
 

 

Investigating the  
fruit texture genetic control in apple  
and its interplay with the production  

of volatile compounds  
using multi-family based analysis  

and genome wide association mapping 
 

 

 

 

 

 

 

 

Mario Di Guardo 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis committee 

 

Promotor 

Prof. Dr. R.G.F. Visser 

Professor of Plant Breeding  

Wageningen University & Research 

 

Co-promotors 

Dr. W.E. van de Weg 

Senior Scientist, Plant Breeding  

Wageningen University & Research  

 

Dr. F. Costa 

Senior Scientist, Edmund Mach Foundation 

Istituto Agrario di San Michele all³Adige, San Michele all³Adige,Trento, Italy 

 

Other members 

Prof. Dr. L.F.M. Marcelis, Wageningen University & Research 

Prof. Dr. R.D. Hall, Wageningen University & Research 

Prof. Dr. J.J.B. Keurentjes, University of Amsterdam & Wageningen University & Research 

Dr J.J. Mes, Wageningen University & Research   



Investigating the  
fruit texture genetic control in apple  
and its interplay with the production  

of volatile compounds  
using multi-family based analysis  

and genome wide association mapping  
 

 

Mario Di Guardo 

 

 

 

 

 

 

 

Thesis  

submitted in fulfilment of the requirements for the degree of doctor  

at Wageningen University  

by the authority of the Rector Magnificus  

Prof. Dr. A.P.J. Mol,  

in the presence of the Thesis Committee appointed by the Academic Board  

to be defended in public  

on Thursday 21 September 2017  

at 11 a.m. in the Aula 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mario Di Guardo 

 

Investigating the fruit texture genetic control in apple and its interplay with the production of 

volatile compounds using multi-family based analysis and genome wide association mapping, 

177 pages. 

 

PhD thesis, Wageningen University, Wageningen, the Netherlands (2017) 

With references, with summary in English. 

ISBN: 978-94-6343-205-4 

DOI: https://doi.org/10.18174/414274  



 

 
Table of Contents 
 
 

Chapter 1 General introduction 1 

Chapter 2 ASSIsT: An Automatic SNP ScorIng Tool for 
in- and outbreeding species 
 

31 

 ASSIsT Reference Manual 
 

37 

Chapter 3 Unravelling genome-wide QTL patterns for fruit 
firmness in apple over different storage periods 
using the multi-family Pedigree Based Analysis 
(PBA) approach 
 

59 

Chapter 4 Deciphering the genetic control of fruit texture 
in apple by multiple family-based analysis and 
genome-wide association 
 

93 

Chapter 5 Genome-wide association study unravels the 
genetic control of the apple volatilome and its 
interplay with fruit texture 
 

127 

Chapter 6 General Discussion 
 

155 

Summary 

Acknowledgement 

Curriculum vitae 

 
 
 
 
 

169 

173 

175 

 

  



 

 

 



 

General Introduction 

1 

 
Chapter 1 
 
 
General Introduction 
  



 

Chapter 1 

2 

1) Rosaceae 

The Rosaceae family is composed of approximately 3.000 species distributed all over 

the word, with a dominant presence in temperate climates. This family is characterized by a 

myriad of types, ranging from herbaceous plants to shrubs and trees. Many members of this 

family can be easily recognized by their edible fruits, particularly appreciated for flavors, colors 

and nutritional properties (eg. apple, pear, peach, apricot, cherry, plum, strawberry, raspberry). 

Other species, instead, are prized for their ornamental value (roses), nuts production (almonds) 

or even for timber production (black cherry; Table 1). The total world production of the edible 

rosaceous fruits in 2014 is estimated to 84.6 million tons. Taking also into account the annual 

production of nuts and roses (cut flowers and plants), the rosaceous compartment could be 

worth at least ¡55 billion/year at the farm gate, with a consumer value of about ¡180 billion/year 

(www.faostat.fao.org; Folta and Gardiner 2009). 

The family of Rosaceae includes several species characterized by a considerable 

genetic diversity (Table 1; Shulaev et al., 2008). The karyotype (x) commonly ranges from seven 

to nine chromosomes, with exceptions. In fact, while the subfamily Rosoideae (including 

strawberry, raspberry and rose) is characterized by x = 7 (Stauct et al., 1989; Nybom et al., 

2003), Amygdaloideae by x = 8 (apricot, sweet cherry, almond and peach; Foolad et al. 1995; 

Dirlewanger et al. 1998; Vilanova et al. 2003; Peace et al. 2012), and Spiraeoideae by x = 9 

(Evans and Campbell, 2002), the genus Malus and Pyrus (Jung et al., 2012) are distinguished 

by x = 17. To date, different models have been proposed to explain this unique number of 

chromosomes within Rosaceae. The first and well accepted hypothesises involved a ²wide-

hybridization³ based on an allopolyploidization event between Spireoid (x = 9) and Amygdaloid 

(x = 8) ancestors (Chevreau et al., 1985). Successive phylogenetic studies based on molecular 

markers highlighted an alternative two-step hypothesis. Apple and pear would have been 

originated by an autopolyploidization (or hybridization) event between two taxa with x = 9, 

followed by diploidization and a subsequent aneuploidic reduction (x = 17). The research carried 

out by Velasco et al. (2010) suggested the genus Gillenia (or similar taxa) as the most probable 

ancestor of domesticated apple. This hypothesis agrees with the geographical finding that both 

genus Gillenia and the first fossil evidence of specimens belonging to the tribe Pyreae (that 

includes both apple and pear) were found in North America. This theory was further supported 

by the sequencing of the ²Golden Delicious³ genome (Velasco et al., 2010), which indicated that 

the apple genome has derived from a relatively recent duplication which occurred between 48 

and 50 million years ago. The molecular phylogeny of several apple genes also indicated most 

probably a monophyletic origin of Pyreae and Gillenia (Velasco et al., 2010; Jung et al., 2012). 

http://www.faostat.fao.org/
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Table 1. Overview of some of the most important economical species belonging to Rosaceae family. For each of those the taxonomy, the main uses and some 
information on the genome (ploidy level, chromosome number and genome size) are reported. 

 

Subfamily Genus Species Common 
Name 

Uses Ploidy Chromosome 
Number 

Genome Size Released Genome 
sequence 

Amygyloideae Prunus armeniaca Apricot Fresh and processed 
fruit 

2n x = 8 240 Mb  

  avium Sweet cherry Fresh and processed 
fruit 

2n x = 8 388 Mb  

  cerasus Tart (sour) 
cherry 

Fresh and processed 
fruit 

4n x = 8 599 Mb  

  dulcis Almond Fresh and processed 
fruit 

2n x = 8 240 Mb  

  persica Peach, 
nectarine 

Fresh and processed 
fruit 

2n x = 8 290 Mb Verde et al. 2013 

  serotina Black cherry Timber species 4n x = 8 490 Mb  
Maloideae Malus x domestica Apple Fresh and processed 

fruit 
2n, 3n x = 17 750 Mb Velasco et al. 2010 

 Pyrus communis European 
pear 

Fresh and processed 
fruit 

2n x = 17 577 Mb Chagne et al. 2014 

Rosoideae Fragaria x ananassa Strawberry Fresh and processed 
fruit 

8n x = 7 240 Mb VanBuren et al. 
2016 

 Fragaria vesca Woodland 
strawberry 

Fresh and processed 
fruit 

2n X = 7 240 Mb Shulaev et al. 2011 

 Rubus occidentalis Black 
raspbarry 

Fresh and processed 
fruit 

2n X = 7 240 Mb  

 Rosa spp. Rose Cut flowers, landscape 
ornamental, medicinal 

2n, 3n, 
4n 

x = 7 600 Mb  
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To this end, the availability of a reference genome for apple provided a great contribution to the 

determination of its phylogeny. The ²Golden Delicious³ genome was the first one to be published 

within the family of Rosaceae (Velasco et al., 2010), followed by strawberry (Shulaev et al., 

2011), peach (Verde et al., 2013), pear (Chagné et al., 2014) and black raspberry (VanBuren et 

al., 2016) 

2) Apple 

Apple (Malus x domestica Borkh.) is the most widely cultivated species of the genus 

Malus. The center of origin has been established in Central Asia, where the wild ancestor of 

apple, Malus sieversii, (Harris et al., 2002) was found. The denomination Malus x domestica 

has been generally accepted as the appropriate scientific name for domesticated apple (Korban 

et al., 1984). 

2.1) Economic Importance 

Apples are cultivated in all temperate and subtropical world zones, even though a 

prominent part of the production is centered in the cool temperate regions of the world, spanning 

from 35° to 50° latitude (Kellerhals, 2009). Apple is one of the most appreciated fruit crops world-

wide, giving its nutritive properties and excellent storability, which can guarantee its availability 

for a year-round period. With more than 50 million tons produced every year 

(www.faostat.fao.org), apple is the most important rosaceous species for annual world fruit 

production and it is ranked second in order of economic importance within the fruit crops after 

banana and immediately before grape and orange (www.faostat.fao.org). Although apple is 

mainly cultivated for fresh consumption, a considerable proportion of fruit is also produced for 

industrial processing (snack, juice, cider and brandy).  

2.2) The apple genome 

The physical length of the apple genome is estimated to be 750 Mb (Velasco et al., 2010), 

organized into 2n = 34 chromosomes. Although some varieties are known to present a different 

level of ploidy (Tab. 1), most of the apple cultivars are diploid (2n=2x), with a total genetic length 

estimated around 1230 cM (Di Pierro et al., 2016). 

2.3) Apple breeding 

The first controlled apple cross has been attributed to Thomas A. Knight (1806). Since 

then, breeding underwent an important improvement both in terms of strategies and techniques. 

The driving forces in apple breeding include the selection of fruits with improved appearance 

http://www.faostat.fao.org/


 

General Introduction 

5 

(size, color; Kenis et al., 2008; Di Guardo et al., 2013; Costa, 2015), flesh textural characteristics 

(Costa et al., 2012; Longhi et al., 2012; Amyotte et al., 2017) and resistance against pathogens 

(Seglias & Gessler 1997; Hemmat et al., 2002; Gygax et al., 2004). More recently, increasing 

efforts have also been made to enhance nutritional properties (Guan et al., 2015) and 

environmental sustainability (Kumar et al., 2014; Allard et al., 2016).  

The main constraints in apple breeding are however represented by the long juvenile 

period (it may easily take five years from seed to a fruit bearing tree), the size of the plant 

(demanding large experimental plots) and the genetic complexity due to the self-incompatibility 

proper of apple. This implies that offspring grown from seed does not resemble the mother apple 

tree (Cornille et al., 2014). At the same time the creation of near isogenic lines (NIR), backcross 

(BC) or recombinant isogenic lines (RIL) populations, mating schemes useful to fix the desired 

traits on self-compatible crops (Monforte and Tanksley, 2000), is unfeasible. The self-

incompatibility of apples, combined with the above-mentioned limitations related to woody 

crops, makes the direct selection of interesting phenotypes a time and space-demanding 

process. Milestones in apple breeding were the introduction of vegetative propagation by 

grafting and the use of dwarfed apple trees as rootstocks (Cornille et al., 2014). A recent impulse 

to apple breeding has been represented by the employment of genetic information to assist and 

guide the selection process. Details on this issue will be further discussed in the coming 

paragraphs, while the establishment, use and implications of genetic informations in apple 

breeding are the red thread of the thesis.  

3) Molecular markers 

The essence of breeding is the selection of the best performing individuals with superior 

and improved traits. Selections can be made when differences among individuals become 

evident and measurable. The use of markers to explain diversity can be dated back to the XIX 

century: Gregor Mendel employed phenotype-based markers (plant height, pod shape and 

colour, seed shape and colour etc.) on his pioneering studies on pea. The same type of marker 

was further used to explain genetic linkage (Morgan, 1909), the most significant exception to 

Gregor Mendel³s low of independent assortment (Agarwal et al., 2008). Phenotypic markers 

were also employed in apple: acidity of leave juices for instance was used as an estimator for 

fruit acidity (Visser and Verhaegh, 1978). Although these types of markers gave a great impulse 

to the first genetic discoveries, they showed important limitations in terms of reproducibility 

(phenotypic markers can be strongly affected by the environment) and availability (they can be 

used only when the phenotype is expressed and became visible). From this point, an 

extraordinary step forward was represented by the discovery of DNA and the unravelling of its 

role in biological processes. These findings, together with the advances in the techniques to 
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isolate and amplify nucleic acids, enabled the development of a new type of markers (named 

molecular markers), based exclusively on the intrinsic characteristics of an individual³s genome. 

Each DNA region (locus) characterized by multiple forms (polymorphic: polys = multiple, morphe 

= forms) within a population and inherited in a Mendelian fashion can be considered as a 

molecular marker, which allows the grouping of a set of individuals into as many subgroups as 

the number of forms (alleles) identified at that locus. This finding has been widely used for 

molecular taxonomy studies, identification of individuals (fingerprinting), germplasm 

characterization, estimation of genome size, forensic analysis, generation of linkage maps and 

marker-trait association studies. The last two, in particular, enabled the shift from the traditional 

breeding into the well-known molecular plant breeding. 

The use of molecular markers, rather than phenotypic markers, relies on the fact that: (i) 

molecular markers are not influenced by pleiotropic or epistatic effects or environmental factors; 

(ii) they are potentially uniformly distributed over the genome (introns and exons) allowing the 

identification of differences among individuals despite their phenotype; (iii) in most of the cases 

they are co-dominant allowing, therefore, the detection of both homozygous and heterozygous 

genetic configurations and (iv) molecular markers are not influenced by the physiology of the 

trait in analysis (Khan et al., 2015).  

Although each type of molecular marker is characterized by a unique combination of 

advantages and constraints, the choice of the appropriate marker techniques mainly depends 

on their final application. Factors that must be taken into account in choosing a marker system 

are the required quantity and quality of DNA, the availability of a (preferably) public collection of 

DNA markers for the species under investigation, the costs and time needed for genotyping and 

the level of throughput/automation (Williams et al., 1993). To date many types of molecular 

marker techniques are available: the first widely used molecular marker was the Restriction 

Fragment Length Polymorphism (RFLP) (Botstein et al., 1980). This technique has serious 

limitation in throughput since it requires high quantity of sample DNA and the entire process can 

take several weeks to complete.  

During the last 50 years, molecular markers experienced a great evolution in both 

properties and potential applications. From the first type of hybridization-based marker (RFLP) 

the discovery of the PCR mechanism has greatly contributed to define a novel generation of 

markers (e.g. RAPD, CAPS, SCAR, SSR and AFLP) easier to apply and efficient (Williams et 

al., 1990; Vos et al., 1995; Selkoe & Toonen 2006; Jaillon et al., 2007; Sato et al., 2012). Despite 

the technology at the base of their detection, molecular markers can be classified on the base 

of their mode on inheritance and allelic detection. Markers can be in fact distinguished in 

codominant (normally with a mendelian inheritance and able to differentiate heterozygous from 

homozygous) and dominant (which can be inherited following a non-mendelian fashion and not 
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efficient to distinguish the hetero from the homozygous). Ultimately, the advent of sequencing 

and high-throughput genotyping systems has revolutionized the accessibility and the application 

of molecular markers for a myriad of different applications (Boutet et al., 2016). 

Nowadays, the most widely used molecular marker technique is based on the analysis 

of single nucleotide polymorphisms (SNPs) naturally occurring in each organism, which 

represent the most abundant source of variation within each genome. This polymorphism 

originates from mutation and DNA repairing events leading to variation of one nucleotide 

between homologous chromosomes. SNPs are present both in coding and non-coding DNA 

regions, with a higher proportion in non-coding regions, since they do not undergo selective 

pressure. Within a coding region a SNP is either non-synonymous, resulting in an amino acid 

sequence change, or synonymous (Sunyaev et al., 2000). In the latter case, the nucleotide 

change does not alter the amino acid sequence, although a synonymous SNP can interfere with 

the translation process through the modification of mRNA splicing (Richard and Beckmann, 

1995). SNP density, moreover, varies significantly across species: maize has a dense SNP 

coverage (one SNP every 60-120 bp) (Ching et al., 2002) while SNP frequency decreases to 

one every 1.000 bp in humans (Shastry et al., 2002). In apple a SNP is found approximately 

every 288 bp (Chagné et al., 2012). During the past 20 years, automation and miniaturization 

in SNP-based marker technologies enabled to increase the number of markers analysed while 

reducing cost and time requirements (Deschamps et al., 2012). The emergence of fluorescent 

labelling and massively parallel array systems made the simultaneous scoring of up to hundreds 

of thousands of markers a reality. Several SNP array genotyping platforms are commercially 

available to date, including Illumina Infiniumá platform (Illumina Inc.) and the Axiomá platform 

(Affymetrix). Specific SNP arrays have been already developed for apple: from the initial 8K 

Infiniumá array (Chagné et al., 2012), to the 20K Infiniumá array (Bianco et al., 2014) and the 

480K Axiomá array (Bianco et al., 2016). 

4) Molecular Breeding 

The apple panorama harbours a great diversity in terms of physiology, production and 

disease resistance. This phenotypic variability is mainly due to the underlying genetic complexity 

derived from multiple loci interacting together. A genomic region containing one or more genes 

affecting a quantitative trait (for the most agronomically important) is called Quantitative Trait 

Locus (QTL). The conceptual basis for the genetic dissection of multi-genic traits is relatively 

straightforward. QTL mapping relies on finding an association between a genetic marker and 

the phenotype of interest. QTL mapping requires the availability of either a genetic linkage map, 

in which the molecular markers are grouped and ordered according to their recombination 

frequencies within the studied population, or a physical map in which the order of the markers 
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is based on their physical distances. Once all individuals in the mapping population are 

genotyped and phenotyped for the trait of interest, QTL mapping can take place. Mapping of a 

QTL has become a common first step towards the understanding of the genetic basis of complex 

genetic traits. Many different techniques have been proposed so far, which can be mainly 

grouped into what has been described as linkage or association mapping approaches (Fig. 1), 

both sharing the same guiding principle: the ²recombination³s ability to break up the genome into 

fragments that can be correlated with phenotypic variation³ (Myles et al., 2009). 
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Figure 1. From phentype to causal gene identification: workflow of different marker · trait association 
techniques (bi-parental QTL analysis, Pedigree Based Analysis and Genome Wide Association Analysis) 
highlighting differencies and similarities. 
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4.1) Bi-parental QTL analysis 

One of the first approaches, and maybe the most widely used technique to dissect the 

genomic regions involved in a trait of interest, is the bi-parental QTL analysis. This technique 

makes use of a full-sib (FS) family that arose from crossing two parents, often characterized by 

a divergent phenotype for the trait under investigation. This approach is based on the analysis 

of the phenotypic variation and the genotypic segregation of the offspring to detect which of the 

parental marker alleles are linked to the phenotype of interest (Fig. 1). Key factors for this 

analysis are the quality of the phenotypic data, the size of the FS family, the marker density and 

the heritability of the trait. All aspects have a direct influence on the quality and reliability of the 

analysis, since the number of individuals reflects the number of meiosis (and therefore the 

number of examined recombinations) and marker density influence the size of the confidence 

interval of the QTL (Mauricio et al., 2001). The ongoing bi-parental QTL analyses of complex 

traits in outcrossing plants contributed to the understanding of quantitative trait genetics through 

the discovery of many QTLs. However, only few of these QTL have been adopted by breeders 

for marker-assisted breeding (MAB) due to various reasons (van de Weg et al., 2004; Bink et 

al., 2014) including: 

¶ Most QTL discoveries have been based on germplasm with a narrow genetic 

basis (often just a single family). As a consequence, only a small proportion of the total number 

of relevant QTLs has been detected, which may explain only a limited fraction of the total genetic 

variance present within a breeding program (many QTL will not segregate in the selected single 

progeny).  

¶ Many useful functional alleles within a QTL are missed as these are not present 

or do not segregate in specific single mapping families. 

¶ For most QTLs, little is known about their mode of action and robustness across 

different genetic backgrounds, i.e., the estimated magnitude of the QTL may be different for 

families derived from other parents.  

To overcome these limitations novel approaches have been recently adopted, such as Pedigree 

Based Analysis (on FS families) and Genome Wide Association Analysis (on germplasm 

collections).  

4.2) Pedigree Based Analysis  

The interest in the use of multiple genetically related FS families in dissecting quantitative 

trait variation has grown rapidly during the last decades (Blanc et al., 2006; Yu et al., 2008; 

Würschum et al., 2012). In the presence of pedigree structures, the explicit modelling of familiar 
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relatedness in QTL and association mapping approaches may significantly improve the 

detection power (Bink and Van Arendonk, 1999; Yu et al., 2006). Until recently, the experimental 

set-up of such QTL studies was often restricted to pre-defined fixed designs such as factorial or 

bi-allelic state to allow standard statistical analyses. To better explore available FS families, 

more flexible statistical procedures are required to utilize complex pedigree relationships (Fig.1). 

The Pedigree Based Analysis (PBA) approach supports the use of multiple segregating FS-

families into a single analysis, making use of pedigree information, molecular marker data, and 

the Identity By Descent (IBD) concept, thus allowing generalized conclusions across wide 

germplasms (Van de Weg et al. 2004). The Bayesian approach uses probability models that 

through the analysis of quantities that we observe and measure (phenotype, molecular markers) 

infers unknown quantities we are interested in (QTLs) (Bink et al. 2008). This novel approach 

steps forward in the genetic analysis of a trait since it supports the discovery of QTLs as well as 

their characterization by estimating location, size, mode of action (additive, dominance), 

ancestral origin, and linked marker haplotype(s) (Bink et al., 2014). Pedigree records allow a 

deeper exploration of QTLs variation than single QTL analysis, since the number of alleles 

analysed is generally a function of the number of founders: more founders are taken into 

account, more probable it will be that a valuable QTL allele is included in the germplasm in 

analysis (Bink et al., 2008). On the other hand, performing QTL analysis in such pedigreed 

populations is challenging since it requires a high level of data integration, pedigree records 

have to be curated and molecular markers checked for consistent calling across the entire 

germplasm. Also, pedigrees must be trimmed if ancestors are not available (anymore) for 

genotyping or if they cannot be imputed. Next, adequate phasing might require enrichment of 

the germplasm with direct descendants of the major founding cultivars. Finally, the QTL models 

used by the software may not encompass the actual mode of QTL performance, such as the 

presence of intra and inter locus interactions and the presence of QTL that contain multiple 

functional alleles with different effect.  

4.3) Association Mapping 

While in classical QTL mapping, carried out in outcrossing species, only the 

recombination events within the two parents used to create the mapping population are 

exploited (Breseghello & Sorrells 2006; Myles et al., 2009; Rafalski et al., 2010), the association 

studies are based on the analysis of individuals with unobserved ancestry. A statistical 

significant association between genotypes at one or more marker loci and the phenotype is 

usually considered to be evidence of close physical linkage between the marker locus and a 

QTL for the trait of interest (Pritchard et al., 2000). This relationship strictly depends on the 

linkage disequilibrium (LD), which is a parameter describing the non-random association 
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between two genomic regions within the same chromosome. In a population of fixed size 

undergoing random mating, repeated recombination events would interrupt the order of the 

ancestral genetic segments of contiguous chromosomes, reaching the point that all alleles in 

the population are independent (linkage equilibrium). The rate of LD decay depends on several 

factors including population size, number of founding chromosomes (representing the actual 

allelic variability of the population under examination), the number of generations that occurred 

between the founders and the examined germplasm and the number of markers used for the 

chromosome haplotyping. The association mapping can be exploited at two levels, candidate 

gene based association and genome wide association (Rafalski et al., 2010). The first approach 

requires a good understanding of both the physiology and genetics of the trait under 

investigation, since the analysis is aimed to test whether a correlation between one or more 

(known) functional markers and the trait of interest exists or not. Since the traits of agronomical 

interest are mostly polygenic, this approach does not allow a genome-wide investigation of the 

genomic regions influencing the trait under consideration (Palaisa et al., 2003; Pozniak et al., 

2007). On the other hand, genome wide association studies (GWAS) do not need a deep prior 

knowledge of the genetics of the trait since ideally all chromosomes should have adequate 

marker coverage and the marker-trait association analysis is evaluated genome-wide. The 

principle behind GWAS is that one (or more) of the molecular markers being considered is either 

causal for the trait (functional marker) or in LD with the causal locus.  

The design of a GWAS experiment must consider several factors such as the choice of 

the composition of the population and the marker density. An inaccurate set up of these two 

aspects will lead to type one and/or type two errors. Ideal germplasm in GWAS should not 

present population structure (a structured population is a set of individuals characterized by 

distinct subgroups related by kinship). Population structure, if not adequately corrected and 

taken into account, can give rise to spurious associations (Yu et al., 2008). Different methods 

and software have been proposed to calculate population structure (Pritchard et al., 2000, 

Rafalski et al., 2010). One of the most widely used methods involves a Principal Component 

Analysis (PCA) based on the genotypic data available (Patterson et al., 2006), while software 

named STRUCTURE (Pritchard et al., 2000) calculates the most probable number of 

subpopulations (k) on the dataset in analysis. Basic concept in designing GWAS experiment is 

the knowledge about the LD decay level present in the species under investigation. With a rapid 

LD decay (short LD extent) a higher number of makers is required to target the QTL since the 

chromosome will be broken into several haplotype blocks. On the contrary, with a slow LD decay 

(large LD extent) a minor number of markers will be instead needed to identify the region 

harbouring the QTL. As a consequence, with a rapid LD decay there will be also a higher chance 

to tackle the causal gene controlling the phenotype of interest.  
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A limitation of GWAS is the detection of functional variants that have low frequencies in 

the germplasm to be analysed. Low frequency alleles have little influence on the population as 

a whole and their signal is therefore difficult to detect (even if these low alleles have an 

enormous effect on the phenotype). In such case GWAS can be coupled with linkage mapping, 

by creating a controlled cross and increasing the frequency of the rare alleles to have in the end 

a better understanding of its specific effect on the phenotype. 

5) Marker Assisted Breeding (MAB) 

Plant breeding is based on the phenotypic selection of superior genotypes via the use of 

ad-hoc designed segregating progenies (Francia et al., 2005). Traditionally, the selection 

process relies on a phenotypic evaluation of the promising seedlings assuming a direct 

correlation between favourable phenotype and favourable genotype. From a theoretical point of 

view this assumption is correct, but in real life a fairly good relation between phenotype and 

genotype can be postulated only for traits being not strongly influenced by environmental 

changes. The phenotype is therefore the result of the interaction between these two variables 

as following: 

P = G + E + (G x E) 

where P is the phenotype of interest, G the genotype and E is the environment. 

To overcome the limitations and constraints proper of the traditional selection based only 

on the phenotype, breeders started to implement molecular markers associated to the traits 

needing improvement as a selection tool, enabling the so-called Marker Assisted Breeding 

(MAB). While in traditional breeding the selection of the best performing individuals passes 

through the selection of the best phenotype, in MAB, polymorphic DNA regions (molecular 

markers) are linked to differences in phenotype providing a more precise and efficient selection 

procedure. With the availability of the first molecular markers and the consequent generation of 

the first genetic maps, MAB has become affordable both for monogenic traits governed by major 

genes as well as for polygenic traits controlled by several genes (Fig. 2). A successful 

application of MAB requires as a pre-requisite the availability of a tight association between 

markers and the genes affecting the phenotype. These markers can be then used to (i) identify, 

among segregating progenies, the most suitable individuals based on their allelic composition 

and (ii) trace favourable alleles across generation (following the IBD approach) to accumulate 

favourable alleles in progenies. 
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Figure 2. Workflow of the experimental design for marker assisted breeding.  

 

Nowadays, most of the molecular markers used in MAB in apple breeding programmes 

are associated to monogenic traits or to genes with relevant impact on the phenotype. Most of 

these genes are related to disease resistance (R genes), such as apple scab (Vf gene; 

Chevalier et al., 1991; Tartarini et al., 1999) or powdery mildew (Pl1, Pl2, Plw and Pld genes; 

Dunemann et al., 2007) or quality traits such as the columnar growth (Co; Baldi et al., 2013) or 

Ma gene, the latter involved in the regulation of the acidity content in fruit (Maliepaard et al., 

1998). Nevertheless, many studies have been carried out on quantitative traits as well (Calenge 

et al., 2005; Kumar et al., 2012; Amyotte et al., 2017) to define genomic regions linked to 

important traits for breeding. The advance in computation power and the possibility of 

generating large-scale marker arrays enabled the determination of the genetic basis of 

potentially any agronomical important trait. The complete chromosome haplotyping will allow 

breeders to design superior genotypes ²in silico³ by combining the most favourable alleles at all 

the loci of interest towards a Breeding By Design approach (Peleman and Van Der Voort, 2003).  
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6) Breeding for fruit quality 

From the second half of the XX century the consumers became more demanding for an 

improved quality of the fruits, especially considering their impact on the human health. Fruit 

quality is, essentially, the resultant of the interplay between colour, flavour, texture, size, and 

nutritional properties (Bourne et al., 2002; Sansavini et al., 2004; Costa et al., 2011). Albeit all 

these characteristics contribute to what is perceived as fruit quality, breeding efforts were 

historically aimed to improve productivity traits such as yield, shelf life and disease resistance. 

Different studies have been carried out to identify genomic regions involved in fruit quality. 

Chagné et al., (2013) identified a transcriptional factor, MYB1, located on chromosome 9 directly 

related to fruit skin colour regulation. Other members of MYB transcriptional factors control also 

fruit flesh and foliage anthocyanin pigmentation (Maliepaard et al., 1998; Chagné et al., 2012) 

while other studies were focused on deciphering the genetic control of productivity traits such 

as biennial bearing (Guitton et al., 2012). In apple great attention was also devoted to the 

understanding of the genetic and physiological mechanisms regulating fruit texture, since 

textural properties are directly related to storability and consumer appreciation (King et al., 2000; 

Costa et al., 2010; Bink et al., 2014). On the other side, another -perhaps less investigated 

aspect of apple quality- is flavour. The concept of quality in fruit is not static, but evolves through 

time. In past decades, aroma components were neglected in place of other fruit quality traits, 

ending with the release of novel apple cultivars with enhanced textural or resistance properties 

but with poor flavour components. Nevertheless, apple aroma is well appreciated by consumers 

(Baldwin et al., 2002), and represents an important aspect influencing consumer³s choice. For 

this reason, a major goal in apple breeding would be the combination of good textural 

performance with a favourable aromatic bouquet. The interplay between these two traits will be 

further elaborated and discussed in the chapter five of this thesis, while chapters three and four 

are specifically dedicated to fruit texture.  

6.1) Texture 

Fruit ripening per se is a fundamental process making fruits edible and desirable to 

enable the release of seeds by animals in the outer space, but it is also the natural programmed 

process leading to senescence, characterized by a severe firmness loss. Fruit flesh generally 

tends to soften with the ongoing of the fruit ripening due to a decreased cell-to-cell adhesion, 

finally resulting in a progressive cell separation, which generally ends with a poor juice release 

and dry mouthfeel in overripe and mealy fruit. Beside this, fruit ripening can be also 

accompanied by a reduction in the cell turgor due to an increased concentration of solutes in 

the cell space as well as to wall loosening (Brummell and Harpster 2001). In the modern 
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horticulture, fruit texture plays two fundamental roles for apple. First, fruit texture is the most 

appreciated feature by consumers, and since it is directly perceived by the human sense it has 

the ability to drive the final choice. In addition, fruit texture, related to the properties of the cell 

wall structure, influence directly the storability of the fruit, thus its commercial success and 

postharvest management.  

Fruit texture is nowadays considered as a multi-trait feature, being composed by 

mechanical and acoustic components. The first one is represented by sub-phenotypes related 

to the physical resistance exerted by the cell wall upon external pressure, such as firmness, 

mealiness, sponginess and hardness. The acoustic signature, instead, is in essence based on 

the air pressure released by the cell wall breaking, and comprehend crispness and crunchiness 

(Vincent et al., 1998). The importance of fruit texture relies also in the fact that the texture 

component is often highly correlated with the juiciness perception (Bourne et al., 2002; Varela 

et al., 2007). Among the acoustic components, crispness, in particular, is the feature most 

appreciated by consumers, due to the general thought that a crispy fruit is also characterized 

by a general healthy state (Hampson et al., 2000). Crispness is based on the rupture of turgid 

cell wall, after which a sound pressure wave generates a vibration between molecules around 

their equilibrium, producing the typical sound perceived as crispness (Duizer et al., 2001; 

Demattè et al., 2014). In the opposite case, with a low cell wall turgidity or for an excessive 

pectin polysaccharide solubilisation of the middle lamella, the cells tend to separate instead of 

breaking down. This eventually results in a rubbery dry and mealy texture (Reeve 1953; Reeve 

1970; Niklas 1992; Andani et al., 2001). Differences in the regulation of the cell wall/middle 

lamella polysaccharide biosynthesis among cultivars is the final cause of the great variation in 

fruit texture within the apple panorama. 

6.1.1) Physiology of fruit texture and cell-wall metabolism  

Fruit texture largely depends on the characteristics of the cortex cell wall, in particular on 

(i) the chemical binding of the polysaccharide structure, (ii) the internal turgor pressure, and (iii) 

the intercellular adhesion between cells. The dissolution of the middle-lamella, a structure rich 

in pectin devoted to control the cell-to-cell adhesion, is one of the first changes observed in a 

ripe fruit by electron microscopy, followed by the disruption of the ordered structure of the 

primary cell wall, indicating that significant degradation has occurred. Throughout fruit 

development, maturation and ripening, changes in fruit texture are governed by the synergistic 

and coordinated action of several enzymes progressively acting during the cell wall disassembly 

to dismantle the cell wall polysaccharide architecture, as well as altering the linkage between 

polymers. The timing and intensity of these processes can vary among species and cultivars, 

leading to distinct types of texture behaviour. For instance, dissolution of the middle-lamella can 
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initiate at early stages during ripening in species such as tomato, or in late ripening phases in 

crispy types of fruits, such as apple (Seymour et al., 2002; Toivonen and Brummell, 2008). The 

cell wall structure can be interpreted as a network of rigid inextensible cellulose microfibrils held 

together by an interpenetrating and coextensive network of glycan, pectin and structural 

glycoproteins (Cosgrove 2000; Brummell 2006). In dicots, the cellulose microfibrills are coated 

and crossed-linked by a glycan matrix, of which the xyloglucan is generally the most abundant 

(Brummell and Harpster, 2001). The xyloglucan matrix firmly binds the cellulose microfibrils 

between them. The spaces in the cellulose matrix glycan network are filled by highly hydrated 

pectins which can also form a network, held together by ester bounds between pectin molecules 

and ionic calcium cross links. The cellulose/glycan matrix can be embedded and bound to the 

pectin network by covalent links established between xyloglucan molecules and pectin 

polysaccharides. 

In several fruits, the most active enzymes responsible for the pectin modification are 

polygalacturonase (PG) and pectin methylesterase (PME), while those acting on the primary 

cell wall are xyloglucan endotransglycosylase (XET) and expansins (Exp). Among them. PG is 

a known major enzyme involved in pectin disassembly by biochemically catalysing the hydrolytic 

cleavage of  h(1Ÿ4) galacturonan (Brummell and Harpster, 2001; Costa et al., 2010; Farrokhi et 

al., 2013) and it is normally encoded by multigene families (Sitrit and Bennett, 1998). The PG 

action in apple (as well as in other climacteric fruits) is physiologically related with the presence 

of the plant hormone ethylene, required to trigger and coordinate several changes of the fruit 

ripening (Liu et al., 1985), and influencing the cascade activation of many ripening related genes 

(Rose et al., 1998; Cosgrove 2000; Cosgrove 2001). The direct physiological relationship 

between the ethylene production and the rate of fruit softening in climacteric fruit was also 

established in apple, where increased expression of the final enzymes in the ethylene pathway 

(Md-ACS1 and Md-ACO1) paralleled mRNA accumulation of two genes related to the cell wall 

disassembly (Md-Exp and Md-PG1) (Wakasa et al., 2006; Zhu and Barritt, 2008). As proof of 

this relationship it has also been demonstrated that the application of 1-MCP (ethylene 

competitor) efficiently inhibits the transcription of Md-PG1 (Wakasa et al., 2006; Costa et al., 

2010). 

6.1.3) New Phenotyping Approaches 

To date, the overall fruit texture complexity in apple has been largely assessed using a 

penetrometer, a simple equipment measuring the maximum force needed to enter a probe into 

the fruit flesh. Although this device has been extensively used for fruit firmness characterization, 

it has also been recently documented that it might be not sufficient for a reliable and precise 

investigation of several fruit texture sub-phenotypes (Harker et al., 2003; Costa et al., 2011; 
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Longhi et al., 2012). In order to efficiently perform a more comprehensive characterization of 

fruit texture, a new equipment combining a classical penetrometer and an acoustic device was 

employed here to profile the complete fruit texture behaviour. Since the phenotype resolution is 

the key factor for a precise QTL characterization (Schauer et al., 2006), this novel approach can 

be applied to identify new sets of QTLs related to important texture components, such as fruit 

crispness. 

6.1.4) Genetic dissection through QTL mapping 

Over the past 15 years several QTL mapping studies have been successful in identifying 

many genomic regions involved in fruit firmness, crispness and juiciness (Maliepaard et al., 

1998; King et al., 2000; Liebhard et al., 2003; Costa et al., 2005; Costa et al., 2008; Kenis et al., 

2008; Costa et al., 2010; Bink et al., 2014; Cappellin et al., 2014; Chagné et al., 2014; Costa 

2014). However, most of the discovered QTLs have not yet been sufficiently characterized and 

validated. Most of them still have large confidence intervals due to small germplasm size or low 

marker density. Consequently, also their performance has not yet been clarified, and QTL 

genotypes of founders and major parents remained mostly unresolved. The identification of a 

high number of QTLs is not surprising considering the complexity of the involved process such 

as the high number of genes controlling cell wall metabolism, which is estimated to represent 

almost 10% of the entire gene set of the genome in the plant species sequenced (McCann and 

Rose, 2010). Consequently, a high number of genes are available for which a mutation may 

have considerable effects on texture. QTL analysis have identified different candidate genes 

involved in fruit texture changes, including Md-ACO1, Md-Exp7, Md-ERS1 and Md-PG1, which 

are located on four different genomic regions on linkage groups LG1, LG 3 and LG10, 

respectively (Costa et al., 2005; Costa et al., 2008; Tatsuki et al., 2009; Costa et al., 2010; Harb 

et al., 2012; Longhi et al., 2012), and involved in different important physiological pathways, 

such as ethylene production (Md-ACO1), ethylene perception (Md-ERS1) and the degradation 

of polysaccharides (Md-Exp7 and Md-PG1).  

6.2) Flavour and aroma 

Flavour is one of the most important and distinctive features in apple, resulting from the 

interaction between taste (mainly determined by the interplay between sweetness, sourness, 

acidity and astringency) and aroma (due to the production of odour-active volatile compounds). 

Whereas taste is determined by relatively few components, aroma results from the simultaneous 

presence of a vast number of organic volatile compounds (VOCs) whose composition is 

species, and often, variety-specific. In apple more than 370 VOCs have been measured (Dixon 
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and Hewett, 2000), although not all of them affect apple aroma directly (Espino-Díaz et al., 

2016). The VOCs that greatly contribute to apple aroma belong to the classes of esters, alcohols 

and aldehydes (Dimick et al., 1983). Their mode of action and relative presence can vary 

considerably through the entire economic life of apple: the aromatic profile of immature apple is 

mainly due to the presence of aldehydes (Paillard 1990), while in ripe apple the relative 

presence of aldehydes decreases in favour of alcohols and especially esters (Kakiuchi et al. 

1986). Albeit the characteristic apple aroma is given by mainly alcohols and esters, their relative 

presence - as well as the overall VOCs composition - varies among cultivars (Kakiuchi et al., 

1986; Pooter et al., 1986; Holland et al., 2005) and within a cultivar, since VOCs production can 

be influenced by several biotic and abiotic factors (Espino-Díaz et al., 2016). Despite the high 

number of VOCs produced, only a small proportion generates the specific ²flavour fingerprint³ 

characteristic of each fruit (Farneti, 2014). Aldehydes, which are a major component of the 

aroma of unripe apples, derive from the catabolism of either fatty acids or of the aliphatic 

branched-chain amino acids such as leucine, isoleucine and valine (Rowan et al., 1996). More 

than 25 aldehydes were reported in apple (Dimick et al., 1983), with hexanal, trans-2-hexanal 

and butanal as the ones with the highest concentration (Espino-Díaz et al., 2016). The reduction 

of aldehydes by the enzyme alcohol-dehydrogenase (ADH) leads to the formation of alcohols 

(Bartley and Hindley 1980). In particular, linear alcohols derived from the catabolism of fatty 

acids, while branched amino acids are the precursor of branched alcohols. The most abundant 

alcohol components affecting ripe apple aroma are: 2-methyl-1-butanol, 1-butanol, 1-hexanol, 

1-propanol and 2-methyl-1-propanol (Espino-Díaz et al., 2016). In apple, at maturity stage, 

alcohols range from 6 to 16% of the total VOCs composition. Esters, the most abundant VOC 

in ripe apple, are derived from alcohols through the action of the alcohol acyltransferase (AAT) 

enzyme that transfers an acyl group from acyl-CoA to the hydroxyl group of the alcohol. In ripe 

apple esters relative frequency can vary from 80% (measured in Golden Delicious) (López et 

al., 1998a) to 98% (in Stark Delicious (López et al., 1998b), confirming their role in the aromatic 

bouquet of apples.  

Breeding for fruit with improved aroma characteristics represents an intriguing challenge 

for breeders and researchers. Breeding for such trait requires a deep understanding of the 

VOCs biochemistry and their genetic regulation together with sophisticated equipment for 

phenotyping. Moreover, selection for other agronomical or quality traits such as yield, fruit size 

and fruit firmness might have negatively affected fruit flavour since this characteristic was not 

usually taken into consideration during the selection process. Towards the improvement of the 

fruit quality in apple, novel ad-hoc breeding programmes should be designed and supported by 

the use of markers to combine, through a DNA-guided selection, storability features ensuring a 

long-term shelf-life and favourable flavour. Several studies have been carried out to shed light 
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on the genetic regulation of aromatic compounds. The role of AAT in flavour formation in 

particular has already been described in several species such as strawberry (Aharoni et al., 

2000), banana (Beekwilder et al. 2004) and melon (El-Sharkawy et al., 2005). In apple the role 

of this gene in esters production was also confirmed by several QTL-based studies (Dunemann 

et al., 2012; Cappellin et al., 2014;Both et al., 2017).  

One of the aspects that hampered the set-up of specific breeding programmes designed 

to improve the aromatic profile of novel cultivars is the lack of devices for fast, not expansive 

and reliable phenotyping (Cappellin et al., 2014). One of the most used instruments for VOCs 

phenotyping is a SPME-GC-MS (Solid Phase Micro Extraction · Gas Chromatography · Mass 

Spectrometry). This device represents a valuable analytical instrument although the 

phenotyping process remains laborious and time-demanding making this device not suitable for 

high-throughput screening. To overcome this limitation a PTR-MS (Proton-Transfer Reaction - 

Mass Spectrometry) has been employed for phenotyping (Lindinger et al., 2005). This 

instrument is characterized by a high throughput assessment due to the direct injection of VOCs, 

although its analytical determination of each distinct compound is not such accurate as a 

standard GC-MS. (Zini et al., 2005). Recently a new generation of PTR-MS was made available 

(Jordan et al., 2009) implementing a time-of-flight mass analyser (ToF), PTR · ToF · MS. This 

device combined the time-effectiveness of a PTR-MS with a much higher analytical accuracy (~ 

6000 times higher with respect to the PTR-MS). PTR-ToF_MS was already successfully 

employed in QTL discovery studies in apple (Soukoulis et al., 2013; Cappellin et al., 2014; 

Farneti et al., 2015a; Farneti, et al., 2015b). 

 



 

General Introduction 

21 

7) Scope and thesis outline 

This thesis provides novel insights on the genomic regions and candidate genes 

underlying traits related to fruit quality that are of economic importance in modern apple 

breeding.  

In Chapter 2 ASSIsT, a novel software for efficient calling and filtering of SNPs from 

Illumina Infinium arrays is presented. This software is developed to filter SNPs according to their 

performances and can be employed in the analysis of different population types such as full-sib 

families (backcross, F1, F2 and cross-population) and unrelated individuals. Three-allelic SNPs 

(caused for example by null alleles) are detected and their genetic call is re-edited taking into 

account a multi-allelic genetic model. 

In Chapter 3 the dynamics of fruit firmness QTL is assessed over post-harvest storage 

using a pedigree based analysis (PBA) QTL discovery approach with 24 full-sib families using 

penetrometer data. Phenotypic data came from four different storage periods from harvest to 4 

months of cold storage during three consecutive years. 

In Chapter 4 a different phenotyping approach was used to dissect and distinguish fruit 

texture into mechanical and acoustic parameters. Phenotypic data were assessed using a 

TAXT-AED texture analyser that measures both the mechanical and acoustic component of fruit 

texture on 6 full-sib families (and their ancestors) and on a germplasm collection. The genomic 

regions involved in both fruit texture components were detected through two statistical 

approaches and experimental designs. The first is represented by a PBA analysis, while the 

second is a genome-wide association study (GWAS). 

In Chapter 5 the interplay between fruit texture and aroma profiles was investigated 

through a GWAS approach on a germplasm collection. The entire apple ²volatilome³ was 

measured using a PTR -ToF -MS device coupled with an artificial chewing device, while fruit 

texture was measured using TAXT-AED texture analyser. 

Finally, in Chapter 6 the results from the experimental chapters are integrated and 

related to the current knowledge of fruit firmness and aroma regulation. Furthermore, use and 

implications of MAB in apple breeding are discussed and future perspectives are delineated.  
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Abstract 

ASSIsT (Automatic SNP ScorIng Tool) is a user-friendly customized pipeline for efficient 

calling and filtering of SNPs from Illumina Infinium arrays, specifically devised for custom 

genotyping arrays. Illumina has developed an integrated software for SNP data visualization 

and inspection called GenomeStudio® (GS). ASSIsT builds on GS derived data and identifies 

those markers that follow a bi-allelic genetic model and show reliable genotype calls. Moreover, 

ASSIsT re-edits SNP calls with null alleles or additional SNPs in the probe annealing site. 

ASSIsT can be employed in the analysis of different population types such as full-sib families 

and mating schemes used in the plant kingdom (backcross, F1, F2), and unrelated individuals. 

The final result can be directly exported in the format required by the most common software 

for genetic mapping and marker-trait association analysis. ASSIsT is developed in Python and 

runs in Windows and Linux. 

Availability: The software, example data sets and tutorials are freely available at 

http://compbiotoolbox.fmach.it/assist/ 
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Introduction  

Advances in whole genome genotyping (WGG) technologies enabled the investigation 

of several hundred thousand SNP markers simultaneously on a genome-wide scale. To date, 

Illumina (GoldenGate® and Infinium®) and Affimetrix (Axiom®) are the most widely used array-

based genotyping platforms worldwide. Illumina has developed GenomeStudio®, a proprietary 

software with a graphical user interface (GUI) for SNP data visualization and filtering that 

enables the selection of high-quality markers showing robust performance across the examined 

germplasm. However, the actual filtering of such SNPs requires a deep understanding of the 

performance of SNP markers, genetic segregation patterns, and familiarity with the many tools 

and parameters in GenomeStudio® (GS). ASSIsT accounts for this by offering a user friendly, 

automated pipeline that builds on the results of Illumina³s GenCall algorithm (Kermani. 2006) as 

incorporated in GS. 

In addition to filtering, ASSIsT also re-edits GS-calls in order to better explore the 

available information for SNPs showing null alleles or additional SNP clusters due to additional 

polymorphisms at the probe annealing site. This re-editing enhances correct SNP calling and 

reduces unnecessary removal of potentially valuable markers 

Methods 

The analysis and selection of SNPs performed by ASSisT is based on the calls produced 

by Illumina³s GenCall algorithm (Kermani 2006). A two tiers approach that employs a bi-allelic 

genetic model, and then a tri-allelic model is used to classify SNPs on the basis of their real 

performance on examined germplasm. The tri- allelic model is used to describe more complex 

segregation patterns due to null-alleles or alleles with variable signal intensity due to additional 

SNP, as the bi-allelic genetic model used by GS cannot account for such polymorphisms 

(Troggio et al. 2013; Gardner et al. 2014; Pikunova et al. 2014; Bassil and Davis et al. 2015). In 

this case, ASSIsT may re-edit GS-calls by applying de novo filters using the original light 

intensity data and the segregation patterns in the germplasm.  

Results 

ASSIsT supports the analyses of different population types, such as full-sib families (e.g. 

human, livestock, cross pollinating plants), mating schemes common in plants (backcross, F1, 

F2), and individuals with unknown genetic relationships. ASSIsT³s Graphical User Interface 

(GUI) allows easy parameter setting and provides a visual output of the SNP clustering analysis. 

The results produced by ASSIsT can be directly exported to the input format of the most widely 

used software for genetic and marker-trait association analysis (FlexQTLTM, GAPIT, JoinMap®, 
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PLINK, Structure and Tassel). This straightforward integration will improve marker performance 

in association and QTL mapping studies. ASSIsT is developed in Python (www.python.org). Its 

source code is released under the GNU General Public Licence (GNU-GPLv3) to allow its 

integration into bioinformatic pipelines. 

ASSIsT requires three input files: a pedigree file in which the parents of each sample are 

reported and two standard report files from GS (²Final Report³ and ²DNA Report³). The two GS 

reports are standard output of commercial service companies; therefore, ASSIsT does not 

necessarily require access to GS. A map file with the genetic or physical position of the markers 

may also be included. This information is mandatory for exporting results in Structure or PLINK 

formats. 

ASSIsT allows pre-selection of the stringency of the filtering procedure by customizing 

the following parameters: (i) Proportion of missing data, (ii) Call Rate threshold, (iii) Segregation 

distortion (ʋ2 P-value), (iv) Frequency of not allowed genotypes (structured germplasm) and (v) 

Minor Allele Frequency. 

The first step of the filtering analysis is a quality check of the individuals; samples with a 

high proportion of unexpected marker genotypes due to outcrossing, different ploidy levels, and 

DNA admixture, among other causes, are considered deviating germplasm and further excluded 

from the analysis. Samples with poor DNA quality (call rate significantly lower than the average 

of the dataset) will not be considered in the analysis either. All discarded samples are listed in 

the ²summary³ output file. 

Only ´robustµ markers, (i.e., those showing a clear cluster separation and few No Calls) 

are allowed through the initial filtering. These markers can show two (one homozygous and one 

heterozygous) or three clusters (two homozygous and one heterozygous). For some markers, 

the AB cluster might result in two distinct sub-clusters, due to additional SNPs at the probe site, 

which may lead to differential hybridization efficiency and to distinct classes of signal intensity 

within a marker allele. The variation in signal intensity, generally ignored by GS, is considered 

by ASSisT instead. For instance, a cross between two heterozygous parents generates three 

genotype clusters at a single locus (e.g., CT×CT produces ¼CC + ½CT + ¼TT). When one 

allele (let us say T) shows two distinct intensity classes, it may be interpreted as CT×Ct, which 

gives ¼CC + ¼CT + ¼Ct + ¼Tt. The discernment between the two heterozygous classes (CT 

and Ct) makes this marker fully informative in inheritance studies, where as ²classical³ 

heterozygotes are not informative in the generation of genetic linkage maps as it is not possible 

to determine the parental origin of the alleles. Additional SNPs in the probe, as well as INDELS 

(Pikunova et al. 2014), may also give rise to null alleles, due to the lack of signal in one of the 

DNA templates, which results in additional clusters. GS cannot currently account for this 

http://www.python.org/
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scenario; thus, informative markers are lost. Conversely, ASSIsT succeeds in the analysis of 

the majority of such markers (A0×A0, A0×00 and A0×B0), allowing a more efficient marker 

calling.  

All the above-mentioned SNP classes are suitable for the generation of genetic linkage 

maps or for marker-trait association studies. Discarded markers are grouped according to their 

performance considering absence or severe distortion in segregation, presence of not allowed 

genotypes in segregating families, and number of No Calls. 

ASSIsT has been used to analyze SNP markers of several bi-parental full-sib families 

and germplasm of apple (Bianco et al. 2014), peach, melon and grape. For each family, 

approximately 99% of the ´approvedµ (those that passed the filtering procedure) SNPs showed 

to have high quality data as they integrated smoothly in the generation of high-quality genetic 

linkage maps. The remaining 1% presented several types of issues, largely related to the 

presence of paralog loci where the AB cluster was too close or even merged to one of the two 

homozygous clusters. 

ASSIsT thus proved to be an effective tool for genotyping studies as it allows to easily 

filter informative and well performing SNP and to recover potentially useful SNPs from indels or 

regions of high sequence divergence, feeding them directly to the most common downstream 

analysis tools through its easy interface. 
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ASSIsT is a tool for efficient filtering of Illumina Infinium/BeadExpress based 

SNP markers. This software can analyse different types of experimental populations: 

Cross-pollinated (CP · F1), Back Cross (BC), F2 and collections of unrelated individuals 

(Germplasm). It is possible to export the filtered data in several formats according to the 

most widely used software for marker-trait association analysis. 

1 Getting started  

ASSIsT is written in Python; therefore, it can run virtually in any platform with python 

installed.  

1.1 Availability  

Source code and Windows executables (built using pyinstaller) are available for 

download at:  

 ¶ http://compbiotoolbox.fmach.it/assist  

 ¶ http://bioinformatics.tecnoparco.org/fruitbreedomics/assist-tool  

 

 When using ASSIsT, please cite: Di Guardo and Micheletti et al. 2015, referenced as: 

Di Guardo M, Micheletti D, Bianco L, Koehorst-van Putten HJJ, Longhi S, Costa F, Aranzana 

MJ, Velasco R, Arús P, Troggio M, van de Weg EW (2015) ASSIsT: An Automatic SNP ScorIng 

Tool for in- and out-breeding species. Bioinformatics, DOI: 10.1093/bioinformatics/btv446  

1.2 What³s new in version 1.02  

¶ Fixed the shift of two individuals in the gtypes.csv output file with Germplasm population 

type. 

 ¶ Added the ability to deal with crosses derived from self-pollination.  

1.3 Installing ASSIsT  

The Windows executables is distributed as a zip archive. It not necessary to install 

ASSIsT, just extract the ASSIsT_Windows.xx.zip archive (xx is the version number).  

 The source code is a collection of Python scripts. They can be executed from any 

operating system with Python 2.7 installed. The following additional Python modules are needed 

to run the software:  

 ¶ PyQt4 (v.4.8 or higher)  
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 ¶ NumPy (v.1.8 or higher)   

 ¶ matplotlib (v.1.3 or higher)  

 ¶ SciPy (v.0.14 or higher)  

1.4 Running ASSIsT  

 In Windows, double click on ASSIsT.exe to start ASSIsT. To run ASSIsT from the source 

code, execute ASSIsT.py from a command line shell.  

 

 

 

Figure 1: ASSIsT layout. 
 

 The analysis starts by loading the four input files (GenomeStudio® Final Report, Genome 

Studio® DNA Report, pedigree, and map file) using the Select button. Example data files are 

available at the previously mentioned web-pages. Example data are provided for Cross 

Pollinators (CP) and F2-germplasm (F2 for inbreeding crops). Please note that the map file is 

not mandatory. To load the files, click on and select the appropriate input file or enter the file 

name (with the full path) in the text box.  
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Figure 2: Menu opened by clicking on the Select button 
 

After the Input files are correctly imported, it is necessary to set up the filtering 

parameters by clicking on the Set button. The first parameter to set is the population type (²CP 

(F1)³, BC, F2 or Germplasm) and then the related statistical and germplasm parameters (see 

below for details).  



 

Chapter 2 

42 

 

Figure 3: Dialog to select analysis parameter. 

 

  When this step is completed, the Run button becomes available, and the analysis can 

be performed by clicking on it.  

  At the end of the analysis, it is possible to choose the files to export by clicking Export. 

Some outputs provide more detailed information on the performance of the filtering analysis 

itself, e.g., ´Summaryµ, ´Custom gtypesµ, ´Custom SNP information tableµ and ´Custom Mendel 

error reportµ.  
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Figure 4: Dialog to select the files to Export. 
 

  Additionally, it is possible to export the results in additional formats (JoinMap®, PLINK, 

HapMap, FlexQTLºDataPrepper and STRUCTURE) that can be used as inputs to third-party 

programmes.  

  Note: Through the export section, a customized prefix can be added to the names of 

the output files.  

2 Input files  

Sample and marker names have to be consistent in all 4 input files.  

Genome Studio Final Report: Using the Report Wizard (Open GenomeStudio® Ÿ 

Analysis Ÿ Reports Ÿ Report wizard), select Final Report, and press Next. On the following page, 

use the ´redo with the best 10th Percentile GC Scoreµ option, and press Next. If some samples 

have been excluded from the GenomeStudio® project you need to remove or zero-out your 

sample in the report. Make your choice according to how you want to account the excluded data 

and press Next (if no samples have been excluded from GenomeStudio® project this page is 

not displayed). The format of the Final Report must be set to ´Standardµ (the other choices are 

´Matrixµ or ´3rd Partyµ). The Final Report should include the following columns (in the specified 

order):  
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1. SNP Name  

2. Sample ID  

3. Allele1 - Top (or Allele1-AB or Allele1-design, depending on  the desired type of output)  

4. Allele2 - Top (or Allele2-AB or Allele2-design, has to be in line with the choice for 

allele1)  

5. GC Score  

6. GT Score  

7. Theta  

8. R  

 

Select Group by SNP (and not by ´sampleµ). In General Option, select ´Tabµ as the field 

delimiter. Press Next, and select the folder in which the file has to be stored, and enter its name. 

Press Finish.  

DNA Report: Using the Genome Studio Report Wizard (see the above section on the 

GenomeStudio® Final Report) select DNA Report. Press Next once or twice (twice if there are 

excluded samples in the GenomeStudio® project). Use the redo with the best 10th Percentile GC 

Score option and press Next once or twice. Finally select SampleID.  

Pedigree: The pedigree file is composed of 3 columns: The first contains the list of 

individuals to analyse, while in the second and third columns, the female and male parents are 

reported. Be aware that this order (sample, mother, father) is important for some of the output 

files and that the only compulsory column is the first. In case of populations derived from a self 

pollination write both in second and third column the name of the selfed parent. Tabulation 

(´tabµ) must be used as the field delimiter. The file must also include the following header row: 

//SampleID Mother Father 

Sample names should not include white spaces (blanks) or special characters (non-

ASCII symbols, http://it.wikipedia.org/wiki/ASCII).  

 

Map file (Optional): The map file specifies the physical or genetic coordinates of the 

Genotyped SNPs. This file must include three columns: the SNPid, the chromosome, and the 

position. The position can be expressed in base pairs (bp), Megabase (Mb), or centiMorgan 

(cM). The following file header line is necessary:  

//SNPid Chromosome Position 
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3 Customizable parameters  

Population type: Type of population analysed. The possible choices are ²CP (F1)³, 

²BC³, ²F2³ and ²Germplasm³. The Back-cross (BC) population is analysed as Cross-pollinated 

(CP) population, as the segregation types are the same (ABxAA or ABxAB and occasionally 

ABxAC=EFxEG). This tool does not make any assumption on the Grand-parental origin of the 

alleles. If the populatin type is ´CP (F1)µ or ´BCµ and the two parents name are identical ASSIsT 

consider the population as derived from a self-pollination and the data of the parent are 

duplicated to simulate two independent individuals.  

Allowed missing data: Frequency of allowed missing data (No Call) by SNP and by 

individuals. The default value is 0.05. Range [0,1].  

Call Rate tolerance: Maximum tolerance for the distance between an individual call 

rate and the analysed population mean. This parameter is used to exclude individuals (rather 

than SNP markers) for which too many SNPs could not be called. The default value is 0.1. 

Range [0,1]  

p-Value (Chi-sq) segregation distortion: p-value of the Chi-squared test to test the 

allelic segregation. This check is based on the Hardy-Weinberg equilibrium test for unstructured 

germplasm or the expected and observed segregation ratio³s when bi-parental populations are 

analysed. The lower the threshold, the more distortion is allowed. The default value is 0.001. 

Range [0,1].  

Unexpected genotype threshold per individual: Proportion of allowed 

unexpected genotypes for each individual (Trio³s Mendel Errors). This parameter is applied at 

a very final stage of the filtering process, after having accounted for "AB- sub-clusters and Null 

alleles" (see below) and is used to exclude individuals that have high probability to be not true 

to type or that have erroneous pedigree records. The default value is 0.003. Range [0,1].  

Unexpected genotype threshold per SNP: Proportion of allowed unexpected 

genotypes for each SNP (Trio³s Mendel Errors). Unexpeced calls will be made missing as long 

as their proportion does not exceed this threshold. When the threshold is exceeded, this SNP 

will be excluded. Note that this option is only available when Population Type ´CP (F1)µ, ´BCµ or 

´F2µ is selected. The default value is 0.05. Range [0,1].  

Frequency rare allele: Maximum frequency to define an allele as rare. Note that this 

option is only available when Population Type ´Germplasmµ is selected. The default value is 

0.05. Range [0,1].  
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Parents: Parents (²CP (F1)³, BC) or grandparents (F2) of the analysed experimental 

population. This parameter is used to specify which segregating family will be analysed. Note 

that this option is not available when germplasm is selected as Population type.  

Individuals to exclude: It is possible to select the individuals to remove prior to the 

filtering analysis.  

Number of chromosomes: Chromosome number of the species in the analysis. 

Since the tool was developed for apple, the default value is 17.  

AB sub-clusters & Null alleles: Find and score markers with the AB cluster split into 

two sub-clusters and markers that show a null-allele. Note that this option is only available when 

Population Type ²CP (F1)³ or ²BC³ is selected.  

4 Output files format  

summary.txt: Gives an overview of the assay performances both by markers (number 

of markers for each class) and by individuals (number of samples analysed and list of individuals 

that did not pass the quality check: outcross or individuals with poor DNA quality). Moreover, it 

presents the data and parameter settings that were used for the analyses.  

gtypes.csv: Custom file reporting the genotypes of all the successfully genotyped 

SNPs for each individual in the pedigree file. Each row represents a SNP. The individuals of the 

analysed population are sorted lexicographically, and the identified outcrosses are reported at 

the end of each row. The file contains the following information: SNP name (SNP id), 

Chromosome (Chr) position (Pos), Classification of SNP performance (Classification), Number 

of No Calls (Missing), number of individuals for each genotype (HomozygousNull, Hom1, Het1, 

Het2, Hom2), Chi-Squared p-value and the genotypes for each individual analysed. Note that 

Hom stands for homozygous (AA or BB), Het for heterozygous (AB, Ab, aB, AO, BO) and 

HomozygousNull for the contemporary presence of a null allele in both chromosomes (OO). O 

is used to indicate a null allele while a lowercase a or b indicates the presence of an additional 

SNP at the A or B probe site, respectively.  

mendel_error.tsv: For each unexpected genotype, the individual involved is specified 

together with the genotypes of the two parents and the marker name (only for ´CP (F1)µ, BC or 

F2, and for the SNP that passed filtering).  

snp_table.csv: Reports the segregation and classification information for each SNP 

(excluded and included). Each line reports the information for a single SNP in the following 

order: SNP id, genetic position (Chr and Pos), whether the marker has been exported 
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(Exported), Classification of SNP performance (Classification), number of missing values 

(Missing), number of individuals for each allelic class (HomNull, Hom1, Het1, Het2, Hom2), Chi-

Squared pvalue. The genotype of the parents (GT Par1, GT Par2) is reported only when an 

experimental population is analysed, while the minor allele frequency (MAF) information is 

provided only when a Germplasm set is analysed. Het2 represents the second heterozygous 

state and is present only for the SNPs with AB cluster showing a significant split in two sub-

clusters or for the A0 x BO cross.  

joinmap.loc: Input file for JoinMap®. This file is created only for the CP population. More 

details on the file format are available on the JoinMap® user manual beginning on page 46. This 

file contains only the ´approvedµ markers while the ´discardedµ markers are left out.  

FlexQTL DataPrepper: This output is helpful when preparing an input file for 

FlexQTLº. 

PLINK: Creates the ped and map file that can be used as an input for PLINK (Purcell et 

al. 2007); this file includes all the SNPs that pass the quality filtering. Details on the file format 

can be found at pngu.mgh.harvard.edu/ purcell/plink/data.shtml.  

HapMap: creates a file including all the SNPs that pass the quality filtering. File format 

specifications can be found at www.broadinstitute.org.  

Structure: Input file for Structure. The file includes two header lines with the marker 

position and the relative distance between them. Each individual is stored in a single line. The 

missing data are coded as ²-9³, while the nucleotides are stored as digits (1=A, 2=C, 3=G, 4=T).  

5 SNP classification  

A pre-screening of the fully genotyped germplasm is performed to identify poorly 

performing SNPs and individuals with low DNA quality. In this first phase, all the SNPs showing 

more than 75% of NoCall in GenomeStudio® are classified as Failed and excluded from further 

analysis. Additionally, the accessions showing a CallRate lower than the average CallRate 

minus the ´Call Rate toleranceµ are also excluded. The remaining SNPs are further classified 

based on their performances on the accessions from the pedigree file.  

Robust: All the successfully genotyped SNPs in which the segregation follows 

Mendelian rules and the number of NoCall is lower than the maximum allowed in the dataset. 

In ´CP (F1)µ and ´BCµ populations, the SNPs can be segregated into two or three clusters 

depending on the parent genotype (AAxAB and ABxAB). In ´F2µ and ´Germplasmµ, populations, 

the SNPs show three clusters with a not significant p-value for the Chi-squared test. 
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Figure 5: Plot of a Robust SNP. 

 

NullAllele-Failed: This class may appear when ²AB sub-clusters & Null alleles³ is set 

to ²Off³. NullAllele-Failed are the SNPs in which the frequency of the HomozygousNull genotypes 

(No Call with an intensity of the luminous signal, R, lower than the threshold for null-alleles) is 

higher than the ²Unexpected genotype threshold per SNP³ in ²CP (F1)³, BC or F2 or higher than 

the ²Frequency rare allele³ in ²Germplasm³. When ²AB sub-clusters & Null alleles³ is set to ²On³ 

the NullAllele-Failed are the SNPs in which the frequency of HomozygousNull exceeds the 

²Unexpected genotype threshold per SNP³, or for null-allele including segregation patterns that 

ASSIsT does not account for (see last page of the manual), or when the segregation is too 

skewed (Chi-squared p-value lower than the maximum allowed distortion) to fall in 

Null_2_Clusters or Null_4_Clusters. 
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Figure 6: Plot of a NullAllele-Failed SNP. 

 

Null_2_Clusters: SNPs fall in this category if the frequency of homozygous Null 

genotypes is higher than the ²Unexpected genotype threshold per SNP³ and if the frequency of 

one of the homozygous as well as heterozygous classes are lower than the ²Unexpected 

genotype threshold per SNP³. The presence of the null allele is coded with ²O³. According to the 

genotypes of the two parents it is possible to distinguish two different classes of markers: If 

parents are AO x OO, half of the offspring will be AO and half will be OO. If both parents are 

AO, one quarter of the offspring will be AA, half will be AO and one quarter will be OO. AA and 

AO clusters are often partially or totally merged so ASSIsT will score the marker according to 

the presence/absence of the A allele in the offspring. This re-calling analysis results in two 

genotype configurations: A- (the second allele is not specified as it is not possible to determine 

whether the genotype is AA or AO). This class can be present only in ²CP (F1)³ and ²BC³ 

populations when ²AB sub-clusters & Null alleles³ is set to ²On³. Note that ASSIST does not 

account for crosses of type AB x OO or AB x AO. 
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Figure 7: Plot of a Null-one-parent 2 Clusters SNP. 
 

Null_4_Cluster: SNPs fall in this category when the frequencies of AA, AB, BB and 

HomNull (Both chromosomes with null allele) are higher than the ²Unexpected genotype 

threshold per SNP³ and one of the parents is initially called AA and the other BB. Based on the 

observed segregation pattern of the family (1/4 AA: 1/4 AB: 1/4 BB: 1/4 OO), these parents are 

recoded as AO and BO, and their progeny is recoded as AO, AB, BO and OO, respectively. 

This class can be present only in a ²CP (F1)³ and ²BC³ population when ²AB sub-clusters & Null 

alleles³ is set to ²On³.  

 

 

Figure 8: Plot of a Null-two-parents 4 Cluster SNP. 
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AB_2_sub-clusters: The separation of the AB cluster into two distinct sub-clusters is 

tested when the ²AB sub-cluster & NullAllele³ option is activated. The presence of 2 sub-clusters 

within the AB genotypes is assessed by looking at the presence of one gap in the derivatives of 

the distances between the Theta of a contiguous data point. To exclude spurious separation at 

the lower or higher bound of the AB cluster, please be aware that the derivate is computed after 

a 10% trim of the extreme values of Theta. The separation is accepted when less than three 

consecutive values are over 2 * 95th percentile of the derivative distribution. This class can be 

present only in the ²CP (F1)³ and ²BC³ populations.  

 

Figure 9: Plot of a AB 2 sub-clusters SNP 
 

OneHomozygRare_HWE: The SNPs are classified as ²OneHomozygRare_HWE³ 

when the frequency of one homozygote cluster is lower than the threshold for the ²Frequency 

rare allele³ but the proportions of the three genotype classes respect the Hardy-Weinberg 

equilibrium. This class can be present only in the ²Germplasm³ population. In this case the 

²Frequency rare allele³ is actually used as genotype frequency and not as allelic frequency to 

warn the users about the presence of clusters comprising few individuals. This situation in some 

cases can hide the presence of an unspecific annealing that causes a shift of part of the 

homozygote cluster at higher or lower Theta values in correspondence to the heterozygote 

cluster.  

OneHomozygRare_NotHWE: The SNPs are classified as ²OneHomozygRare_ 

NotHWE³ when the frequency of one homozygote cluster is lower than the threshold for the 

²Frequency rare allele³ and the proportions of the three genotype classes does not follow the 

Hardy-Weinberg equilibrium. This class can be present only in the ²Germplasm³ population. In 

this case the ²Frequency rare allele³ is actually used as genotype frequency and not as allelic 
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frequency to warn the users about the presence of clusters comprising few individuals. This 

situation in some cases can hide the presence of an unspecific annealing that causes a shift of 

part of the homozygote cluster at higher or lower Theta values in correspondence to the 

heterozygote cluster.  

 

 

Figure 10: Plot of a OneHomozygRare_(Not)HWE SNP 
 

Monomorphic: The SNPs are classified as False-SNP when a single Genotype class 

is present and its frequency is higher than the rare allele frequency threshold.  

 

Figure 11: Plot of a Monomorphic SNP. 
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DistortedAndUnexpSegreg: The segregation in the full-sib families shows a severe 

skewedness (Chi-squared p-value higher than the value set in the parameters), or one of the 

genotype classes is missing in a ´Germplasmµ population, or a genotype class occurs which is 

not supported by the parental genotypes. This could be due to for instance a AB x AO marker.  

 

Figure 12: Plot of a Distorted SNP. 
 

OneClassMissing: In an ´F2µ population, SNPs fall into this class when one of the three 

genotypes has a frequency lower than the rare allele frequency threshold.  

 

Figure 13: Plot of a oneClassMissing SNP. 
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ShiftedHomo: In a ´Germplasmµ population, SNPs are classified as ShiftedHomo 

when one of the two homozygous classes are absent. This is normally due to an unspecific 

annealing that causes a shift of the cluster at higher or lower Theta values, depending on the 

allele that is the concern of the paralogy.  

 

 

Figure 14: Plot of a shiftedHomo SNP. 

 

Failed: All the SNPs that show a high rate of no-call, that have a mean signal intensity 

<0.4 or that do not fall in any other class are classified as Failed 
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\  

Figure 15: Plot of a Failed SNP 

 

6 Prospects for further development  

To our knowledge ASSIsT is the first software that identifies and calls null-alleles from 

SNP markers. The parental SNP-genotype combinations considered are AO x AO, AO x OO 

and AO x BO. The combinations AB x AO (case (a)) and AB x OO (case (b)) do show equally 

good prospects based on our results on SNP that were filtered and called using Excel based 

procedures developed in-house. These were not incorporated into ASSIsT due to time 

constraints. Currently, neither GenomeStudio® nor ASSIsT supports automated calling of SNP 

for which one of the clusters for homozygous individuals (AA or BB) is in between x=0.4 and 

x=0.6, which is true for part of the paralogous SNP. Part of these SNP markers do show three 

well separated clusters (case (c)), and thus have good prospects for calling through alternative 

procedures. Another useful extension could be the further classification of excluded markers. 

Currently, markers with non-allowed genotypes and markers with segregation distortion are 

both assigned to the class "Distorted and unexpected segregation". 
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(a) AO x AB Ÿ 1/4 AO + 1/4 AA + 1/4 AB + 1/4 B0 

 

 

 

(b) OO x AB Ÿ 1/2 AO + 1/2 BO 
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(c) AB x AB Ÿ 1/4 AA + 1/2 AB + 1/4 BB 
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Abstract 

The quality of fruit is represented by a series of physiological and biochemical 

modifications occurring throughout the entire process of fruit development, until the onset of fruit 

ripening. Among several phenomena, the cell wall degradation is certainly one of the most 

evident aspects, finally leading to fruit softening. Although a loss of firmness is necessary to 

enable the fruit to become more palatable and attractive, an excessive softening also generates 

severe fruit decay, especially during postharvest storage. To dissect the genetic control of fruit 

firmness in apple during postharvest storage, the multi-family QTL discovery approach named 

Pedigree Based Analysis (PBA) was used, employing 24 bi-parental families connected by a 

common pedigree structure. The association between fruit firmness, assessed over four 

postharvest treatments, from harvest to four months of storage, and 7112 SNP markers, further 

assembled into 1113 haploblocks, resulted in the identification of ten QTLs distributed on eight 

linkage groups. Three QTLs were common to all storage periods (FF-LG10b, FF-LG14 and FF-

LG15), five were common for two to three periods (FF-LG1a, FF-LG1b, FF-LG3, FF-LG6 and 

FF-LG10a) while two QTLs were highly specific to harvest (FF-LG11) or four months of storage 

(FF-LG16). Candidate genes were identified for some of these QTLs, including MdPG1 for the 

common and strong FF-LG10b QTL. 

The comparison of the QTL pattern unravelled a QTL dynamic over storage, shedding 

light on the specific genetic control ongoing during storage and shelf life. The IBD (Identity by 

Descent) analysis allowed tracing the QTL-allele flow over the pedigree, defining specific 

breeding signatures for each individual highlighting in particular the effect of HB-10-32, a 

haplotype related to the MdPG1 gene and coincident with the major QTL for fruit texture. The 

different impact on the phenotype of two types of markers, SNP and haplotype is shown and 

their properties in breeding programs towards a more informative and accurate assisted 

selection of the most favourable fruit quality features are discussed. 
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Introduction 

Change in fruit firmness is the physiological result of important modifications occurring 

in the primary cell wall and middle lamella (Hadfield and Bennett, 1998; Rose and Bennett, 

1999; Brummell, 2006). These structures, made up of cellulosic microfibrilles embedded into a 

hemicellulosic matrix (mainly xyloglucan), are continuously disassembled by reversible and 

irreversible degradation processes operated by a myriad of cell wall modifying proteins, 

encoded by multi-gene families (Rose et al. 1998; Cosgrove 2000; Brummell and Harpster 2001; 

Powell et al. 2003; Nishiyama et al. 2007; Bennett and Labavitch 2008). Loss of firmness is one 

of the most important and evident processes taking place during fruit maturation in both 

climacteric and non-climacteric fruits (Giovannoni, 2001). 

 In apple, firmness plays a fundamental role in the definition of fruit quality, for two basic 

reasons. Firstly, firm fruits are more prone to a better and favourable postharvest performance 

including storability. This aspect is of economic relevance, since storability determines the 

economic life-time of harvested fruit. On the other hand, a favourable firmness and crispness is 

nowadays preferred by consumers, whereby soft and mealy apples are generally associated 

with lower quality (Harker et al., 2003; Costa et al., 2011, 2012). To this end, in the last decades, 

fruit firmness became one of the most investigated topics in apple, as well as in many other fruit 

species. To unravel its complex genetic base, several QTL discovery studies have been carried 

out. QTL mapping is widely accepted as a valuable strategy to unravel the genetic architecture 

of a trait. Both QTL analysis based on bi-parental populations and association studies on 

functional markers in cultivar collections enabled the tracing of important candidate genes in the 

control of fruit firmness through ethylene production and cell-wall degradation, such as Md-

ACO1, MdACS1, Md-Exp7 and MdPG1 (Sunako et al. 1999; Harada et al. 2000; Oraguzie et 

al. 2004; Costa et al. 2005, 2010; Longhi et al. 2012). Diagnostic markers suitable for marker 

assisted breeding (MAB) have been identified (Harada et al. 2000; Costa et al. 2005, 2010) or 

ad-hoc developed, such as MdPG1 (Longhi et al. 2013b; Nybom et al. 2013), and used for 

further examination of their predictive value in candidate-gene based association studies (Zhu 

and Barrit 2008; Longhi et al. 2013a; Nybom et al. 2008, 2013). Their joint predictive power was 

15% of the observed variation in firmness at harvest and 18% in softening rate on a suite of 127 

cultivars of various age and origin. Cultivars with the same allelic composition for these four 

genes could still show large differences in softening (Nybom et al. 2013). This indicated that 

additional, not yet identified, genes of major effect may exist. Indeed, other firmness QTLs have 

been reported in single or multi-family QTL discovery and genome wide association studies 

(GWAS) for which no candidate genes have been proposed yet (Maliepaard et al. 1998; King 

et al. 2000, Liebhard et al. 2003; Kenis et al. 2008; Bink et al. 2014), and of which some showed 

up in multiple independent studies. Although these works shed light on the genomic regions 



 

Unravelling genome-wide QTL patterns for fruit firmness in apple  

63 

controlling fruit firmness, they provided a static and somehow simplified picture of fruit firmness 

since just one time point was considered, usually harvest (Maliepaard et al. 1998; King et al. 

2000; Liebhard et al. 2003; Kenis et al. 2008) or two months of cold storage (Longhi et al. 2013a; 

Bink et al. 2014). 

Moreover, most of the above-mentioned QTL discovery studies were based on single bi-

parental families, which can only discover those loci and alleles that segregate in the two 

examined parental cultivars, usually a subset of the genetic variability explored in breeding. 

Moreover, the size of these study populations is usually limited to up to a few hundred 

individuals, thus putting constraints on the accuracy of QTL positions. These limitations explain 

the recent interest in the use of multiple families in QTL and GWAS in apple (Kumar et al. 2012, 

2013; Bink et al. 2014; Allard et al. 2016), enlarging the number of genes, alleles and genetic 

backgrounds that may be simultaneously analysed. Recently, a new strategy known as 

Pedigree Based Analysis (PBA), has been presented as valid approach for the simultaneous 

analyses of multiple pedigreed families (van de Weg et al., 2004; Bink and van Eeuwijk, 2009). 

As this approach explores known genetic relationships, it allows the use of families from ongoing 

breeding programs. Therefore, it is possible to employ already existing germplasm, like in LD 

studies on unstructured germplasm, which is of particular interest for crops with a long juvenile 

phase and a long economic life such as apple. Dedicated software has been developed, 

FlexQTLTM (Bink et al. 2012, 2014, www.flexqtl.nl), which makes use of Bayesian statistics and 

Identity By Descent (IBD) concept to explore known genetic relationships by linking genomic 

regions of mapping families and successive generations at the molecular marker level. The PBA 

approach was developed and implemented within the frameworks of two EU-Projects: HiDRAS 

(Gianfranceschi and Soglio, 2004) and FruitBreedomics (www.FruitBreedomics.com) and the 

USDA SCRI project RosBREED (www.rosbreed.org, Iezzoni et al. 2010). QTLs have already 

been detected with this approach in several fruit species, such as cherry (Rosyara et al., 2013), 

apple (Bink et al., 2014; Guan et al., 2015; Allard et al., 2016), peach (Fresnedo-Ramírez et al., 

2015, 2016), and strawberry (Roach et al., 2016).  

Finally, besides the represented genetic diversity and germplasm size, the power of QTL 

discovery and characterization may be affected by marker density. In previous single family 

studies, genetic diversity and sample size were usually the limiting factors, whereas in the first 

PBA study on fruit firmness in apple, marker density put a serious constraint on the detection 

power, as the ~1300cM genome of over 1347 individuals was represented by just 87 SSR 

markers (Bink et al., 2014).  

In this study, we report QTL results from a PBA analyses on four different post-harvest 

storage periods using an experimental scheme of 24 full-sib families and a genome-wide high-

http://www.wageningenur.nl/en/show/FlexQTL.htm
http://www.fruitbreedomics.com/
http://www.rosbreed.org/
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density SNP set from a 20K InfiniumÑ SNP array (Bianco et al. 2014). QTLs that are either 

stable along the different storage periods or trait-specific were detected, shedding light onto the 

genomic regions controlling changes in fruit firmness.  

Materials and Methods 

Plant material 

In this study, a total of 1216 phenotyped and genotyped individuals, represented by 1049 

progenies and 167 progenitors of 24 full sib (FS) families from the HiDRAS project 

(Gianfranceschi and Soglio 2004) were used. The progenitors included 28 direct parents, 33 

founders (of which 2 were also direct parents), and 41 individuals from intermediate generations. 

To maximize phasing of SNP markers and to allow extrapolation of obtained QTL-genotypes for 

the direct parents to a wider breeding germplasm, cultivars and four full-sib families (for which 

no firmness data were available) were added that had at least one of the above progenitors as 

parent. This included up to five additional first and second generations cultivars and selections 

from founders. Triploid individuals were a priori excluded from the analysis. 

The 24 FS families were generated by crossing 28 cultivars and selections following the 

mating scheme outlined in Supplementary Table 1. Specific cultivars have been employed in 

more than one cross, such as ²Pinova³ and ²Gala³ which served as parent in five and four 

different crosses respectively. FS families were retrieved from five different breeding programs 

ongoing in four EU countries (INRA-France, JKI-Germany, RCL-Italy, RIPF-Poland, SGGW-

Poland). The FS families and wider germplasm are mutually connected through a pedigree 

structure (Suppl. Fig 1).  

Phenotypic Data 

In this paper, historic phenotypic data from the HiDRAS project (Gianfranceschi and 

Soglio 2004) were used, the generation of which is described in Kouassi et al. (2009) and Bink 

et al. (2014). In short, fruit firmness was assessed with a standard digital penetrometer, which 

measured the maximum force needed to penetrate the cylindrical 1 cm probe into 7 mm of a 

peeled fruit portion. Per each individual, ten homogeneous apples were assessed on two 

opposite sites for a total of twenty measurements. Fruit phenotyping was repeated for three 

consecutive years, from 2003 to 2005, and for each experimental year fruit firmness was 

assessed at four different storage periods: at harvest (M1), after 2 months of cold storage (M2), 

after 2 weeks of shelf-life following two months of cold storage (M3), and after 4 months of cold 

storage (M4). A reference set of thirty cultivars was planted at each of five locations and used to 
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harmonize phenotypic data. Each observation was modelled as a linear function of a grand 

mean, year, location and genotype using GenStat software (GenStat Committee, 2004). The 

number of seedlings phenotyped, across the entire dataset, progressively decreased from M1 

(1049 at harvest) to M4 (893 after four months of cold storage; Table 1) due to limitations in the 

amount of fruit that could be harvested from a single seedling and due to decay during storage. 

In case of insufficient fruit availability, the initial stages were favoured. 
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Table 1. Descriptive statistics and QTL details. For each phenotyping date (Trait) the number of 
individuals (Records), the phenotypic mean ( P˃), variance (ˋ2

P) and heritability (h2) is reported. For each 
genomic region with posterior QTL intensity exceeding the posterior probability threshold the linkage 
group (LG), the genetic region of the QTL (QTL region (cM)), the length of the QTL interval (Length), the 
bin with the highest 2lnBF within the QTL (Mode), the chromosome-wise 2lnBF (Evidence 2lnBF), the 
marker more strongly associated to the QTL (Haplotype), the QTL probability (Prob) and the QTL additive 
effect size (AEt1) are also specified. 




