traits are evaluated together on the
same fruit it should not be expected that significant QTLs for FF would be identified (Eduardo et
al., 2011). This conclusion is simply derived from the fact that FF is one of the criteria used to
determine MD/FDP. In order to properly evaluate FF breeding efforts aimed at enhancing FF and
research aimed at identifying QTLs for FF need to consider the speed of fruit softening rather
than FF as a maturity index for harvest (Eduardo et al., 2011). FF measurements must be
objectively scored in order to properly identify QTLs associated with this trait. Unfortunately,
evaluation of FF in this study was conducted on fruit that were simultaneously evaluated for
MD/FDP because initially FF measurements were taken as a means of evaluating MD/FDP and
not for the sole purpose of identifying QTL associated with FF.
6.8.7.2 Lack of SNP Discovery for SSC
Imprecise measurements of SSC within and between fruits, trees and years are likely the
reason we were unable to discover SNPs for this trait in our GWAS. The level of impreciseness
may be due to (1) differences in SSC within the same genotype due to maturity stage effects on
SSC (Byrne et al., 1991; Firoozabadi and Olmo, 1987; Kader et al., 1982), (2) differences in SSC
measurements within the same peach resulting from differences in ripening between the
stem/apical and cheek/suture ends, as well as due to gravitational effects that may result from the
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orientation of fruit on trees, (3) the location of the fruit within the canopy (Marini and Trout,
1984) and (4) the water status of the tree and fruit during the ripening season (de Souza and
Byrne, 1998). Furthermore, Cantín et al. (2010) reported that yield is negatively correlated with
SSC; this correlation likely results due to competition between sink organs (i.e. fruit), which
compete for a limited assimilate supply (Mounzer et al., 2008). Therefore, fruit load likely
influences SSC measurements between years. Unfortunately, as with FF, evaluation of SSC in
this study was conducted on fruit that were simultaneously evaluated for MD/FDP because
initially SSC measurements were taken as a means of evaluating MD/FDP and not soley to
identify QTLs associated with SSC. All of these factors influenced our SSC measurements.
Therefore, we suggest that the lack of ability to discover SNPs from our SSC GWAS was at least
partly due to variability associated with imprecisely measuring SSC. This type of variation is
common and should be carefully accounted for in subsequent studies.
Furthermore, the study population is composed mainly of registered cultivars and
breeding lines with desirable consumer characteristics. One of the most sought after character in
peach is sweetness. Therefore, most of the genotypes in the study population have a relatively
moderate to high SSC content. This reality means that the genetic variability in SSC content
within our study population is not as variable as would be desirable for discovering markers in a
GWAS. This lack of genetic variability may have also contributed to our inability to discover
SNPs that significantly associated with SSC in our study population. Future studies must ensure
that a wide range of variability exists for SSC in order to adequately detect SNPs associated with
this important fruit quality trait.
6.8.7.3 Lack of SNP Discovery for Fruit Mass and Size
Fruit size and mass for any given genotype may vary due to crop load, climatic
conditions and cultural practices (Crisosto, 1994). FS and FM are highly influenced by the
availability of carbohydrates to individual fruit. Therefore, the supply of resources from source
organs and the demand of resources by sink organs, such as fruit, affect the size and mass of
individual fruit on a tree (Grossman and DeJong, 1995). Furthermore, individual fruit on a tree
control carbohydrate partitioning by competing with one another. This competition is based on
the demand of fruit for resources and the ability of the translocation system of the tree to deliver
resources to fruit (Farrar, 1993; Gifford and Evans, 1981; Grange and Shaw, 1989; Wardlaw,
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1990). Trees that are resource limited tend to produce fruit that are smaller than trees supplied
with optimal resources (Wright, 1989). Therefore, in order to study the maximum fruit growth
potential of a genotype, which is a good estimate of the genetic potential of FM and FS of a
genotype, expirements must be conducted to ensure that individual fruits are grown under
conditions of non-limiting resource availability. This type of condition is known as sink-limited
growth where fruit growth is limted only by endogenous characteristics of the organ (Grossman
et al., 1995). Unfortunately, some of the trees in our population were naturally heavily thinned in
the 2014 growing season due to cold winter temperatures, which greatly reduced the number of
viable flowers. Therefore, some trees produced much larger fruit in the 2014 growing season
compared to the 2013 growing season, which increased mean FM and FS in 2014 (Table 6). This
type of variation may explain why we were unable to identify associations in our GWAS for FM
and FS.
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CHAPTER 7 SUMMARY AND CONCLUSION
Peaches are one of the three phylogenetically distinct genomic models within the
Rosaceae. The development of new cultivars with improved fruit quality and other economically
valuable traits through breeding is highly valued in peach. Some of the key factors that determine
good quality fresh peaches include fruit development period, texture, flavour, size, shape and
sugar and acid content.
BD, FDP, MD, FM, FPD, FSD, GFS, FF, SSC, TA and SSCTA are amongst the most
important traits associated with flowering and fruit quality and are highly sought out in peach.
However, the genetic factors responsible for these traits are not well understood. Genetic
dissection of the complex processes associated with flowering and fruit quality traits has
significant applications for the improvement of peach.
Currently, the most common breeding strategy in peach is to generate desirable genetic
combinations through the use of biparental crosses and making selections among the resulting
progenies. These individuals may potentially become new cultivars after multiple years of
evaluation. This long breeding process is particularly an issue for fruit-specific traits because
trees do not produce fruit for at least 3-5 years from seeding, which is the main factor responsible
for the sluggish progress associated with breeding for fruit specific traits in peach.
Conventional breeding programs, which rely on traditional seedling selection, focus on
phenotypically evaluating large numbers of seedlings for highly heritable traits in order to reduce
population size. However, this method has its limitations because selection intensity is reduced
when seedling numbers are reduced, which means that plants with desirable traits that are less
heritable are often culled. Therefore, breeders often compromise quality across traits because
plants with potentially valuable traits are eliminated from breeding programs.
Contemporary peach breeding programs often use DNA technologies to make the
breeding process more efficient. In order to make traditional seedling selection more practical,
molecular based markers may be used to select genotypes for fruit quality traits using MASS.
The use of MASS allows simultaneous and accurate selection of genotypes for traits such as fruit
quality. Therefore, identification of seedlings predicted to be genetically superior for a trait can
be conducted on very young seedlings, which allows unfit material to be discarded at the front
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end of breeding programs. This allows breeders to quickly enrich a population with trees that
have desirable characteristics in less time and with fewer resources.
Despite these advantages, the adoption of MASS in peach breeding has been slow, but
much success is anticipated in future years. In several Rosaceae fruit tree crops successful MASS
applications have been reported, substantiating the feasibility and value of conducting MASS in
peach. The recent availability of the peach physical map will continue to allow for marker
saturation around important traits, and therefore, it is foreseeable that marker assisted breeding
(MAB) in peach will prove successful over the years to come.
Advances in genome sequencing and SNP genotyping have allowed the applicability of
QTL mapping in peach through the use of association mapping populations. Although there are
many types of molecular markers that may be used in MASS, SNPs tend to be favoured in
breeding programs. SNPs have relatively low mutation rates, are evolutionarily stable between
generations across the genome, tend to have less detection and/or evaluation errors, can be
mapped with good precision and are usually transferable across species within a genus.
Recently techniques such as GWAS, which examine the entire genome to identify
associations between phenotypes and genotypes, have been used successfully. GWAS is an
approach that may be used to identify causal genetic polymorphisms underlying complex traits
such as fruit quality; these polymorphisms may be utilized for MASS. The use of genomic data
for MASS in peach has many applications to crop improvement; however, MAB for fruit traits in
peach has not yet been reported. MAB will be particularly useful for assessing mature
reproductive traits, such as those related to flowering and fruiting, as these traits can only be
evaluated after several years of tree growth.
Currently, peach breeding programs are lacking molecular tools that may help enhance
breeding for fruit quality traits. There is an interest among peach growers to produce quality fruit
over an extended season to accommodate consumer demand. There is a need to determine
molecular markers associated with flowering and fruit quality traits for use in MASS in order to
improve the efficiency and reliability of breeding peach.
Genetic studies of peach flower and fruit characteristics have important implications in
breeding efforts for improving consumer acceptance. There is an evergrowing need to determine
molecular markers associated with flowering and fruit quality traits for use in MASS in order to
enhance breeding for maturity season and fruit quality in peach. This research project aimed to
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determine the genomic regions that play a role in regulating flowering, fruit maturity and fruit
quality traits in peach. The results of this thesis detail a GWAS of BD, MD, FDP, FM, FPD,
FSD, GFS, FF, SSC, TA and SSCTA using an association mapping population.
We collected phenotypic and genotypic data for all genotypes within the AM population
over 2-3 years, which corresponded to the 2012-2014 growing seasons. This data was used to
conduct association analyses with the objective of identifying genomic region(s) that hold major
loci for the 11 flowering and fruit quality traits evaluated. We were able to identify SNPs that
were significantly associated with FDP, MD, TA and SSCTA using the MLM procedure. We did
not detect any SNPs that were significantly associated with BD, FPD, and GFS using the MLM
procedure. However, we were able to identify SNPs that were significantly associated with these
traits using the GLM procedure. We report several haplotypes that associated with the major
phenotypes for BD, FDP, MD, FPD, GFS, TA and SSCTA.We were unable to identify SNPs that
consistantly associated with FF, SSC, FM and FSD between years in our population using the
MLM or GLM procedures. Environmental variability between years, low variation within traits
and factors associated with the preciseness of obtaining measurements are likely the reasons we
were unable to identify significant SNPs for these traits.
We identified a total of 15 SNPs that associated with BD on LG 1. The most significant
region identified by our BD GWAS covered 662,502 bp (scaffold_1: 22,476,801..23,139,303).
The SNP with the strongest association to BD was positioned on scaffold_1:22476839 and
explained 15% if the phenotypic variation associated with this trait. We identified three
haplotypes at this locus including CC, CT, and TT, which on average associated with early, mid
and late flowering phenotypes, respectively. However due to the low variation in BD within the
study population selection for CC alleles would have negligible affects on reducing BD in our
population. The BD locus we identified was in close proximity to Pchgms3, a QTL that has been
reported to associate with BD in other populations. Due to the close proximity of this QTL with
the BD locus identified in this study, we suggest that our BD locus and Pchgms3 are specifying
the same region on LG 1 that controls BD. Two of the SNPs identified by our BD GWAS were
located in the gene Prupe.1G187400 located on LG 1. We identified a gene ortholog of
Prupe.1G187400 in Arabidopsis, which functions in plant responses associated with rapid
changes in the environment through a mechanism that involves TRX (Marchal et al., 2014). We
suggest that Prupe.1G187400 may be involved in the mediation of BD in peach through a TRX
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mediated switch, which allows trees to respond to changes in the external environment that are
common during the flowering season.
We identified a total of 8 SNPs on LG 4 that associated with MD/FDP. The most
significant region identified by our MD/FDP GWAS covered 43,067 bp (scaffold_4:
10,617,717..10,660,784). The SNP with the strongest association to MD/FDP was positioned on
scaffold_4:10660784 and explained 52% if the phenotypic variation associated with this trait.
We identified three haplotypes at this locus including TT, CT, and CC, which on average
associated with early, mid and late maturing phenotypes, respectively. Our results indicate that
selection for TT alleles would have the potential to decrease average FDP by 14% (15.4 d) (r2 =
0.30) and MD by 7% (15.3 d)(r2 = 0.36). In contrast, if the objective is to breed for later maturing
peaches selection for CC alleles would have the potential to increase average FDP by 16 % (18.4
d) (r2 = 0.30) and MD by 8% (18.2 d) (r2 = 0.36).The MD/FDP locus reported here co-located
with or was in close proximity to several other loci that related to maturity in other studies. Our
MD/FDP locus fell within the qMD4.1 locus identified by Eduardo et al. (2011) and was nearby
the refined qMD4.1 locus identified by Pirona et al. (2013). These results suggest that the
MD/FDP locus reported here is specifying the same region on LG 4 reported in other studies.
Furthermore, we identified functions related to embryo development for some of the genes
associated with our MD/FDP locus. The determination of MD and FDP in peach may be
regulated at the embryo level during seed and fruit development.
We identified 2 SNPs on LG 6 that associated with FPD. The most significant region
identified by our FPD GWAS covered 1,286,160 bp (scaffold_6: 113,793 to 1,399,953). The
SNP with the strongest association to MD/FDP was positioned on scaffold_6:113793and
explained 32% if the phenotypic variation associated with this trait. We identified three
haplotypes at this locus including AA, CA, and CC, which on average associated with short,
medium length and long fruit, respectively. Our results indicate that selection for CA alleles
using MASS at this locus would have the potential to narrow the range of phenotypes towards
the mean in breeding populations. Since long and short fruit are considered anamolies and
medium length fruit are preferred in peach markets we suggest that the use of MASS using the
FPD SNP identified in this study would benefit breeders and the peach industry. At least three
other loci have been previously identified for FPD on LG 6 in other populations. One of these
loci, qP-Fh2.1, is positioned on scaffold_6: 10,707,212, which is 9,307,259 bp downstream of
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our FPD locus. Based on our results we cannot ascertain whether our FPD locus and qP-Fh2.1
specify the same region on LG 6 that controls FPD.
We identified a total of 6 SNPs on LG 1 that associated with GFS, which covered a
region of 346,623 bp (scaffold_1: 29,535,331..29,881,954). The SNP with the strongest
association to GFS was positioned on scaffold_1:29881954 and explained 19% if the phenotypic
variation associated with this trait. We identified three haplotypes at this locus including TT and
CC, which on average associated with round fruit shape and CT, which associated with flatter
fruit shape. Our results indicate that selection for CC or TT alleles would have the potential to
increase fruit roundness by 1.4% (r2 = 0.19). Since small differences in GFS makes a huge
difference in marketablility a percent gain of 1.4% is actually valuable to breeders, and therefore,
this locus may be potentially usefull in MASS targeted towards producing round peaches.We
were unable to identify any QTLs from other studies or gene orthologs that related to FS within
our GFS locus.
We identified a total of 44 SNPs on LGs 1, 3, 5 and 6 that associated with TA. The most
significant region identified by our TA GWAS covered 6,900,054 bp (scaffold_5: 618,712 to
7,518,766). The SNP with the strongest association to TA was positioned on scaffold_5:6965207
and explained 42% if the phenotypic variation associated with this trait. We identified two
haplotypes at this locus including CA and AA, which on average associated with LA and CA
phenotypes, respectively. Our results indicate that selection for CA alleles at this locus would
have the potential to decrease average acidity by 56% (3.7 g/L). If the objective is to select NA
phenotypes then selection for AA alleles at this locus would have the potential to increase
average acidity by 44% (2.9 g/L). Several loci and genes have been reported in other studies to
associate with or play a role in regulating peach fruit acidity. The position of several of these loci
and genes were co-located with or were in close proximity to our TA locus or other TA SNPs
identified by our GWAS. The TA locus identified in this study is in agreement with the reported
position of the D locus (Dirlewanger et al., 1998). In fact, three of the SNPs identified by our TA
GWAS fell within the reported D locus. Furthermore, three of the genes identified within our TA
locus have been reported to be involved in transcriptional, translational and post-translation
regulation in Arabidopsis. These genes were in close proximity to the reported D locus. We
suggest that these genes may play a role in the regulation of peach fruit acidity at the
transcriptional, translational or post translational level. Furthermore, several candidate genes in
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Prunus reported in other populations co-located with or were in close proximity to several of the
SNPs that were identified by our TA GWAS. Fruit acidity is composed of multiple components
including malic, citric, quinic and shikimic acids. The complex composition of this trait coupled
with the results reported here and in other studies indicates that fruit acidity is likely controlled
by several QTL over several LGs. We suggest that several regions of the genome control
separate components of acidity (i.e. malic, citric, quinic and shikimic acids), while one main
locus (i.e. the D locus) plays a major role in regulating all of these components as a whole.
We identified a total of 75 SNPs across all eight LGs that associated with SSCTA. The
position of the SSCTA SNPs and genomic regions identified by the SSCTA GWAS on LGs 3, 5
and 6 are consistent with those reported for TA. Furthermore, the most significant SNP
(scaffold_5:6965207) associated with SSCTA was the same as that identified for TA and
accounted for 42% of the phenotypic variation of SSCTA in our population. The haplotypes CA
and AA at this locus associated wit high sugar to acid and low sugar to acid phenotypes,
respectively. Our results indicate that selection for CA alleles at this locus would have the
potential to increase average sugar to acid ratios in fruit by 45%. Therefore, this locus represents
a promising means to breed for subacid fruit using MASS. The additional SNPs identified on the
remaining LGs indicate that the QTLs that control the sugar component of the SSCTA trait seem
to be distributed across multiple LGs.
In conclusion, using an association mapping population consisting of a uniquely variable
assortment of peach accessions we were able to identify many SNPs and genomic regions that
associated with seven out of eleven of the traits we evaluated. Therefore, we were able to
substantiate the use of GBS and GWAS in the efficient and accurate identification of molecular
markers that associate with flowering and several fruit quality traits. Furthermore, we were able
to show that the use of GLM in GWAS may be used to identify SNPs and genomic positions
associated with fruit specific traits. The data reported here will aid peach and other Prunus spp.
breeders in MASS targeted towards enhancing peach germplasm for flowering and fruit quality
traits. MASS for fruit quality traits eliminates the ambiguity of modeling fruit quality attributes
that are measured analytically and directly selects the characters themselves. The data will also
allow for a transferable enhanced understanding of the genetic regions, components and
mechanisms underlying BD, FDP, MD, FPD, GFS, TA and SSCTA. The findings reported here
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may also be used towards an understanding of the variability of fruit quality parameters in
fruiting crops.
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APPENDICES
Appendix A: Linkage Disequilibrium Decay Plots

Figure A 1 Linkage disequilibrium decay plot for
chromosome 1of theassociation mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2

Figure A 2 Linkage disequilibrium decay plot for
chromosome 2 of theassociation mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2
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Figure A 3 Linkage disequilibrium decay plot for
chromosome 3 of the association mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2

Figure A 4 Linkage disequilibrium decay plot for
chromosome 4 of the association mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2
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Figure A 5 Linkage disequilibrium decay plot for
chromosome 5 of the association mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2

Figure A 6 Linkage disequilibrium decay plot for
chromosome 6 of the association mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2
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Figure A 7 Linkage disequilibrium decay plot for
chromosome 7 of the association mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2

Figure A 8 Linkage disequilibrium decay plot for
chromosome 8 of the association mapping population
studied. Horizontal red line indicates the extent of LD
decay using a critical value (r2 cutoff) of 0.2. Values in
red squares indicates the number of bases at the
extent of LD decay using a critical value (r2 cutoff) of
0.2
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Appendix B: Additional Manhattan Plots for the 11 flowering and Fruit Quality Traits
Evaluated in this Study

A

B

C

D

Figure B 1 Manhattan plots for bloom date (A) in 2012 using a GLM, (B) in 2013 using a GLM, (C) averages
across years using a GLM and (D) averages across years using a MLM. Red and blue lines represent
significance thresholds at P < 0.01 and P < 0.05, respectively using a Benjamini-Hochberg false discovery rate
adjustment.
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A

B

C
Figure B 2 Manhattan plots for fruit development
period (A) in 2012 using a MLM, (B) in 2013 using a
MLM and (C) averages across years using a MLM.
Red and blue lines represent significance thresholds
at P < 0.01 and P < 0.05, respectively using a
Benjamini-Hochberg false discovery rate adjustment.

A

B

C
Figure B 3 Manhattan plots for maturity date (A) in
2012 using a MLM, (B) in 2013 using a MLM and (C)
averages across years using a MLM. Red and blue
lines represent significance thresholds at P < 0.01 and
P < 0.05, respectively using a Benjamini-Hochberg
false discovery rate adjustment.
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A

B

C

D

Figure B 4 Manhattan plots for fruit mass (A) in 2013 using a GLM, (B) in 2013 using a GLM, (C) averages
across years using a GLM and (D) BLUPs using a GLM. Blue lines represent significance thresholds at P <
0.05 using a Benjamini-Hochberg false discovery rate adjustment.

A

B

C
Figure B 5 Manhattan plots for fruit polar diameter
(A) in 2013 using a GLM, (B) in 2014 using a GLM
and (C) averages across years using a GLM. Red and
blue lines represent significance thresholds at P <
0.01 and P < 0.05, respectively using a BenjaminiHochberg false discovery rate adjustment.
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A

B

C

D

Figure B 6 Manhattan plots for fruit suture diameter (A) in 2013 using a GLM, (B) in 2014 using a GLM, (C)
averages across years using a GLM and (D) BLUPs using a GLM. Blue lines represent significance thresholds
at P < 0.05 using a Benjamini-Hochberg false discovery rate adjustment

A

B

C
Figure B 7 Manhattan plots for global fruit shape (A)
in 2013 using a GLM, (B) in 2014 using a GLM and
(C) averages across years using a GLM. Blue lines
represent significance thresholds at P < 0.05 using a
Benjamini-Hochberg false discovery rate adjustment.
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A

B

C

D

Figure B 8 Manhattan plots for fruit firmness (A) in 2012 using a GLM, (B) in 2013 using a GLM, (C)
averages across years using a GLM and (D) BLUPs using a GLM.
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A

B

C

D

E
Figure B 9 Manhattan plots for soluble solid content
(A) in 2012 using a GLM, (B) in 2013 using a GLM,
(C) in 2014 using a GLM, (D) averages across years
using a GLM and (E) BLUPs using a GLM. Blue
lines represent significance thresholds at P < 0.05
using a Benjamini-Hochberg false discovery rate
adjustment
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A

B

C
Figure B 10 Manhattan plots for titratable acidity
(A) in 2013 using a GLM, (B) in 2014 using a GLM
and (C) averages across years using a GLM. Red and
blue lines represent significance thresholds at
P < 0.01 and P < 0.05, respectively using a BenjaminiHochberg false discovery rate adjustment.

A

B

C
Figure B 11 Manhattan plots for sugar to acid ratio
(A) in 2013 using a GLM, (B) in 2014 using a GLM
and (C) averages across years using a GLM. Red and
blue lines represent significance thresholds at
P < 0.01 and P < 0.05, respectively using a BenjaminiHochberg false discovery rate adjustment.

234

Appendix C: QTLs and Genes Associated with Flowering and Fruit Quality Traits
Table C 1 Peach QTLs identified in other studies that were on the same linkage groups (LGs) as the single
nucleotide polymorphisms (SNPs) or genomic regions identified by the genome-wide association study
(GWAS) for the traits evaluated in this study
Main Trait

Sub-Trait

Population

LG

QTL

Reference

BD

AxJ

1

EAAC/MCT

Yamamoto et al. (2001)

BD

BC2

1

G-290
AG102

Quilot et al. (2004)

BD

BC2

1

CFF9

Quilot et al. (2004)

BD

CxFLA

1

Pchgms29

Fan et al. (2010)

46316274..46316274

BD

CxFLA

1

Pchgms3

Fan et al. (2010)

27691861..27691861

BD

CxFLA

1

UDP-005

Fan et al. (2010)

BD

CxFLA

1

CPPCT10B

Fan et al. (2010)

BD

JxF

1

PacD51

Reviewed in Dirlewanger et

BD

JxF/BC2

1

UDP96-018

al. (2012)
Reviewed in Dirlewanger et

BD

JxF

1

EMPA001

al. (2012)
Reviewed in Dirlewanger et

BD

JxF

1

ssrPaCITA18

al. (2012)
Reviewed in Dirlewanger et

BD

JxF

1

PMS67

al. (2012)
Reviewed in Dirlewanger et

BD

JxF/BC2

1

UDP98-022

al. (2012)
Reviewed in Dirlewanger et

BD

JxF

1

BPPCT028

al. (2012)
Reviewed in Dirlewanger et

BD

JxF

1

M15a

al. (2012)
Reviewed in Dirlewanger et

BD

BC2

1

UDP96-005

al. (2012)
Reviewed in Dirlewanger et

FDP/MD

JxF

4

CC133

al. (2012)
Dirlewanger et al. (1998)

FDP/MD

JxF

4

U9

Dirlewanger et al. (1998)

FDP/MD

JxF

4

PC1

Dirlewanger et al. (1998)

FDP/MD

IF x

4

Ag12-B4C10

Quarta et al. (2000)

FDP/MD

F1(IFxP.f.)
JxF

4

UDP97-402

Etienne et al. (2002)

FDP/MD

OxO

4

BPPCT015

Li Qin et al. (2011)
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Genomic Position

45685116..45685797

18626606..18626990

12557824..12558026

FDP/MD

CxA/BxO

4

qMD4.1 (M12

Eduardo et al. (2011)

FDP/MD

BxO

4

- EPPISF032)
EndoPG

Eduardo et al. (2011)

FDP/MD

CxA/WxBy

4

IGA_411637-

Pirona et al. (2013)

10995012..11190195

FDP/MD

WxB

4

IGA_412338
IGA_410336

da Silva Linge et al. (2015)

10665019

FM

BC2

2

(qP-Fw4.1)
CC115

Quilot et al. (2004)

FM

BxO

2

UDP98-025

Eduardo et al. (2011)

FM

CxA

2

UDP98-406

Eduardo et al. (2011)

FM

WxB

2

qP-Fw2.1

da Silva Linge et al. (2015)

5472142

FM

WxB

2

da Silva Linge et al. (2015)

3084410

FM

JxF

6

FM

JxF

6

S

Dirlewanger et al. (1999)

FM

JxF

6

PGL1

Dirlewanger et al. (1999)

FM

AxJ

6

OPQ9

Yamamoto et al. (2001)

FM

JxF

6

FG25

Etienne et al. (2002)

FM

BxO

6

UDP412

Eduardo et al. (2011)

FM

CxA

6

UDP021

Eduardo et al. (2011)

FM

Chines

6

CPPCT008

Cao et al. (2012)

489850..490263

FM

Landraces
WxB

6

qP-Fw6.1

da Silva Linge et al. (2015)

18315130

FM

WxB

6

da Silva Linge et al. (2015)

18228936

FPD

WxB

2

da Silva Linge et al. (2015)

10707212

FPD

BC2

5

FPD

BC2

6

UDP96-001

Quilot et al. (2004)

FSD

BC2

1

CFF2

Quilot et al. (2004)

FSD

BC2

1

PC102

Quilot et al. (2004)

FSD

WxB

1

qP-Fd1.1

da Silva Linge et al. (2015)

(SNP_IGA_2
qP-Fw2.1
05001)
(SNP_IGA_1
PC2
70137)

(SNP_IGA_6
qP-Fw6.1
69440)
(SNP_IGA_6
qP-Fh2.1
69050)
(SNP_IGA_2
AG108
40162)

(SNPIGA_32535)
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9208608..12770414

Dirlewanger et al. (1999)

25400345..25403697

Quilot et al. (2004)

11810777

FSD

WxB

1

FSD

WxB

2

FSD

WxB

2

FSD

WxB

2

FSD

WxB

3

FSD

BC2

4

FSD

WxB

4

FSD

WxB

4

FSD

BC2

5

FSD

BC2

5

AG108

Quilot et al. (2004)

FSD

BC2

5

FG26

Quilot et al. (2004)

1685054..1685503

FSD

WxB

5

qP-Fd5.1

da Silva Linge et al. (2015)

6287541

FSD

WxB

5

da Silva Linge et al. (2015)

3427197

FSD

WxB

6

da Silva Linge et al. (2015)

20546646

Glucose

SxB

1

Total Sugar

IF x

1

Fg36

Quarta et al. (2000)

SSC

Glucose

F1(IFxP.f.)
SxB

1

AC/CTC4

Abott et al. (1998)

SSC

Fructose

BC2

1

PC102

Quilot et al. (2004)

Total Sugar

BC2

1

PC35

Quilot et al. (2004)

SSC

Total Sugar

BC2

1

CFF17

Quilot et al. (2004)

SSC

Total Sugar

IF x

2

Pij1-OPP9

Quarta et al. (2000)

SSC

F1(IFxP.f.)
IF x

2

AG20

Verde et al. (2002)

SSC

SSC

F1(IFxP.f.)
IF x

2

Pij1

Verde et al. (2002)

SSC

SSC

F1(IFxP.f.)
BC2

2

CFM5

Quilot et al. (2004)

SSC

Glucose

BC2

2

CC115

Quilot et al. (2004)

SSC

qP-Fd1.2
(SNPqP-Fd2.1
IGA_135137)
(SNPqP-Fd2.2
IGA_263828)
(SNPqP-Fd2.3
IGA_277616)
(SNPqP-Fd3.1
IGA_259667)
(SNPUDP96-008
IGA_344628)
qP-Fd4.1
(SNPqP-Fd4.2
IGA_448998)
(SNPCC115
IGA_386970)

(SNPqP-Fd5.2
IGA_574551)
(SNPqP-Fd6.1
IGA_556969)
(SNPB7H9a
IGA_676161)
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da Silva Linge et al. (2015)

46478138

da Silva Linge et al. (2015)

15656993

da Silva Linge et al. (2015)

19589778

da Silva Linge et al. (2015)

14631909

da Silva Linge et al. (2015)

13758717

Quilot et al. (2004)
da Silva Linge et al. (2015)

19896554

da Silva Linge et al. (2015)

4410111

Quilot et al. (2004)

Abott et al. (1998)
37351438..37351867

25447661..25448068

17517135..17535843

SSC

Fructose

BC2

2

CC125

Quilot et al. (2004)

SSC

Sorbitol

BC2

2

AC6

Quilot et al. (2004)

SSC

BxO

2

MA007a

Eduardo et al. (2011)

SSC

BxO

2

UDP98-406

Eduardo et al. (2011)

20981887..20982220

SSC

Sucrose/Gluc

BC2

7

Pchcms2

Quilot et al. (2004)

SSC

ose/Fructose
Sucrose

BC2

7

CFF10

Quilot et al. (2004)

SSC

Glucose

BC2

7

AG104

Quilot et al. (2004)

SSC

Fructose

SxB

8

AC/CAC6

Abott et al. (1998)

SSC

Fructose

SxB

8

GC/ACC2

Abott et al. (1998)

SSC

Glucose/Fruc

JxF

8

FG40

Dirlewanger et al. (1999)

SSC

tose
Fructose

JxF

8

FG215

Dirlewanger et al. (1999)

285872..286288

TA

Citric Acid

BC1

1

PC35

Quilot et al. (2004)

25447661..25448068

TA

Quinic acid

BC1

1

PC30

Quilot et al. (2004)

TA

Quinic acid

BC1

1

CFF17

Quilot et al. (2004)

TA

Total

BC1

3

CC8

Quilot et al. (2004)

TA

acid/Malic
Citric Acid
Acid

BC1

3

UDP96-008

Quilot et al. (2004)

TA

Shikimic

BC1

3

PC13

Quilot et al. (2004)

TA

Acid
Shikimic

BC1

3

UDP97-403

Quilot et al. (2004)

TA

Acid
pH/Total

BxO

3

CPSCT035

Eduardo et al. (2011)

TA

Acid
Malic

JxF

5

AC9

Dirlewanger et al. (1999)

JxF

5

AA-CG6/AA-

Dirlewanger et al. (1999)

JxF

5

CAC7
D (D-Scar0 -

Etienne et al. (2002)
Quilot et al. (2004)

TA

Acid/Citric
Malic Acid
Acid

TA
TA

Total

BC1

5

CPPCT040)
AG46

TA

Acid/Malic
Quinic acid
Acid

BC1

5

Pchgms4

Quilot et al. (2004)

JxF

5

cosegregaated

Dirlewanger et al. (2006)

TA

with pTCCTGa/pGT-
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TTGa

19089997..19089997

15621262..15621698

18006852..18007255

8752877..8753303

766532..994035

12665818..12665818

TA

Malic Acid

BC1

6

CFF8'

Quilot et al. (2004)

TA

Quinic acid

BC1

6

BPPCT025

Quilot et al. (2004)

TA

Shikimic

BC1

6

CFM6'

Quilot et al. (2004)

Acid

239

21129947..21129947

Table C 2 Peach genes identified in other studies that were on the same linkage groups (LGs) as the single
nucleotide polymorphisms (SNPs) or genomic regions identified by the genome-wide association study
(GWAS) for the traits evaluated in this study
Main
Trait

Peach Model
Gene

LG

Gene Description and/or Function

Genomic Position

BD

ppa000228m

1

Chromatin remodelling factor PICKLE

33913537..33925777

BD

ppa008143m

1

Zinc finger protein CONSTANS-LIKE 4

34301935..34303374

BD

ppa003748m

1

Protein phosphatase 2C

34779442..34782216

BD

ppa006590m

1

Histone deacetylase 2

35035527..35038575

BD

ppa008979m

1

myb-related protein

35898186..35899551

BD

ppa006503m

1

ABA-responsive element binding protein 1

36170846..36174535

BD

ppa000318m

1

Embryonic flower 1

37002560..37008224

BD

ppa013757m

1

Flowering promoting factor 1

37633237..37633594

BD

ppa000056m

1

Histone-lysine N-methyltransferase

39756898..39769256

BD

ppa001566m

1

SWI/SNF complex subunit SWI3C

39977778..39984868

BD

ppa005747m

1

Histone acetyltransferase of the MYST family

40838319..40843052

BD

ppa024363m

1

ABA-responsive element binding protein 3

40952450..40953693

BD

ppa012329m

1

Transcription initiation factor IIA subunit 2

45988859..45993579

BD

ppa010714m
(DAM6)

1

MADS-box protein

46335147..46342262

BD

ppa010822m
(DAM5)

1

MADS-box protein

46344191..46351000

BD

ppa011123m
(DAM4)

1

MADS-box protein

46353152..46360953

BD

ppa001943m

1

Polycomb (PRC2)

5841849..5849018

FDP/MD

4

Phosphodiesterase (Pde)

FDP/MD

4

RNA recognition motif (RRM)-containing
protein (Rrmp)

SSC

1

14-3-3-like protein (14-3-3b)

SSC

7

ABC transporter protein (Abc1)

SSC

1

Beta-amylase (Bamy)

1

Fructokinase (Fk1)

SSC

Sub-Trait

Fructose
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SSC

Fructose

8

Fructose-bisphosphate aldolase (Fba1)

SSC

Fructose

7

Fructose-bisphosphate aldolase (Fba1)

SSC

Fructose

7

Fructose-bisphosphate aldolase (Fba1)

SSC

Glucose

1

Glucose-1-phosphate adenylyltransferase
(Agp3)

SSC

Sorbitol

?

Sorbitol transporter (Sot)

1

Expansin (Cell Wall Loosening)

SSC

1

Glyceraldehyde-3-phosphate dehydrogenase,
cytosolic (G3pdh1)

SSC

1

Hexokinase (Hk1)

SSC

1

Neutral invertase (Ni)

2

Invertase (soluble sugar metabolism)

SSC

2

Invertase/pectin methylesterase inhibitor
family protein (Ipmei)

SSC

2

Mannose-1-phosphate guanylyltransferase
(Gdp)

2

Sorbitol dehydrogenase (Sdh)

SSC

2

Triosephosphate isomerase, cytosolic (cTpi )

SSC

7

Hexokinase ( Hk2)

SSC/TA

PRUpe;Exp1

SSC

SSC

PRUpe;Ai1

Sorbitol

SSC

Sucrose

7

Sucrose phosphatase (Spp)

SSC

Sucrose

7

Sucrose synthase (Sus1)

SSC

7

Tonoplast intrinsic protein 2-1 (Tip2-1a)

SSC

8

Probable transport protein csbC (CsbC)

8

Sucrose synthase (Sus1)

1

Malate dehydrogenase (Organic acid
metabolism)

1

14-3-3-like protein (14-3-3b)

SSC

Sucrose

TA

Malic Acid

TA

PRUpe;Mdh1e

TA

Ascorbic
Acid

1

Ascorbate peroxidase, thylakoidal (tApx)

TA

Malic Acid

1

Malate dehydrogenase (Mdh)

1

Neutral invertase (Ni )

TA
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28183423..28187422

27863129..27863497

28363956..28365763

2591246..2591663

TA

Pyruvic
Acid

1

Phosphoenolpyruvate carboxykinase (Pepck1)

TA/SSC

PRUpe;AtpvA1

3

Vacuolar H+-ATPase (Solute Accumulation)

TA/SSC

PRUpe;Vp1

3

Vacuolar H+-pyrophosphatase (Solute
Accumulation)

6847626..6854124

PRUpe;Icdh1

3

Isocitrate dehydrogenase (Organic acid
metabolism)

1105032..1109664

TA

3

14-3-3 protein (14-3-3a)

TA

3

Tonoplast intrinsic protein 1-1 (Tip1-1)

TA

3

Tonoplast intrinsic protein 2-1 (Tip2-1b )

TA

3

Vacuolar ATP synthase subunit C (ATPase C)

TA

3

Vacuolar ATP synthase subunit D (ATPase
D-1)

TA

3

Vacuolar ATP synthase subunit D (ATPase
D-1)

5

Monodehydroascorbate reductase (Mdhar)

TA

TA

Citric Acid

Ascorbic
Acid

TA/SSC

PRUpe;Mip2

6

Membrane intrinsic protein (Water Transport)

7067513..7069501

TA/SSC

PRUpe;Mip3

6

Membrane intrinsic protein (Water Transport)

23754179..23756193

TA/SSC

PRUpe;Vp2

6

Vacuolar H+-pyrophosphatase (Solute
Accumulation

28051401..28055510

TA/SSC

PRUpe;gTip1

6

Gamma tonoplast intrinsic protein (Water
Transport)

5738025..5740160

6

Ascorbate peroxidase, cytosolic (cApx)

6

Dicarboxylate/tricarboxylate carrier (Dtc)

6

Phosphoenolpyruvate carboxykinase (Pepck2)

PRUpe;Icdh2

?

Isocitrate dehydrogenase (Organic acid
metabolism)

PRUpe;Mip1

?

Membrane intrinsic protein (Water Transport)

TA

Ascorbic
Acid

TA
TA

Pyruvic
Acid

TA

Citric Acid

TA/SSC

242

Appendix D: Genes that Co-Located with the Genomic Regions Identified for the
Flowering and Fruit Quality Traits Evaluate in this Study
Table D 1 The genomic positions and transcript orientations for the genes on linkage group 1 (LG1) identified
within the range of bloom date (BD) single nucleotide polymorphisms (SNPs) associated with the two most
significant Benjamini-Hochberg false discovery rate adjustment (BH FDR adjustment) values

Gene
Prupe.1G211400.1
Prupe.1G211500.1
Prupe.1G211600.1
Prupe.1G211700.1
Prupe.1G211800.1
Prupe.1G211900.1
Prupe.1G212000.1
Prupe.1G212100.1
Prupe.1G212200.1
Prupe.1G212300.1
Prupe.1G212400.1
Prupe.1G212500.1
Prupe.1G212600.1
Prupe.1G212700.1
Prupe.1G212800.1
Prupe.1G212900.1
Prupe.1G213000.1
Prupe.1G213100.1
Prupe.1G213200.1
Prupe.1G213300.1
Prupe.1G213400.1
Prupe.1G213500.1
Prupe.1G213600.1
Prupe.1G213700.1
Prupe.1G213800.1
Prupe.1G213900.1
Prupe.1G214000.1
Prupe.1G214100.1
Prupe.1G214200.1
Prupe.1G214300.1
Prupe.1G214400.1
Prupe.1G214500.1

Transcript
Start
22476673
22480449
22487532
22493136
22494994
22497185
22503014
22514289
22534545
22579082
22587413
22589432
22593870
22624821
22630307
22635733
22639028
22661017
22666976
22673409
22679346
22681503
22684026
22692525
22695206
22736056
22739596
22742736
22745940
22750683
22758365
22761100

Transcript
End
22479515
22486444
22488123
22494911
22496889
22498508
22507019
22518561
22537899
22579737
22589224
22593229
22594273
22625652
22635539
22637769
22640144
22661581
22669831
22678738
22680869
22683596
22689658
22693956
22702199
22738572
22742680
22745433
22749359
22753609
22760863
22763241
243

Genomic
Orientation
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.1G214600.1
Prupe.1G214700.1
Prupe.1G214800.1
Prupe.1G214900.1
Prupe.1G215000.1
Prupe.1G215100.1
Prupe.1G215200.1
Prupe.1G215300.1
Prupe.1G215400.1
Prupe.1G215500.1
Prupe.1G215600.1
Prupe.1G215700.1
Prupe.1G215800.1
Prupe.1G215900.1
Prupe.1G216000.1
Prupe.1G216100.1
Prupe.1G216200.1
Prupe.1G216300.1
Prupe.1G216400.1
Prupe.1G216500.1
Prupe.1G216600.1
Prupe.1G216700.1
Prupe.1G216800.1
Prupe.1G216900.1
Prupe.1G217000.1
Prupe.1G217100.1
Prupe.1G217200.1
Prupe.1G217300.1
Prupe.1G217400.1
Prupe.1G217500.1
Prupe.1G217600.1
Prupe.1G217700.1
Prupe.1G217800.1

22763616
22770633
22774109
22789140
22795023
22802074
22804239
22824838
22829474
22840973
22842508
22854397
22873337
22884781
22909480
22934298
22937451
22966997
22968873
22974891
22984799
22989568
22990761
22992747
22997380
23000852
23004024
23011037
23018463
23020727
23021334
23073008
23122796

22767667
22774954
22776555
22791923
22800359
22803547
22804819
22828740
22837133
22841177
22849999
22856062
22875787
22895151
22916768
22937268
22939396
22967633
22970116
22983702
22988311
22990735
22992555
22996976
23000585
23004837
23007378
23016976
23019834
23021272
23026772
23075208
23130342
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+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Table D 2 The genomic positions and transcript orientations for the genes on linkage groups 2, 5 and 6 (LGs
2, 5 and 6) identified within the range of fruit polar diameter (FPD) single nucleotide polymorphisms (SNPs)
associated with the two most significant Benjamini-Hochberg false discovery rate (BH FDR) adjustment
values

Gene
Prupe.2G166500.1
Prupe.5G195000.1
Prupe.6G000400.1
Prupe.6G000500.1
Prupe.6G000600.1
Prupe.6G000700.1
Prupe.6G000800.1
Prupe.6G000900.1
Prupe.6G001000.1
Prupe.6G001100.1
Prupe.6G001200.1
Prupe.6G001300.1
Prupe.6G001400.1
Prupe.6G001500.1
Prupe.6G001600.1
Prupe.6G001700.1
Prupe.6G001800.1
Prupe.6G001900.1
Prupe.6G002000.1
Prupe.6G002100.1
Prupe.6G002200.1
Prupe.6G002300.1
Prupe.6G002400.1
Prupe.6G002500.1
Prupe.6G002600.1
Prupe.6G002700.1
Prupe.6G002800.1
Prupe.6G002900.1
Prupe.6G003000.1
Prupe.6G003100.1
Prupe.6G003200.1
Prupe.6G003300.1
Prupe.6G003400.1
Prupe.6G003500.1
Prupe.6G003600.1
Prupe.6G003700.1
Prupe.6G003800.1

Transcript Start
21546249
15833393
113904
135942
139725
159652
162002
179550
186465
207252
213797
228086
231195
238370
241217
245058
256653
269964
273295
276486
285782
292299
299939
306847
313395
319942
323306
326567
334124
335014
348977
355455
373807
379545
381859
402074
407902

Transcript End
21551931
15836719
116144
138099
146917
161420
170105
185072
187845
208469
227878
230158
235094
240722
243978
251827
259861
274279
278112
278936
290377
295950
304410
311838
319829
323097
325748
333543
334424
338004
352232
372240
376362
380926
398509
407321
412413
245

Genomic Orientation
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.6G003900.1
Prupe.6G004000.1
Prupe.6G004100.1
Prupe.6G004200.1
Prupe.6G004300.1
Prupe.6G004400.1
Prupe.6G004500.1
Prupe.6G004600.1
Prupe.6G004700.1
Prupe.6G004800.1
Prupe.6G004900.1
Prupe.6G005000.1
Prupe.6G005100.1
Prupe.6G005200.1
Prupe.6G005300.1
Prupe.6G005400.1
Prupe.6G005500.1
Prupe.6G005600.1
Prupe.6G005700.1
Prupe.6G005800.1
Prupe.6G005900.1
Prupe.6G006000.1
Prupe.6G006100.1
Prupe.6G006200.1
Prupe.6G006300.1
Prupe.6G006400.1
Prupe.6G006500.1
Prupe.6G006600.1
Prupe.6G006700.1
Prupe.6G006800.1
Prupe.6G006900.1
Prupe.6G007000.1
Prupe.6G007100.1
Prupe.6G007200.1
Prupe.6G007300.1
Prupe.6G007400.1
Prupe.6G007500.1
Prupe.6G007600.1
Prupe.6G007700.1
Prupe.6G007800.1
Prupe.6G007900.1

413123
415451
421361
424859
437482
446729
448699
462120
465387
470982
473674
478432
485352
489323
492388
496536
510218
521198
526135
531121
534530
540080
541993
544254
547377
551683
553678
563184
567839
572051
574436
586470
592429
613703
623504
626392
630846
638747
640410
645667
649986

417897
415880
424286
425404
439110
447596
458225
464026
467032
472272
478123
482702
488842
491542
496303
500461
512943
525562
530693
533822
539732
541761
542698
545838
549346
553561
555731
564153
570602
574223
580815
591477
595181
615825
625094
627292
632817
639149
645339
647456
651268
246

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.6G008000.1
Prupe.6G008100.1
Prupe.6G008200.1
Prupe.6G008300.1
Prupe.6G008400.1
Prupe.6G008500.1
Prupe.6G008600.1
Prupe.6G008700.1
Prupe.6G008800.1
Prupe.6G008900.1
Prupe.6G009000.1
Prupe.6G009100.1
Prupe.6G009200.1
Prupe.6G009300.1
Prupe.6G009400.1
Prupe.6G009500.1
Prupe.6G009600.1
Prupe.6G009700.1
Prupe.6G009800.1
Prupe.6G009900.1
Prupe.6G010000.1
Prupe.6G010100.1
Prupe.6G010200.1
Prupe.6G010300.1
Prupe.6G010400.1
Prupe.6G010500.1
Prupe.6G010600.1
Prupe.6G010700.1
Prupe.6G010800.1
Prupe.6G010900.1
Prupe.6G011000.1
Prupe.6G011100.1
Prupe.6G011200.1
Prupe.6G011300.1
Prupe.6G011400.1
Prupe.6G011500.1
Prupe.6G011600.1
Prupe.6G011700.1
Prupe.6G011800.1
Prupe.6G011900.1
Prupe.6G012000.1

653119
661250
669208
671136
675603
677754
680161
682868
684387
692973
701408
704357
723999
728328
729580
730386
733549
741293
747311
751392
757194
762287
769814
786168
788063
791418
793304
794974
798099
799059
808188
816186
824671
828639
836791
839095
839935
848360
851183
860643
868298

655026
665191
669740
673301
677725
679680
682356
684384
691799
693807
704357
707130
727959
728553
732075
730979
735212
744547
750660
752633
761118
767329
770843
787159
788649
792118
793532
795773
798495
801808
810095
819217
826429
831152
839095
839835
847311
849047
851702
866864
871173
247

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.6G012100.1
Prupe.6G012200.1
Prupe.6G012300.1
Prupe.6G012400.1
Prupe.6G012500.1
Prupe.6G012600.1
Prupe.6G012700.1
Prupe.6G012800.1
Prupe.6G012900.1
Prupe.6G013000.1
Prupe.6G013100.1
Prupe.6G013200.1
Prupe.6G013300.1
Prupe.6G013400.1
Prupe.6G013500.1
Prupe.6G013600.1
Prupe.6G013700.1
Prupe.6G013800.1
Prupe.6G013900.1
Prupe.6G014000.1
Prupe.6G014100.1
Prupe.6G014200.1
Prupe.6G014300.1
Prupe.6G014400.1
Prupe.6G014500.1
Prupe.6G014600.1
Prupe.6G014700.1
Prupe.6G014800.1
Prupe.6G014900.1
Prupe.6G015000.1
Prupe.6G015100.1
Prupe.6G015200.1
Prupe.6G015300.1
Prupe.6G015400.1
Prupe.6G015500.1
Prupe.6G015600.1
Prupe.6G015700.1
Prupe.6G015800.1
Prupe.6G015900.1
Prupe.6G016000.1
Prupe.6G016100.1

871165
876005
877387
881550
888931
891063
893507
895672
903673
914108
919688
923670
937301
939762
943749
950189
958273
960954
963586
968232
972227
978277
1017258
1022627
1047685
1064010
1065813
1078379
1083581
1088829
1092483
1099771
1103175
1110007
1113343
1117879
1127813
1129747
1131802
1154259
1158924

874757
876236
881116
885986
889198
892075
895262
896207
905933
918998
923415
925730
940479
942302
945296
952287
959968
962868
967352
971308
976201
1010301
1017921
1045684
1054451
1065007
1071084
1082187
1086449
1089900
1098580
1104180
1106421
1115139
1117708
1120361
1130837
1130692
1133251
1158321
1160760
248

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.6G016200.1
Prupe.6G016300.1
Prupe.6G016400.1
Prupe.6G016500.1
Prupe.6G016600.1
Prupe.6G016700.1
Prupe.6G016800.1
Prupe.6G016900.1
Prupe.6G017000.1
Prupe.6G017100.1
Prupe.6G017200.1
Prupe.6G017300.1
Prupe.6G017400.1
Prupe.6G017500.1
Prupe.6G017600.1
Prupe.6G017700.1
Prupe.6G017800.1
Prupe.6G017900.1
Prupe.6G018000.1
Prupe.6G018100.1
Prupe.6G018200.1
Prupe.6G018300.1
Prupe.6G018400.1
Prupe.6G018500.1
Prupe.6G018600.1
Prupe.6G018700.1
Prupe.6G018800.1

1164479
1165344
1183261
1184158
1185891
1198849
1204104
1205666
1211311
1236253
1241698
1252467
1278624
1284715
1288188
1291696
1293882
1307834
1313905
1321201
1322310
1332325
1346612
1352696
1358354
1366972
1375481

1164934
1168982
1183909
1184802
1188808
1200208
1204940
1205879
1213720
1238692
1244122
1254885
1281075
1287139
1289761
1293664
1300210
1314212
1316664
1322215
1327420
1342102
1350554
1357485
1364307
1372450
1379456

249

+
+
+
+
+
-

Table D 3 The genomic positions and transcript orientations for the genes that were positioned within the
GFS locus on linkage group 1 (LG1)
Gene

Transcript
Start

Transcrip
t End

Transcript
Orientatio
n

Gene

Transcript
Start

Transcrip
t End

Transcript
Orientatio
n

Prupe.1G300800.1

29550218

29550816

-

Prupe.1G303100.1

29736127

29736997

+

Prupe.1G300900.1

29575642

29576932

-

Prupe.1G303200.1

29750599

29751044

+

Prupe.1G301000.1

29603877

29605363

-

Prupe.1G303300.1

29754539

29755018

+

Prupe.1G301100.1

29620826

29624606

+

Prupe.1G303400.1

29756296

29758559

+

Prupe.1G301200.1

29627729

29631579

+

Prupe.1G303500.1

29762612

29763571

-

Prupe.1G301300.1

29631973

29633022

+

Prupe.1G303600.1

29767892

29770421

-

Prupe.1G301400.1

29633633

29634840

+

Prupe.1G303700.1

29772042

29778216

-

Prupe.1G301500.1

29635092

29641629

-

Prupe.1G303800.1

29788301

29793513

+

Prupe.1G301600.1

29647454

29653092

+

Prupe.1G303900.1

29793717

29795134

-

Prupe.1G301700.1

29654017

29655611

+

Prupe.1G304000.1

29796922

29798599

+

Prupe.1G301800.1

29654992

29656690

-

Prupe.1G304100.1

29806107

29809773

+

Prupe.1G301900.1

29656907

29662613

-

Prupe.1G304200.1

29812094

29816767

+

Prupe.1G302000.1

29673332

29678480

+

Prupe.1G304300.1

29816586

29819820

-

Prupe.1G302100.1

29678172

29678743

-

Prupe.1G304400.1

29820503

29820974

-

Prupe.1G302200.1

29687404

29687756

+

Prupe.1G304500.1

29823846

29824284

-

Prupe.1G302300.1

29692845

29693752

-

Prupe.1G304600.1

29829855

29832971

+

Prupe.1G302400.1

29695487

29696056

-

Prupe.1G304700.1

29836058

29840381

-

Prupe.1G302500.1

29696707

29700968

-

Prupe.1G304800.1

29847361

29849770

+

Prupe.1G302600.1

29698651

29699086

+

Prupe.1G304900.1

29856387

29859711

+

Prupe.1G302700.1

29707930

29715477

-

Prupe.1G305000.1

29862642

29868553

+

Prupe.1G302800.1

29720834

29722003

+

Prupe.1G305100.1

29872377

29875418

-

Prupe.1G302900.1

29726303

29726992

+

Prupe.1G305200.1

29879311

29885841

-

Prupe.1G303000.1

29733196

29734139

+
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Table D 4 The genomic positions and transcript orientations for the genes on chromosomes 3 and 5 identified
within the range of titratable acidity (TA) single nucleotide polymorphisms (SNPs) associated with the two
most significant Benjamini-Hochberg false discovery rate (BH FDR) adjustment values

Gene
Prupe.3G060100.1
Prupe.5G005200.1
Prupe.5G005300.1
Prupe.5G005400.1
Prupe.5G005500.1
Prupe.5G005600.1
Prupe.5G005700.1
Prupe.5G005800.1
Prupe.5G005900.1
Prupe.5G006000.1
Prupe.5G006100.1
Prupe.5G006200.1
Prupe.5G006300.1
Prupe.5G006400.1
Prupe.5G006500.1
Prupe.5G006600.1
Prupe.5G006700.1
Prupe.5G006800.1
Prupe.5G006900.1
Prupe.5G007000.1
Prupe.5G007100.1
Prupe.5G007200.1
Prupe.5G007300.1
Prupe.5G007400.1
Prupe.5G007500.1
Prupe.5G007600.1
Prupe.5G007700.1
Prupe.5G007800.1
Prupe.5G007900.1
Prupe.5G008000.1
Prupe.5G008100.1
Prupe.5G008200.1
Prupe.5G008300.1
Prupe.5G008400.1
Prupe.5G008500.1
Prupe.5G008600.1
Prupe.5G008700.1

Locus
3
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Transcript Start Transcript End
4326581
619391
622813
630596
634358
668430
673355
678525
687276
691145
696031
707796
717189
721834
726749
729847
740535
742195
745050
749988
758144
764590
777579
784427
800404
819388
824275
841689
851471
854863
859925
864846
867889
900014
904741
913362
918687
251

4328728
620956
628227
634002
636669
673030
677657
679718
690448
695176
698833
710859
722550
724815
729248
733588
741482
744841
749517
752304
762410
770037
781709
792835
810447
824009
828971
850752
854802
857791
864488
867175
873033
900882
911741
914417
921688

Genomic Orientation
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.5G008800.1
Prupe.5G008900.1
Prupe.5G009000.1
Prupe.5G009100.1
Prupe.5G009200.1
Prupe.5G009300.1
Prupe.5G009400.1
Prupe.5G009500.1
Prupe.5G009600.1
Prupe.5G009700.1
Prupe.5G009800.1
Prupe.5G009900.1
Prupe.5G010000.1
Prupe.5G010100.1
Prupe.5G010200.1
Prupe.5G010300.1
Prupe.5G010400.1
Prupe.5G010500.1
Prupe.5G010600.1
Prupe.5G010700.1
Prupe.5G010800.1
Prupe.5G010900.1
Prupe.5G011000.1
Prupe.5G011100.1
Prupe.5G011200.1
Prupe.5G011300.1
Prupe.5G011400.1
Prupe.5G011500.1
Prupe.5G011600.1
Prupe.5G011700.1
Prupe.5G011800.1
Prupe.5G011900.1
Prupe.5G012000.1
Prupe.5G012100.1
Prupe.5G012200.1
Prupe.5G012300.1
Prupe.5G012400.1
Prupe.5G012500.1
Prupe.5G012600.1
Prupe.5G012700.1
Prupe.5G012800.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

924408
928181
932435
936083
941679
946149
973834
987111
990842
999081
1001215
1004442
1023254
1033168
1043416
1048277
1049374
1061151
1075237
1086451
1087572
1121435
1125831
1135943
1154692
1188396
1202677
1211508
1215544
1225377
1227672
1272265
1294008
1308462
1326232
1332384
1338069
1341155
1343647
1366393
1369724
252

926173
928550
935768
940714
945488
954432
986555
990574
994898
999812
1013844
1004739
1032386
1038031
1047651
1048932
1051996
1069239
1076328
1087253
1092269
1125535
1129508
1152322
1161027
1194704
1207531
1214118
1223448
1225830
1230234
1273432
1294774
1311433
1329363
1334936
1338581
1343613
1344175
1369584
1371026

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.5G012900.1
Prupe.5G013000.1
Prupe.5G013100.1
Prupe.5G013200.1
Prupe.5G013300.1
Prupe.5G013400.1
Prupe.5G013500.1
Prupe.5G013600.1
Prupe.5G013700.1
Prupe.5G013800.1
Prupe.5G013900.1
Prupe.5G014000.1
Prupe.5G014100.1
Prupe.5G014200.1
Prupe.5G014300.1
Prupe.5G014400.1
Prupe.5G014500.1
Prupe.5G014600.1
Prupe.5G014700.1
Prupe.5G014800.1
Prupe.5G014900.1
Prupe.5G015000.1
Prupe.5G015100.1
Prupe.5G015200.1
Prupe.5G015300.1
Prupe.5G015400.1
Prupe.5G015500.1
Prupe.5G015600.1
Prupe.5G015700.1
Prupe.5G015800.1
Prupe.5G015900.1
Prupe.5G016000.1
Prupe.5G016100.1
Prupe.5G016200.1
Prupe.5G016300.1
Prupe.5G016400.1
Prupe.5G016500.1
Prupe.5G016600.1
Prupe.5G016700.1
Prupe.5G016800.1
Prupe.5G016900.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

1373790
1390974
1402009
1411847
1416370
1446925
1455011
1461611
1477156
1490033
1502566
1518145
1527785
1549848
1554377
1557303
1566126
1606672
1626244
1628917
1635681
1638889
1652781
1666535
1682301
1686899
1688366
1699568
1706286
1718562
1726636
1735386
1756763
1776741
1787795
1789060
1796075
1802247
1803375
1807829
1813371
253

1376825
1391193
1405454
1415095
1421247
1453708
1462544
1464294
1479408
1490860
1508576
1518427
1535975
1550706
1556683
1557877
1578631
1611079
1627758
1633193
1638335
1645719
1662392
1672020
1686857
1688134
1694882
1703123
1710218
1725975
1732136
1742333
1758316
1781473
1792378
1790025
1798022
1803105
1804677
1811043
1815489

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G017000.1
Prupe.5G017100.1
Prupe.5G017200.1
Prupe.5G017300.1
Prupe.5G017400.1
Prupe.5G017500.1
Prupe.5G017600.1
Prupe.5G017700.1
Prupe.5G017800.1
Prupe.5G017900.1
Prupe.5G018000.1
Prupe.5G018100.1
Prupe.5G018200.1
Prupe.5G018300.1
Prupe.5G018400.1
Prupe.5G018500.1
Prupe.5G018600.1
Prupe.5G018700.1
Prupe.5G018800.1
Prupe.5G018900.1
Prupe.5G019000.1
Prupe.5G019100.1
Prupe.5G019200.1
Prupe.5G019300.1
Prupe.5G019400.1
Prupe.5G019500.1
Prupe.5G019600.1
Prupe.5G019700.1
Prupe.5G019800.1
Prupe.5G019900.1
Prupe.5G020000.1
Prupe.5G020100.1
Prupe.5G020200.1
Prupe.5G020300.1
Prupe.5G020400.1
Prupe.5G020500.1
Prupe.5G020600.1
Prupe.5G020700.1
Prupe.5G020800.1
Prupe.5G020900.1
Prupe.5G021000.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

1828660
1835344
1846956
1857901
1867007
1873238
1878753
1889789
1901094
1916350
1936040
1951680
1981564
1983869
1989051
1998001
2003436
2040793
2061001
2064518
2082588
2090138
2095971
2116427
2124120
2128544
2132201
2179328
2183308
2186783
2195339
2218689
2222330
2228401
2231492
2234046
2239063
2242742
2251112
2264204
2268310
254

1829893
1836718
1855256
1872431
1869238
1874789
1885142
1891650
1903298
1917731
1937728
1955331
1986953
1985422
1991751
1999723
2027934
2043619
2065319
2080980
2088024
2096146
2105358
2117853
2128259
2130491
2134595
2181963
2186596
2188842
2200662
2221691
2226868
2230400
2237130
2234638
2240663
2246846
2252868
2267956
2270199

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.5G021100.1
Prupe.5G021200.1
Prupe.5G021300.1
Prupe.5G021400.1
Prupe.5G021500.1
Prupe.5G021600.1
Prupe.5G021700.1
Prupe.5G021800.1
Prupe.5G021900.1
Prupe.5G022000.1
Prupe.5G022100.1
Prupe.5G022200.1
Prupe.5G022300.1
Prupe.5G022400.1
Prupe.5G022500.1
Prupe.5G022600.1
Prupe.5G022700.1
Prupe.5G022800.1
Prupe.5G022900.1
Prupe.5G023000.1
Prupe.5G023100.1
Prupe.5G023200.1
Prupe.5G023300.1
Prupe.5G023400.1
Prupe.5G023500.1
Prupe.5G023600.1
Prupe.5G023700.1
Prupe.5G023800.1
Prupe.5G023900.1
Prupe.5G024000.1
Prupe.5G024100.1
Prupe.5G024200.1
Prupe.5G024300.1
Prupe.5G024400.1
Prupe.5G024500.1
Prupe.5G024600.1
Prupe.5G024700.1
Prupe.5G024800.1
Prupe.5G024900.1
Prupe.5G025000.1
Prupe.5G025100.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

2311782
2328242
2329732
2337056
2350592
2379934
2398719
2400542
2407658
2415271
2449045
2461281
2475399
2496307
2498796
2514827
2517100
2547357
2566505
2586177
2600818
2602006
2614382
2631478
2633398
2638656
2655527
2659965
2674428
2681141
2699762
2719795
2723274
2740266
2754089
2761058
2765909
2780669
2788318
2799778
2809392
255

2315480
2329370
2334508
2342732
2354014
2383856
2400338
2402414
2413641
2435086
2459783
2466547
2476035
2514076
2499198
2517032
2521725
2549133
2569262
2588826
2601868
2605453
2616479
2634808
2637624
2641390
2658224
2667779
2678182
2681904
2714838
2722812
2729483
2749731
2760249
2764534
2773669
2784947
2797639
2803044
2812234

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G025200.1
Prupe.5G025300.1
Prupe.5G025400.1
Prupe.5G025500.1
Prupe.5G025600.1
Prupe.5G025700.1
Prupe.5G025800.1
Prupe.5G025900.1
Prupe.5G026000.1
Prupe.5G026100.1
Prupe.5G026200.1
Prupe.5G026300.1
Prupe.5G026400.1
Prupe.5G026500.1
Prupe.5G026600.1
Prupe.5G026700.1
Prupe.5G026800.1
Prupe.5G026900.1
Prupe.5G027000.1
Prupe.5G027100.1
Prupe.5G027200.1
Prupe.5G027300.1
Prupe.5G027400.1
Prupe.5G027500.1
Prupe.5G027600.1
Prupe.5G027700.1
Prupe.5G027800.1
Prupe.5G027900.1
Prupe.5G028000.1
Prupe.5G028100.1
Prupe.5G028200.1
Prupe.5G028300.1
Prupe.5G028400.1
Prupe.5G028500.1
Prupe.5G028600.1
Prupe.5G028700.1
Prupe.5G028800.1
Prupe.5G028900.1
Prupe.5G029000.1
Prupe.5G029100.1
Prupe.5G029200.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

2825087
2840143
2844641
2859017
2876099
2880191
2911977
2920372
2944427
2955514
2972156
2974858
2990133
2991933
3001600
3037359
3038576
3070540
3081668
3092368
3136342
3174554
3193007
3209796
3216592
3232499
3239139
3247798
3270526
3277328
3278256
3293365
3317719
3349340
3364279
3375941
3389573
3413070
3415753
3425033
3431259
256

2828394
2844024
2847509
2863228
2879760
2891361
2912190
2927312
2947281
2963959
2974363
2981363
2991276
3016638
3002376
3042972
3038860
3074307
3091382
3095364
3150657
3180298
3201625
3214689
3219560
3237515
3242924
3254719
3276907
3282793
3279030
3300516
3322970
3350900
3370234
3383759
3396412
3413791
3421837
3428375
3435335

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G029300.1
Prupe.5G029400.1
Prupe.5G029500.1
Prupe.5G029600.1
Prupe.5G029700.1
Prupe.5G029800.1
Prupe.5G029900.1
Prupe.5G030000.1
Prupe.5G030100.1
Prupe.5G030200.1
Prupe.5G030300.1
Prupe.5G030400.1
Prupe.5G030500.1
Prupe.5G030600.1
Prupe.5G030700.1
Prupe.5G030800.1
Prupe.5G030900.1
Prupe.5G031000.1
Prupe.5G031100.1
Prupe.5G031200.1
Prupe.5G031300.1
Prupe.5G031400.1
Prupe.5G031500.1
Prupe.5G031600.1
Prupe.5G031700.1
Prupe.5G031800.1
Prupe.5G031900.1
Prupe.5G032000.1
Prupe.5G032100.1
Prupe.5G032200.1
Prupe.5G032300.1
Prupe.5G032400.1
Prupe.5G032500.1
Prupe.5G032600.1
Prupe.5G032700.1
Prupe.5G032800.1
Prupe.5G032900.1
Prupe.5G033000.1
Prupe.5G033100.1
Prupe.5G033200.1
Prupe.5G033300.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

3451999
3457085
3459745
3464211
3466558
3469441
3491545
3503415
3509190
3514066
3522225
3523677
3525371
3526136
3531749
3534260
3535144
3540130
3552388
3557353
3561488
3592996
3611006
3628180
3644649
3653836
3656241
3660341
3667448
3690179
3693825
3707152
3716177
3720409
3725601
3729773
3732885
3747285
3752777
3755391
3766288
257

3455684
3459212
3462801
3465922
3468523
3470992
3495534
3508989
3513386
3517925
3523562
3530094
3526096
3526766
3535895
3535000
3539148
3541165
3557160
3560745
3569524
3598794
3618101
3636416
3646266
3659420
3656553
3661361
3668372
3693123
3697387
3709129
3720509
3723723
3726746
3733907
3741269
3752315
3754086
3764493
3769171

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G033400.1
Prupe.5G033500.1
Prupe.5G033600.1
Prupe.5G033700.1
Prupe.5G033800.1
Prupe.5G033900.1
Prupe.5G034000.1
Prupe.5G034100.1
Prupe.5G034200.1
Prupe.5G034300.1
Prupe.5G034400.1
Prupe.5G034500.1
Prupe.5G034600.1
Prupe.5G034700.1
Prupe.5G034800.1
Prupe.5G034900.1
Prupe.5G035000.1
Prupe.5G035100.1
Prupe.5G035200.1
Prupe.5G035300.1
Prupe.5G035400.1
Prupe.5G035500.1
Prupe.5G035600.1
Prupe.5G035700.1
Prupe.5G035800.1
Prupe.5G035900.1
Prupe.5G036000.1
Prupe.5G036100.1
Prupe.5G036200.1
Prupe.5G036300.1
Prupe.5G036400.1
Prupe.5G036500.1
Prupe.5G036600.1
Prupe.5G036700.1
Prupe.5G036800.1
Prupe.5G036900.1
Prupe.5G037000.1
Prupe.5G037100.1
Prupe.5G037200.1
Prupe.5G037300.1
Prupe.5G037400.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

3789351
3792996
3849512
3851544
3859015
3863666
3868804
3878284
3902022
3916036
3926541
3936486
3963543
3964775
3971331
3977605
3981185
3990673
3994627
4001264
4029256
4047060
4051715
4055131
4058105
4064074
4074111
4075835
4092942
4111680
4146685
4148751
4155068
4162146
4163932
4168702
4177030
4184420
4185951
4194547
4194915
258

3792840
3796966
3851544
3854799
3860173
3864695
3871655
3880222
3905702
3918528
3927925
3937899
3964151
3966300
3973079
3979453
3982117
3993184
4000339
4007188
4031957
4049197
4054003
4056478
4061829
4066335
4074856
4077698
4093943
4116166
4147456
4151768
4158442
4162647
4164568
4171201
4182789
4185506
4187004
4196230
4195767

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.5G037500.1
Prupe.5G037600.1
Prupe.5G037700.1
Prupe.5G037800.1
Prupe.5G037900.1
Prupe.5G038000.1
Prupe.5G038100.1
Prupe.5G038200.1
Prupe.5G038300.1
Prupe.5G038400.1
Prupe.5G038500.1
Prupe.5G038600.1
Prupe.5G038700.1
Prupe.5G038800.1
Prupe.5G038900.1
Prupe.5G039000.1
Prupe.5G039100.1
Prupe.5G039200.1
Prupe.5G039300.1
Prupe.5G039400.1
Prupe.5G039500.1
Prupe.5G039600.1
Prupe.5G039700.1
Prupe.5G039800.1
Prupe.5G039900.1
Prupe.5G040000.1
Prupe.5G040100.1
Prupe.5G040200.1
Prupe.5G040300.1
Prupe.5G040400.1
Prupe.5G040500.1
Prupe.5G040600.1
Prupe.5G040700.1
Prupe.5G040800.1
Prupe.5G040900.1
Prupe.5G041000.1
Prupe.5G041100.1
Prupe.5G041200.1
Prupe.5G041300.1
Prupe.5G041400.1
Prupe.5G041500.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

4210112
4213464
4220548
4226088
4242415
4253194
4255873
4274140
4303168
4313444
4327088
4332074
4334060
4343619
4357831
4365972
4367489
4369366
4371125
4374942
4380864
4387241
4396532
4402022
4405896
4408832
4412349
4419068
4422701
4430567
4464129
4480236
4486276
4489087
4493762
4508457
4515035
4521001
4538448
4540039
4545168
259

4212451
4226764
4222746
4226753
4242864
4260568
4256312
4274857
4309049
4321409
4330256
4333577
4334586
4350983
4365517
4367040
4370752
4369882
4371525
4375762
4383720
4389632
4401305
4403544
4408622
4415051
4413597
4422153
4429435
4433387
4464462
4481156
4488971
4492139
4496345
4513642
4516510
4525819
4539993
4543377
4547358

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.5G041600.1
Prupe.5G041700.1
Prupe.5G041800.1
Prupe.5G041900.1
Prupe.5G042000.1
Prupe.5G042100.1
Prupe.5G042200.1
Prupe.5G042300.1
Prupe.5G042400.1
Prupe.5G042500.1
Prupe.5G042600.1
Prupe.5G042700.1
Prupe.5G042800.1
Prupe.5G042900.1
Prupe.5G043000.1
Prupe.5G043100.1
Prupe.5G043200.1
Prupe.5G043300.1
Prupe.5G043400.1
Prupe.5G043500.1
Prupe.5G043600.1
Prupe.5G043700.1
Prupe.5G043800.1
Prupe.5G043900.1
Prupe.5G044000.1
Prupe.5G044100.1
Prupe.5G044200.1
Prupe.5G044300.1
Prupe.5G044400.1
Prupe.5G044500.1
Prupe.5G044600.1
Prupe.5G044700.1
Prupe.5G044800.1
Prupe.5G044900.1
Prupe.5G045000.1
Prupe.5G045100.1
Prupe.5G045200.1
Prupe.5G045300.1
Prupe.5G045400.1
Prupe.5G045500.1
Prupe.5G045600.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

4553638
4556980
4607705
4623183
4642557
4650410
4660734
4680410
4681170
4685767
4704000
4710733
4716442
4720632
4728909
4732675
4755635
4760093
4777431
4802037
4809630
4829038
4829563
4831319
4836075
4838403
4856033
4870251
4872645
4875647
4883040
4884624
4889886
4891336
4893872
4919023
4950847
4954338
4955070
4959394
4961881
260

4553872
4563794
4608962
4623956
4644428
4652385
4661271
4685290
4681681
4693948
4705187
4712263
4719263
4723672
4731135
4735045
4759836
4761980
4778329
4802295
4811372
4829482
4829911
4835703
4838073
4845436
4864241
4870879
4873306
4877523
4883552
4886641
4890627
4892352
4900294
4925994
4952532
4955809
4956509
4961008
4963002

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G045700.1
Prupe.5G045800.1
Prupe.5G045900.1
Prupe.5G046000.1
Prupe.5G046100.1
Prupe.5G046200.1
Prupe.5G046300.1
Prupe.5G046400.1
Prupe.5G046500.1
Prupe.5G046600.1
Prupe.5G046700.1
Prupe.5G046800.1
Prupe.5G046900.1
Prupe.5G047000.1
Prupe.5G047100.1
Prupe.5G047200.1
Prupe.5G047300.1
Prupe.5G047400.1
Prupe.5G047500.1
Prupe.5G047600.1
Prupe.5G047700.1
Prupe.5G047800.1
Prupe.5G047900.1
Prupe.5G048000.1
Prupe.5G048100.1
Prupe.5G048200.1
Prupe.5G048300.1
Prupe.5G048400.1
Prupe.5G048500.1
Prupe.5G048600.1
Prupe.5G048700.1
Prupe.5G048800.1
Prupe.5G048900.1
Prupe.5G049000.1
Prupe.5G049100.1
Prupe.5G049200.1
Prupe.5G049300.1
Prupe.5G049400.1
Prupe.5G049500.1
Prupe.5G049600.1
Prupe.5G049700.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

4964051
4966879
4968366
4971838
4982787
4992852
4993485
4997495
4999445
5002528
5003929
5005268
5008076
5014027
5018265
5021412
5024093
5027970
5034880
5038286
5045134
5051041
5059971
5069790
5099868
5102886
5131211
5143336
5168013
5172882
5174855
5178575
5183212
5187877
5190934
5198360
5205819
5208013
5216703
5239741
5259347
261

4966069
4967328
4969724
4974392
4988766
4993135
4998570
4999385
5002398
5003028
5005773
5012863
5009363
5017089
5021265
5024093
5026144
5030921
5037673
5041683
5047815
5056727
5062633
5074288
5102555
5115814
5136149
5149835
5170233
5173482
5177853
5181439
5183993
5189596
5197066
5204141
5207913
5208545
5229775
5258965
5260442

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Prupe.5G049800.1
Prupe.5G049900.1
Prupe.5G050000.1
Prupe.5G050100.1
Prupe.5G050200.1
Prupe.5G050300.1
Prupe.5G050400.1
Prupe.5G050500.1
Prupe.5G050600.1
Prupe.5G050700.1
Prupe.5G050800.1
Prupe.5G050900.1
Prupe.5G051000.1
Prupe.5G051100.1
Prupe.5G051200.1
Prupe.5G051300.1
Prupe.5G051400.1
Prupe.5G051500.1
Prupe.5G051600.1
Prupe.5G051700.1
Prupe.5G051800.1
Prupe.5G051900.1
Prupe.5G052000.1
Prupe.5G052100.1
Prupe.5G052200.1
Prupe.5G052300.1
Prupe.5G052400.1
Prupe.5G052500.1
Prupe.5G052600.1
Prupe.5G052700.1
Prupe.5G052800.1
Prupe.5G052900.1
Prupe.5G053000.1
Prupe.5G053100.1
Prupe.5G053200.1
Prupe.5G053300.1
Prupe.5G053400.1
Prupe.5G053500.1
Prupe.5G053600.1
Prupe.5G053700.1
Prupe.5G053800.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

5272890
5284606
5291185
5295914
5322143
5349095
5376224
5379727
5389329
5395291
5432402
5450903
5482711
5486741
5498673
5504772
5518014
5531553
5570566
5599912
5611914
5620253
5624638
5629128
5637683
5649252
5661092
5669561
5672118
5675940
5687265
5688595
5694857
5695498
5701106
5703729
5722060
5730113
5735109
5748166
5758780
262

5274949
5290337
5294420
5307605
5329508
5351754
5378065
5383056
5389665
5431661
5436016
5451107
5486083
5489371
5501880
5505358
5521184
5533367
5574063
5601284
5613221
5621102
5625714
5630027
5643019
5658182
5668906
5671014
5673313
5680865
5689076
5693795
5699071
5696107
5702598
5706429
5728056
5734290
5741456
5750532
5762344

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G053900.1
Prupe.5G054000.1
Prupe.5G054100.1
Prupe.5G054200.1
Prupe.5G054300.1
Prupe.5G054400.1
Prupe.5G054500.1
Prupe.5G054600.1
Prupe.5G054700.1
Prupe.5G054800.1
Prupe.5G054900.1
Prupe.5G055000.1
Prupe.5G055100.1
Prupe.5G055200.1
Prupe.5G055300.1
Prupe.5G055400.1
Prupe.5G055500.1
Prupe.5G055600.1
Prupe.5G055700.1
Prupe.5G055800.1
Prupe.5G055900.1
Prupe.5G056000.1
Prupe.5G056100.1
Prupe.5G056200.1
Prupe.5G056300.1
Prupe.5G056400.1
Prupe.5G056500.1
Prupe.5G056600.1
Prupe.5G056700.1
Prupe.5G056800.1
Prupe.5G056900.1
Prupe.5G057000.1
Prupe.5G057100.1
Prupe.5G057200.1
Prupe.5G057300.1
Prupe.5G057400.1
Prupe.5G057500.1
Prupe.5G057600.1
Prupe.5G057700.1
Prupe.5G057800.1
Prupe.5G057900.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

5772381
5784352
5793267
5809137
5810790
5813998
5830702
5839438
5842340
5850756
5860317
5866471
5870568
5875071
5888274
5929788
5959929
5962502
5984955
6010030
6026067
6045132
6046777
6070768
6095185
6097112
6098833
6104105
6104846
6129612
6153648
6158370
6161809
6207967
6234081
6236089
6243503
6247361
6250097
6256676
6263458
263

5778975
5785448
5794439
5809581
5813950
5819707
5834590
5840690
5842914
5855250
5865745
5870033
5872682
5879155
5893751
5954684
5962299
5964505
5985861
6010992
6027050
6045854
6047916
6071762
6095923
6098006
6099976
6104541
6105743
6130540
6157739
6161139
6164118
6209560
6235284
6243374
6246638
6248279
6252845
6262069
6265439

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G058000.1
Prupe.5G058100.1
Prupe.5G058200.1
Prupe.5G058300.1
Prupe.5G058400.1
Prupe.5G058500.1
Prupe.5G058600.1
Prupe.5G058700.1
Prupe.5G058800.1
Prupe.5G058900.1
Prupe.5G059000.1
Prupe.5G059100.1
Prupe.5G059200.1
Prupe.5G059300.1
Prupe.5G059400.1
Prupe.5G059500.1
Prupe.5G059600.1
Prupe.5G059700.1
Prupe.5G059800.1
Prupe.5G059900.1
Prupe.5G060000.1
Prupe.5G060100.1
Prupe.5G060200.1
Prupe.5G060300.1
Prupe.5G060400.1
Prupe.5G060500.1
Prupe.5G060600.1
Prupe.5G060700.1
Prupe.5G060800.1
Prupe.5G060900.1
Prupe.5G061000.1
Prupe.5G061100.1
Prupe.5G061200.1
Prupe.5G061300.1
Prupe.5G061400.1
Prupe.5G061500.1
Prupe.5G061600.1
Prupe.5G061700.1
Prupe.5G061800.1
Prupe.5G061900.1
Prupe.5G062000.1

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

6266283
6284412
6291875
6293698
6313677
6318211
6322969
6337289
6344883
6360249
6366401
6374218
6378980
6389820
6395135
6427210
6431806
6434104
6436795
6462289
6469896
6472201
6485946
6506848
6510329
6518229
6525307
6530344
6583053
6589201
6628847
6688363
6699613
6716245
6722568
6727142
6732282
6737554
6745842
6753151
6758951
264

6273125
6291009
6293307
6300132
6317976
6321163
6329023
6341802
6346879
6365287
6370602
6375864
6383386
6391525
6398085
6428565
6433544
6436795
6438168
6466194
6472190
6474664
6489221
6508996
6511982
6518655
6527252
6537446
6585087
6590423
6629393
6694201
6700312
6719529
6723411
6731833
6737319
6744075
6747365
6754696
6760485

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Prupe.5G062100.1
Prupe.5G062200.1
Prupe.5G062300.1
Prupe.5G062400.1
Prupe.5G062500.1
Prupe.5G062600.1
Prupe.5G062700.1
Prupe.5G062800.1
Prupe.5G062900.1

5
5
5
5
5
5
5
5
5

6776759
6778596
6791897
6803911
6808929
6811450
6813698
6881845
7439322

265

6776972
6787941
6795518
6808244
6810631
6813134
6815775
6882617
7441722

+
+
+
+
+
+
-

