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Abstract 

The intense technological development in genotyping and phenotyping provided new 

tools capable of clarifying the genetics of complex polyploids such as commercial 

strawberries. 

High-throughput genotyping was applied to the case study of a F1 population 

representing the germplasm of Edward Vinson Ltd. breeding program. Thus, high-

density linkage maps were developed for the parental cultivars, Parental lines (PL) 1 

and 2. 

Secondarily, a high-throughput phenotyping protocol for strawberry fruit quality and 

yield was developed and tested. Its output was integrated in a QTL study aiming to 

understand the genomic regions underlying fruit phenotype. As a result, 54 stable loci 

associated to fruit size, shape, and colour were mapped and analysed. 

The results provide an insight to the structure of the strawberry genome and its regions 

controlling critical fruit traits. The markers, maps, and methodology developed will 

constitute a valuable resource in future genetic studies as well as commercial breeding. 
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1.1 Fragaria x ananassa 

 

1.1.1 Economic relevance 

Octoploid strawberries (Fragaria x ananassa) are the main berry crop, with a total 

production of 8 million tons in 2017 (FAO, 2020). The hybrid species is grown and 

consumed worldwide, and its production has experienced a continuous increase in the 

last 20 years. The main producers are China, with an average production of 1.8 million 

tonnes, and United States, with 1.1 million tonnes, followed by Spain, Mexico and 

Turkey, producing 311,154, 249,600 and 245,952 tonnes, respectively (FAO, 2020). 

Despite the fact that the majority of production comes from the northern hemisphere, 

there are no genetic or climatic barriers for its expansion to the southern hemisphere 

(Hancock et al., 2008). 

 

1.1.2 Biology of the species 

Strawberries comprise a group of between 15 and 20 species (Galletta & Bringhurst, 

1990; Hardigan et al., 2018; Staudt, 1989) belonging to the genus Fragaria, in the 

family Rosaceae. This family includes relevant fruit crops such as apple (Malus 

domestica Borkh), stone fruits and almonds (genus Prunus), and several berries 

included in the genus Rubus, as well as ornamental plants of commercial interest such 

as roses (genus Rosa) (Stewart & Folta, 2010). 

Strawberry plants are perennial herbaceous plants with short internodes and leaves 

assembled in a rosette (Heide et al., 2013). The species is capable of reproducing both 

sexually by seeds, and asexually via stolons (commonly known as ‘runners’). The 

growth habit is sympodial (Guttridge, 1955; Heide et al., 2013; Jahn & Dana, 1970) and 

together with the plant architecture differ among the distinct flowering habit types 

(Heide et al., 2013). 

The first description of the flowering habits of Fragaria appears in Essai sur L’Histoire 

naturelle des Fraisiers, written by Antoine Nicolas Duchesne in 1766, where the 

differences in sexual dimorphism in the flowers, as well as the interaction between 

environment and flowering behaviour, were already recorded (Liston et al., 2014). Since 

then, many authors have expanded the knowledge over the factors and processes 
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conditioning the flowering habit and studying the flowering behaviour of the existent 

genotypes.  

Despite this, classification of flowering and fruiting habits in strawberries has been 

historically controversial. The consensus in the current literature is classifying the 

genotypes as short day (‘June bearers’, ‘seasonal flowering lines’) or double-cropping 

(‘perpetuals’, ‘rebloomers’, ‘cyclic flowering strawberries’), the latter including 

everbearers, day-neutral lines, and alpine strawberries (Fragaria vesca var. 

semperflorens) (Durner et al., 1984; Galletta & Bringhurst, 1990; Heide et al., 2013; 

Nicoll & Galletta, 1987; Sakin et al., 1997; Stewart & Folta, 2010). 

The response to photoperiod is determined by genotype, temperature, and chilling 

(Stewart & Folta, 2010). Typically, floral induction occurs in short day plants under 

photoperiods of less than 14 hours, or temperatures lower than 15º (Castro et al., 2015; 

Verma, Bassil, et al., 2017). Alternatively, double-cropping genotypes initiate bud 

development under day temperatures below 30º in summer and into the autumn 

(Darrow, 1966; Hancock et al., 1999; Verma, Bassil, et al., 2017). 

 

1.2 The genome of the octoploid strawberries 

 

1.2.1 Evolutionary history of the octoploid strawberry 

Fragaria x ananassa originated in France during the XVII century, from an incidental 

cross between Fragaria chiloensis and Fragaria virginiana. Both original species were 

octoploid but had their origin in distant points of America: F chiloensis came from 

Chile while F. virginiana had its origin in the east cost of the United States (Hancock et 

al., 2008) 

Polyploidy is highly present in the genus Fragaria, whose species range from diploidy 

(2n=2x=14) to decaploidy (2n=10x=70) (Kaur et al., 2012). Unreduced gametes were 

detected in wild populations in the form of giant pollen grains reaching 1% of the total 

pollen production in F. chiloensis and F. vesca (Bringhurst & Senanayake, 1966) and 

were originally believed to be the origin of  octoploidy in the cultivated strawberries 

(Hancock et al., 1999; M. Rousseau-Gueutin et al., 2009; Staudt, 1984) However, later 

studies point to recurrent hybridization as the origin (Edger et al., 2019).  
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In addition to the enlightenment of the origin of the ploidy, the remaining species 

contributing to the genome were identified, and a model for the evolutionary origin of 

the hybrid was proposed (Edger et al., 2019). Fragaria iinumae (2x) and Fragaria 

niponica (2x), both endemic to Japan and proximal areas of China, would have 

spontaneously crossed, generating a tetraploid hybrid (4x). The area of origin of the 

tetraploid evolutionary intermediate overlaps the distribution of Fragaria viridis (2x), 

the diploid ancestor of octoploid strawberries. A new hybridization event resulted in 

Fragaria moschata (6x). The species would spread, probably crossing the Bering Strait, 

to the American continent. The third hybridization involving the hexaploid F. moschata 

and the native populations of Fragaria vesca subsp. bracheata (2x) the last diploid 

progenitor species, would have generated the octoploid ancestor which recently 

originated Fragaria virginiana (8x) and Fragaria chiloensis (8x) (Edger et al., 2019). 

 

1.2.2 Analysis of polyploid genomes 

As a consequence of its evolutionary history, Fragaria x ananassa has an octoploid 

genome, produced by the combination of the diploid genomes of four ancestors (2n = 

8x = 56). The coexistence of different sub-genomes -consequence of the increase in 

ploidy- raises the diversity in the species by combining variation among and within sub-

genomes (Kaur et al., 2012). 

Although the recent revolution in genomics produced important tools for the study of 

polyploids, the complexity of their genome restricted its study from reaching the same 

level of development as their diploid counterparts (Bourke et al., 2018). However, in the 

case of allopolyploids such as dessert strawberries, the resemblance of their genetic 

behaviour to the diploid allows the use of some tools originally developed for diploid 

species.  

The main challenge in these complex genomes resides in the correct assignment of the 

homoeologous gene copies carried by the different sub-genomes of an individual (Kaur 

et al., 2012). The ability for generating reliable and accurate genotypic data remains a 

crucial aspect of polyploid genetics and holds several difficulties such as the detection 

of multiple loci instead of the targeted locus (Mason, 2015). In addition, the allogamous 

nature of octoploid strawberries complicates the discrimination of sequence variants 

since SNPs, homoeologous sequence variations, and paralogous sequence variations can 

coincide (Kaur et al., 2012). The majority of polyploid studies base their genotyping on 
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SNP markers because of their abundance along the genome, high-throughput capacity 

and cost-efficiency (Bourke et al., 2018). SNP-based genotyping can follow a targeted 

approach by using arrays of previously identified SNP markers (known as ‘SNP chips’). 

The majority of the studies applying this approach to strawberries are based on 

Affymetrix 90 K Axiom® SNP (Bassil et al., 2015) and Axiom® IStraw35 384HT 

(Verma, Bassil, et al., 2017), although ddRad technology has also been used recently for 

generating SNPs for map construction (Hossain et al., 2019). 

Alternatively, the untargeted approach generates a set of SNPs directly from the 

sequencing data. Although the use of arrays may imply biases derived from the methods 

used for SNP discovery (Didion et al., 2012; Moragues et al., 2010) potentially they 

contain less erroneous and missing data. Besides, the analysis of the untargeted 

genotyping data requires complex curation and bioinformatic skills, and the total cost of 

the analysis is considerably greater (Jones et al., 2017; Spindel et al., 2013).   

As many different heterozygous combinations can occur in polyploid genomes, the 

minor allele count of each marker or ‘dosage’ needs to be calculated. The process of 

assigning marker dosages, known as ‘genotype calling’ remains an issue in polyploid 

genome studies and is generally performed through analysis of the population. In this 

matter, software solutions are offered by the main providers of SNP array technologies, 

Illumina (Genome Studio) and Affymetrix (Power Tools) (Bourke et al., 2018). 

 

1.2.3 Genetic and genomic studies in Fragaria x ananassa 

Meiotic behaviour of Fragaria x ananassa 

The genetic behaviour of Fragaria x ananassa have been largely in dispute. Although 

evidences of mixed segregation ratios were found in an early AFLP study (Lerceteau-

Köhler et al., 2003), SSR and RFLP analysis showed mainly disomic segregation, 

supporting the hypothesis of the diploidization of the octoploid strawberry (Ashley et 

al., 2003). The latter was supported by the results obtained in a comparative study 

between diploid and octoploid Fragaria genomes (Mathieu Rousseau-Gueutin et al., 

2008). Despite the possible existence of residual levels of polysomic segregation 

suggested by the observations, the prevalence of linkage groups in coupling/repulsion 

phase clearly demonstrated the mainly disomic meiotic behaviour of cultivated 

strawberry (Mathieu Rousseau-Gueutin et al., 2008). 
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1.2.4 Linkage maps in Fragaria x ananassa 

Linkage maps constitute the physical representation of the recombination processes in a 

species. Despite being the earliest representation of the genetic landscape (Sturtevant, 

1913) they continue being of critical relevance for genetic studies and breeding because 

of the valuable information that they provide. One of the earliest genetic maps for 

Fragaria was developed over an interspecific F2 population of 94 plants from the cross 

between Fragaria vesca f. semperflorens and Fragaria nubicola (Sargent et al., 2004). 

78 markers, including 68 microsatellites, one sequence-characterised amplified region, 

six gene-specific markers and three morphological traits were studied. Co-segregation 

analysis located 76 markers into seven discrete linkage groups. This map was later 

enhanced using 109 SSR markers in addition to 73 of the mapped markers (Sargent et 

al., 2006). 24 genetic loci at discrete positions were mapped in the previously 

characterized seven groups, and its transferability was studied in a mapping population 

derived from an F1 cross between Fragaria vesca and Fragaria nubicola (Sargent et 

al., 2007).  

The first reference map for octoploid Fragaria (Mathieu Rousseau-Gueutin et al., 2008)  

involved a F1 population originating from a cross between the elite cultivar Capitola 

and the line CF1116. In this study, a comparative genetic map between octoploid and 

diploid Fragaria species was constructed and analysed, revealing high levels of 

macrosynteny and colinearity between homoeologous linkage groups as well as 

between the octoploid and their corresponding diploid linkage groups. Evidences 

supporting the strong colinearity among subgenomes within the octoploid strawberry 

genome were found, with minor rearrangements that have occurred since the 

polyploidization events (Mathieu Rousseau-Gueutin et al., 2008; Sargent et al., 2012; 

Spigler et al., 2010; Zorrilla-Fontanesi, Cabeza, Torres, et al., 2011).  

The public release of the Fragaria vesca annotated genome (Shulaev et al., 2011) (later 

enhanced to the version 2.0 (Tennessen et al., 2014)) in addition to the growing number 

of available SSR markers enabled the development of a 549 loci linkage map (Sargent 

et al., 2012). The map was developed over a ‘Redgauntlet’ x ‘Hapil’ mapping 

population and covered 2140.3 cM over 28 linkage groups, 91% of the estimated 

strawberry genome (Sargent et al., 2012). The analysis of the map suggested the 

colinearity among diploid and octoploid Fragaria genomes, albeit inverted regions due 
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to the polyploidization process. Furthermore, highly homozygous regions were detected 

along the genome, presumable because of the intense breeding experienced by the crop. 

Allele-dose based linkage mapping (van Dijk et al., 2012) was used to construct a 

linkage map over an octoploid strawberry mapping population from the cross between 

the cultivars ‘Holiday’ and ‘Corona’ (van Dijk et al., 2014). 508 segregating SSR 

markers distributed along 28 chromosomal pairs formed the map, covering an overall 

length of 2050 cM. Analysis of the organization of the genome suggested high levels of 

synteny, except for 2 large inversions (LG2C and LG2D), the latter analysed and 

verified in a separate population. Additionally, a basis for the discernment of 

subgenomic loci was established. 

In addition to the availability of the sequenced genome of F. vesca (Shulaev et al., 

2011; Tennessen et al., 2014), advances in linkage mapping techniques enabled the 

development of enhanced linkage maps for octoploid strawberry ancestor species such 

as Fragaria iinumae (Mahoney et al., 2016). Phylogenetic studies involving deep 

sequencing (Hirakawa et al., 2014), and diversity arrays technology (Sánchez-Sevilla et 

al., 2015) were used for establishing pedigrees (Sánchez-Sevilla et al., 2015) as well as 

for phylogenetic analysis of the origin of Fragaria x ananassa (Hirakawa et al., 2014). 

The latter established the relationships among Fragaria vesca, Fragaria nubicola, 

Fragaria iinumae, Fragaria niponica, and Fragaria x ananassa. 

A reference genome for octoploid strawberry was recently released (Edger et al., 2019). 

The assembled genome, based on the cultivar ‘Camarosa’, exhibited a high 

heterozygosity and covered an overall length of 813.4 Mbp. Long and short read 

technologies were combined for the sequencing process, and the data was later 

assembled and scaffolded to chromosome scale. The final sequence reached a length of 

805.5Mbp, distributed along 28 putative chromosomes, and representing approximately 

99% of the genome. Phylogenetic analysis of the transcriptomes of 31 diploid species 

belonging to the Fragaria genus enabled the identification of the parental species, as 

well as the disentanglement of the evolutionary history of its octoploid descendants. 

Besides, transcription and structure analysis suggested the presence of a dominant 

subgenome within the octoploid genome, corresponding to Fragaria vesca. The 

dominance of F. vesca subgenome was supported by its higher proportion of retained 

genes, including gene families related to adaptive traits such as LRR genes (Leucine-

Rich Repetition domains, associated to disease resistance). Although the dominant 

subgenome has been under higher selective constraints, the remaining subgenomes 



 

 
 
 

15 

(named ‘submissive’) contribute to diversity in crucial process such as resistance 

mechanisms (Edger et al., 2019). The availability of a reference genome for octoploid 

strawberries will enhance future studies on the species and enable the development of 

subgenomic-specific markers. 

 

1.3  QTL mapping in strawberry 

Many traits conditioning the quality and yield of strawberry fruits are quantitatively 

inherited. Due to the critical relevance of some of these traits for the strawberry 

industry, many approaches have been taken to disentangle the genetics underlying fruit 

dimensions, colour, or flavour. A similar effort has been directed toward the 

understanding of the inheritance of agronomical relevant traits such as pest and disease 

resistance or runner production. 

 

1.3.1 Fruit dimensions 

Fruit yield constitutes a primary breeding objective. It is a complex trait influenced by 

many factors such as number of fruits and crowns, plant vigour or resistance to disease, 

and subject to intense trade-offs among them (Hancock et al., 1996, 2008). Among the 

set of factors involved in yield, fruit size has been reported to show a significant genetic 

correlation to yield (Hansche, 1968) suggesting its suitability for improving the latter. 

An early study in a mapping population of 95 individuals from the cross between ‘232’ 

and ‘1392’, IFAPA selections aimed to map putative QTL associated to yield-related 

and quality traits (Zorrilla-Fontanesi, Cabeza, Domínguez, et al., 2011). Among others, 

average fruit weight of each line was studied. A stable QTL, fwI-M.2, was detected, 

explaining 12.0 and 12.1% of the variance in the weight, respectively, over the two 

years of experiment.. Genomic regions involved in the determination of fruit shape and 

size descriptors were studied in an F1 population from the cross between the contrasting 

cultivars ‘Capitola’ and genotype CF1116 (Lerceteau-Köhler et al., 2012). The average 

fruit weight for each line was measured, as well as fruit diameter, fruit length, and the 

ratio fruit diameter/fruit length. Although 3 putative QTL associated with fruit weight 

were detected, none of them was stable for more than two years, evidencing the strong 

environmental effect in the trait. IIc-m showed a significant association to the fruit 

length in the three years of the experiment, among other transient putative loci. 
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Significant associations were detected between the fruit diameter and 4 QTL. However, 

none of the QTL was stable for more than two of the three years. Among other transient 

QTL, IIIa-m showed significant association to the ratio fruit diameter/fruit length, stable 

for the three years of the experiment. Additionally, a significant association with the 

same locus was detected for the fruit diameter but for two of the three years of 

experiment. The percentage of variation explained by the putative QTL detected ranged 

between 5 and 17%.  

23 pedigree-linked strawberry families were screened in order to validate and map new 

QTL related to fruit quality and flowering habit (Verma, Zurn, et al., 2017). Average 

fruit weight of the lines was included but, although a putative associated QTL was 

detected, this was not consistent over the two years of experiment and its effect was 

minor. 

 

1.3.2 Fruit colour 

Both colours of skin and flesh of strawberries, conditioning the quality of the fruit, as 

well as the appeal to the consumers, exhibit a largely quantitative inheritance. However, 

the low correlation existing among the traits suggest a different genetic basis (Hancock 

et al., 2008). 

The first approach to the genetics of strawberry colour was taken by carrying a QTL 

analysis over a F1 population from the cross between two strawberry selections 

differing in agronomical and morphological traits (Zorrilla-Fontanesi, Cabeza, Torres, 

et al., 2011). Colour was assessed both using a chromameter for the Lab values, hue, 

and Chroma of the fruit and measuring total anthocyanin of the fruit. The locus antV-

M.2 showed a stable association to the total anthocyanin content and a value in the two 

years of experiment. In addition, a significant association was detected between bV-M.2 

and b, which were stable in the two years of the experiment. The percentage of variation 

explained by the putative QTL varied between 9.2 and 24.8%. 

In a later study, a QTL analysis over quality-related traits was carried over an F1 

population from the cross of the variety ‘Capitola’ and the line ‘CF1116’ (Lerceteau-

Köhler et al., 2012). Colour was measured as anthocyanin content as well as Lab colour 

system coordinates of the fruit. 6 loci were detected to be associated to the a value, 4 to 

the b value, and 4 for the L value. However, only one locus IIa-f, associated with the a 

value of the fruit, resulted in a stable association over the three years of experiment. The 
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same locus showed an association to anthocyanin content, but this association was 

detected only in two of the three years of experiment. In all the traits the percentage of 

variation explained by the putative QTL was only up to a maximum of 17%. 

Although colour was included in a later pedigree-study of quality traits (Verma, Zurn, et 

al., 2017) no QTL involved in its control were detected.  

 

1.3.3 Composition and flavour 

The complex biochemistry underlying quality traits such as aroma, flavour or colour 

was subject to several studies (Castro & Lewers, 2016; Lerceteau-Köhler et al., 2012; 

Vallarino et al., 2019; Zorrilla-Fontanesi, Cabeza, Domínguez, et al., 2011). The main 

approaches to the flavour have been the study of the soluble sugars content, the 

titratable acidity or their ratio. The genetics of soluble sugars content, as well as 

titratable acidity, were analysed in a 95-individual population obtained by crossing two 

IFAPA selection lines, 232, and 1392 (Zorrilla-Fontanesi, Cabeza, Domínguez, et al., 

2011). Two of the putative QTL associated to the soluble sugar content were stable over 

two years, sscVI-M.3 and sscVI-M.3 2.7. The proportion of variation in the trait 

explained by the loci was 10.7 and 12.7, respectively. Three stable loci involved in the 

control of titratable acid were detected: taV-M.2, explaining 12.1% of the variance in 

the trait, taV-M.2, explaining 14.7%, and taV-M.2, explaining 18.1%.  

A subsequent study, performed over a 231-individual population originated from 

‘Capitola’ and the genotype ‘CF1116’ (CIREF, France) dissected sweetness in 8 

different traits (Lerceteau-Köhler et al., 2012). In addition to soluble sugars content, 

glucose, fructose, and sucrose concentrations were considered. pH, malate, and citrate 

concentrations were also incorporated to the titratable acidity measurements. As a 

result, two significant QTL involved in sweetness (VIa-m/f for soluble sugars and VIIa-

f, controlling sucrose content), and Vb-m/f, determining the titratable acidity, were 

detected.  

Two loci involved in the balance between soluble sugars and titratable acidity, 

SSC/TA2_VI-D-4 and SSC/TA2_VI-S-3 (Castro et al., 2015) were later detected, 

explaining 5.4 and 7.8 % of the variance in the trait. An additional loci was detected, 

SSC2_VI-S-3, explaining 8.9% of the variation in the soluble sugars content. The 

analysis involved a population of 177 individuals originating from the cross between the 

varieties ‘Delmarvel’ and ‘Selva’. Soluble sugars content, titratable acidity and pH were 
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also included in a QTL study involving 23 pedigree-linked families (Verma, Zurn, et al., 

2017). Although none of the putative QTL detected was stable over the two years of 

experiment, the percentage of variance explained reached 36% for titratable acidity. 

Anthocyanins are responsible for the red pigmentation of the fruits (Sondheimer & 

Kertesz, 1948), determinant for the quality of the fruit (Hancock et al., 2008). QTL, 

antV-M.2 and antV-M.2 were reported to be responsible for 9.2 and 24.8% of the 

variation in total anthocyanin content (Zorrilla-Fontanesi, Cabeza, Torres, et al., 2011). 

Subsequently, two more loci were detected, IIa-f and VIa-m/f (Lerceteau-Köhler et al., 

2012). Both loci were also significantly associated to a and b values (Lab system), 

evidencing the role of the anthocyanins in the determination of colour. However, the 

percentage of variance explained by the loci did not reach 30%. Antho1_VI-D-3 and 

Antho3_V-S-3, determining 10.7 and 8.4 % of the variance in the total anthocyanin were 

detected in an F1 from ‘Delmarvel’ x ‘Selva’(Castro & Lewers, 2016).  

Besides, the genetics underlying fruit flavour and quality have been analysed through 

the dissection of the biochemical compounds involved. 87 chemical compounds 

determining aroma were identified in a study involving a mapping population on 95 

individuals from the cross between IFAPA lines ‘232’ and ‘1393’ (Zorrilla-Fontanesi et 

al., 2012). 70 QTL controlling 40 of the chemicals were detected, and candidate genes 

were identified for several compounds. More recently, a general approach to the 

primary metabolites present in ripe strawberry fruits was carried out on the same 

population (Vallarino et al., 2019). The analysis involved 50 compounds as well as 

titratable acidity, soluble sugars content, and pH. 133 QTL underlying 44 traits were 

detected, 12.9% of which had a significant effect over the two years of the experiment. 

Candidate genes were identified, and co-location with previously reported QTL were 

established. 

 

1.3.4 Runnering 

Runner or stolon production is one of the main ways to achieve a high crown number 

and, through that, enhance the crop yield (Hancock et al., 2008).  FaPFRU, a major 

QTL determining runner production as well as perpetual flowering (Gaston et al., 2013), 

was identified in an F1 population from the cross between ‘Capitola’ and the genotype 

CF116 (‘CireF_1116’) (Lerceteau-Köhler et al., 2012). The percentage of variation 

explained by this major QTL ranged between 12.4 and 51.1% for the runner production, 
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and between 36.5 and 59.3% for the perpetual flowering determination. In a later study 

over a F. ananassa F1 population from the cross ‘Tribute’ x ‘Honeoye’ a single major 

gene or tightly linked cluster, positioned close to the markers ChFaM148-184, 

explained 32.4% of the variation in runnering (Castro et al., 2015). Besides, this locus 

or loci explained 63.8% of the variance in the flowering time. Several minor QTL 

associated to the runner production were also detected. 

The results obtained by Castro et al. (Castro et al., 2015) and Gaston et al. (Gaston et 

al., 2013) were subsequently verified in two F. ananassa pseudo-testcross populations 

from ‘Honeoye’ and ‘Tribute’ (Sooriyapathirana et al., 2015) A major QTL linked to 

the SSR ChFam011 129, regulating weeks of flowering and double-cropping, and 

antagonistically linked to the runner production, was detected. The percentage of 

variance in runnering explained by this QTL was 34.4%.  Several additional QTL, 

explaining a range from 16.3 to 30.5% of the variance in the runner production were 

also detected, evidencing the intensely polygenic genetic behaviour of the trait. 

In a QTL study using selected lines from a F2 population from the cross between 

Fragaria vesca f. semperflorens ‘Hawaii-4’ x F. vesca subsp. vesca two QTL involved 

in the control of runnering production were detected. The loci mapped in linkage groups 

4 and 5 of Fragaria vesca, linked to the markers SFvb4_29399865 and 

SFvb5_25814268, respectively. The percentage of variance in the trait explained by 

each locus was 15 and 14.1%. Additionally, candidate genes were proposed (Samad et 

al., 2017).  

The genetics underlying the intensity of the runner production were analysed in a recent 

study over a F. ananassa F1 population from ‘Maehyang’ x ‘Albion’, short-day/ June 

bearer, and day-neutral/remontant/everbearer, respectively (Hossain et al., 2019). 7 

QTL, qRU-5D, qRU-3D1, qRU-1D2, qRU-4D, qRU-4C, qRU-5C and qRU-2D2, 

explained a range from 22 to 38% of the variance in the trait. Besides, the key genes 

within the QTL having putative functions related to the meristem differentiation 

towards the production or runners and flowers were identified and proposed as breeding 

targets in order to combine, through selection, day-neutrality and high runner 

production. 
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1.3.5 Flowering 

Flowering time and habit are critical factors determining the yield (Salinas et al., 2019). 

Increasing fruit production and elongating the time window where it is produced are the 

main breeding objectives (Castro et al., 2015). Due to the critical importance of the trait, 

many different studies have been developed aiming to clarify the genetics of flowering. 

A major QTL associated with the flowering habit and time was detected in a F1 

population originating from the cross between the varieties ‘Tribute’ (day-

neutral/everbearer/remontant) and ‘Honeoye’ (short day/June-bearer/non-remontant) 

(Castro et al., 2015). The locus was located proximal to the markers ChFaM148-184T 

and ChFaM011-163T in the ‘Tribute’ map. Runner production was reported to be 

antagonistically controlled by the same region. Genome-wide QTL analysis of 

haplotype block alleles over 23 pedigree-linked strawberry populations revealed a major 

QTL determining perpetual flowering (Verma, Zurn, et al., 2017). The putative QTL 

was reported to be stable over the two years of the experiment, explaining 68% and 

33% of the variance in the trait. Further analysis of the locus revealed the 

correspondence of its location to the previously described FaPFRU locus (Gaston et al., 

2013). 

In order to test the results obtained by (Gaston et al., 2013) and (Castro et al., 2015) a 

testcross population from ‘Honeoye’ and ‘Tribute’ was examined (Sooriyapathirana et 

al., 2015). The putative QTL was located in the locus marked by the SSR ChFam011 

129 and explained between 12.6 and 34.0% of the variance in the different 

environments tested. Additionally, the same locus was associated with the number of 

flowers produced through the season, explaining between 24.0 and 30.1% of the 

variance in the trait, as well as to the antagonistic regulation of the runner production. 

The loci underlying the date of the first flower and flowering time were mapped in the 

diploid genome of F. vesca, one of the parental species of Fragaria x ananassa (Samad 

et al., 2017). A selection of lines from a F2 population developed by crossing Fragaria 

vesca f. semperflorens (cultivar ‘Hawaii-4’) and Fragaria vesca subsp. vesca was used 

in the study. Five QTL, located in linkage groups 4, 6, and 7, showed a significant 

association to the flowering time. The locus in LG6, explaining 17% of the variance in 

the flowering time, collocated with the previously described FvTFL1 gene (Koskela et 

al., 2012). A major QTL in the location of the previously mapped PFRU loci was 

detected, linked to the marker bx083 on LG4, involved not only in the determination of 
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flowering time and earliness but also in the differentiation of the axillary buds towards 

runners or branch crowns. In addition, a second QTL on linkage group 4, linked to the 

marker SFvb4_7853414, showed a significant association to the flowering time, 

explaining 15% of the variance in the trait. The remaining two loci, located in linkage 

group 7, were linked to the markers SFvb7_16204472 and SFvb7_21710529, 

respectively, explaining more than 12% of the variance in the flowering time. 

Additionally, two more QTL involved in the formation of branch crowns were detected 

in association to the markers SFvb4_29399865 and SFvb5_25913832, explaining 20.5% 

and 22.5% of the variance in the trait. 

 

1.3.6 Disease Resistance 

Colletotrichum acutatum, the causal agent of anthracnose in strawberries, has a critical 

impact in strawberry nurseries worldwide (Howard, 1992). The wet and warm 

conditions (Forcelini et al., 2017; Smith, 1990) favour the fungal growth, and the 

infection remains latent as quiescent appresoria in the leaves (Peres et al., 2005). Once 

in the field, the disease is spread by watering systems, precipitation or field operations. 

The infection presents systemic symptoms, affecting the fruit as brown, sunken lesions 

leading to its unmarketability. Although chemical control constitutes the method of 

disease control, resistant pathogenic isolates have been reported (Forcelini et al., 2016), 

pointing to the possibility of tackling the disease from a breeding approach. The 

dominant allele Rca2, present in European germplasm, has been reported to confer high 

levels of resistance to the isolate 688b (pathogenicity group 2) (Denoyes-Rothan et al., 

2005) In addition, five QTL detected in a cross between the cultivar ‘Capitola’ and the 

line CF116, were reported to confer a mild resistance to the isolate 494a of C. acutatum 

(pathogenic group 1) (Denoyes-Rothan et al., 2005). In North American germplasm 

resources, a partially dominant allele in the locus FaRCa1, detected in a GWAS study 

over the University of Florida breeding germplasm, was reported to confer resistance to 

isolates from pathogenic group 1 of C. acutatum (Salinas et al., 2019). 

 

Powdery mildew is a fungal disease causing massive losses in strawberry crops 

worldwide (Nelson et al., 1995) and constitutes the main disease in UK strawberry 

productions (Calleja, 2011). The fungus Podosphera aphanis (Wallr.) U. Braun & S. 

Takam. (syn. Sphaeroteca macularis, P. macularis) is reported to be the causal agent of 
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this disease (Peries, 1962). Symptoms of powdery mildew spread systemically onto the 

plant, resulting in unmarketable fruit and associated yield losses (Nelson et al., 1995; 

Paulus, 2019). Agricultural practices as well as targeted fungicides are the most 

common control measures. Nevertheless, emerging resistances (Sombardier et al., 2010) 

combined with the reinforcement of European regulations (Colla et al., 2012) demand a 

source of genetic-induced resistance. In steps towards this goal, a study was carried on 

two mapping populations from the cross between the cultivars ‘Emily’ x ‘Fenella’, and 

‘Redgauntlet’ x ‘Hapil’ (Cockerton et al., 2018). ‘Emily’ is a powdery mildew-resistant 

cultivar, ‘Redgauntlet’ presents  moderate resistance, and ‘Fenella’ and ‘Hapil’ are 

susceptible to the disease. Five putative QTL, FaRPa2A, FaRPa5B, FaRPa6D1, FaR- 

Pa6D2, and FaRPa7D1, were stable over the years of the experiment. The percentage 

of variation explained by the QTL ranged between 16 and 57%. In addition, several 

transient QTL with small effects on the phenotype were also identified in the 

populations. 

 

Both strawberry crown rot and strawberry leather rot are caused by the same fungal 

agent, Phytophthora cactorum (Lebert and Cohn) Schröeter. This fungus is responsible 

for important losses in the worldwide strawberry industry. In an early study involving a 

pseudo-testcross of ‘Capitola’ and the line ‘CF1116’, 5 QTL responsible for 5.8 and 

12.2% of the variance in the resistance were detected (Denoyes-Rothan et al., 2005). 

Rpc-1, a major QTL conferring resistance to the fungus was detected in diploid F. 

vesca, explaining 72.4% of the variance in the trait (Davik et al., 2015). For its 

detection, a F2 population derived from the lines ‘Bukammen’ and ‘Haugastøl 3’, 

respectively resistant and susceptible, were used. The study of two multi-parental 

populations of Fragaria x ananassa revealed a major QTL, FaRPc2, explaining 

between 25.3% and 23.7% of the variance in the trait (Mangandi et al., 2017). Three 

major resistance QTL, FaRPc6C, FaRPc6D and FaRPc7D, were detected in a F1 

population derived from the cross of two non-remontant varieties, ‘Emily’ and ‘Fenella’ 

(Nellist et al., 2019). The percentage of the variance in the resistance explained by the 

detected loci ranged between 4.0% and 14.4%. 

 

Verticilium dahliae is a fungal pathogen infecting the vascular systems of a wide range 

of commercially relevant species. In commercial strawberries, V. dahliae causes  
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vascular wilt, controlled mainly through fumigation. However, the increase in  

European restrictions over the crop protection agents points to the need for genetic-

based resistant cultivars. In this matter, a mapping population derived from the cross 

between ‘Redgauntlet’ and ‘Hapil’ Fragaria x ananassa lines, was developed and 

screened. 7 out of the 11 QTL detected were stable over the three years of the 

experiment (RVd1-M1, RVd2, RVd3, RVd4-M1, RVd5, RVd7, and RVd10) (Cockerton et 

al., 2019).  

 

Colletotrichum crown rot is a fungal disease caused by the infection of Colletotrichum 

gloesporoides. The typical symptoms of the disease are the reddish-brown rot in the 

crown tissue, consequence of the penetration of the fungus. Its symptoms correspond to 

a water stress, leading to the collapse of the canopy and the death of the plant when the 

infection progresses. Cultural practices such as the production of non-contaminated 

transplants in regions with lower temperatures or chemical protection agents are the 

main strategies. However, the incorporation of new resistant cultivars would improve 

the production system. FaRCg1, a QTL conferring resistance to Colletotrichum 

gloesporoides, was detected in two University of Florida discovery populations through 

pedigree-based analysis. The percentage of variance explained by the loci ranged from 

26.8% to 29.8% over the two years of the experiment (Anciro et al., 2018). 

 

Xanthomonas fragariae is the bacterial causal agent of angular leaf spot. This disease 

causes several yield losses in Fragaria x ananassa crops worldwide. Sources of 

resistance were reported in previous studies (Roach et al., 2016). A major QTL 

conferring resistance, FaRXf1, was detected in a study over four full-sibling families. 

The parental lines used in the development of the families were the cultivars 

‘Strawberry Festival’ and ‘Florida 127’, as well as the advanced resistant selections 

K08-17 and K12-10 (Jamieson et al., 2014; Roach et al., 2016). 

 

Steps towards high-throughput phenotyping for QTL analysis 

The rapid advances in mapping and QTL analysis coupled with sequencing techniques 

has displaced the bottleneck in gene-trait associations onto the measurement of plant 

phenotypes (Araus & Cairns, 2014; Zhao et al., 2019). Image analysis techniques may 

offer an accurate and efficient solution. In terms of visual trait phenotyping ‘Tomato 
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Analyzer’ is a powerful, semi-automatic and user-friendly tool developed for analysing 

fruit shape and colour based on digital images of tomato (Brewer et al., 2006). It does 

not require specialized operators and its hardware requirements are low cost and 

available in a wide range of areas, allowing its integration in breeding pipelines at a 

minimum investment. Despite being developed for tomatoes, its versatility has enabled 

its use in a wide range of crops, including pepper (Colonna et al., 2019; Nankar et al., 

2020), aubergine (Kaushik, 2019) and Anthurium flowers   
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1.4 Objectives 

This study in collaboration with Edward Vinson Ltd., aimed to introduce genomic tools 

in strawberry breeding. The main objective of the project was the development of a 

linkage map for the F1 population from PL1 and PL2, representative of Edward Vinson 

Ltd. breeding program germplasm. Subsequently, a QTL analysis involving fruit quality 

and yield was carried in order to propose linked markers for its further integration in 

breeding. 
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2 Integrating digital image analysis in strawberry 

phenotyping 
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2.1 Introduction 

 

Sequencing technologies have experienced significant development in the last decades, 

resulting in a proportional impact on all aspects of plant biology. In plant breeding, the 

availability of high throughput, cost-effective sequencing techniques has moved the 

process from a completely phenotypic basis towards a progressively more genotypic-

based selection (Barabaschi et al., 2015; Varshney et al., 2014). The practical 

consequences of this change are (1) the use of re-sequencing for analysing genetic 

diversity (2) the development of GWAS (Genome-wide association studies) for 

dissecting the genetic control of quantitative traits independently of the availability of 

specific markers, and (3) the enhancement of the techniques for targeted modification of 

specific genes (Barabaschi et al., 2015). In addition, the wider availability of genetic 

information has resulted in the progressive implementation of molecular breeding 

methodologies such as marker-assisted recurrent selection (MARS) and genomic 

selection (Barabaschi et al., 2015; Gezan et al., 2017; T. H. E. E. Meuwissen et al., 

2001) 

The rapid evolution experienced by sequencing techniques has displaced the bottleneck 

in gene-trait associations onto the measurement of plant phenotypes (Araus & Cairns, 

2014; Zhao et al., 2019). In this scenario, image analysis techniques offer an accurate 

and efficient solution to the gap between phenotyping and genotyping technologies. 

Progress achieved in sensors, computer sciences and aeronautics have provided 

affordable, high-capacity non-invasive methodologies (Araus & Cairns, 2014).  

Analysis of digital images allows the measurement of different traits simultaneously by 

measuring plants in the ultraviolet, visible light, and other thermal ranges as well as in 

the form of fluorescence (Awika et al., 2019) producing quantitative, accurate and 

unbiased data (He et al., 2017). Image phenotyping can be automatized through the 

combination of high-quality cameras and AI for the analysis (Barbey & Folta, 2019), 

increasing the efficiency and speed of the measurements. In addition, the low cost and 

availability of the required hardware allows its integration in breeding programs with 

different levels of mechanization at a minimal investment (He et al., 2017). The 

application of this technique in addition to large-scale QTL or GWAS analyses would 

not only improve genomic and genetic studies by providing new tools, but also 

revolutionize breeding (Zhao et al., 2019). High-throughput phenotyping approaches 
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differ in depth and resolution depending on the scale of the feature. In general, they can 

be classified in automated phenotyping platforms in controlled environments (Granier et 

al., 2006; Nakhforoosh et al., 2016; Vadez et al., 2015) and field high-throughput 

phenotyping systems (Li et al., 2014; Zarco-Tejada et al., 2014), both providing a 

higher amount of data with a slightly lower resolution, and in-depth phenotyping 

systems developed for organ (Confalonieri et al., 2017), tissue (Burton et al., 2012; Wu 

et al., 2011) and cellular levels (Zhao et al., 2019). 

Tomato Analyzer is a powerful, semi-automatic and user-friendly tool developed for 

analysing fruit shape and colour based on digital images of the fruits (Brewer et al., 

2006). It does not require specialized operators and its hardware requirements are low 

cost and available in a wide range of areas, allowing its integration in breeding pipelines 

at a minimum investment. Despite being developed for tomatoes, its versatility has 

enabled its use in a wide range of crops, including pepper (Colonna et al., 2019; Nankar 

et al., 2020), aubergine (Kaushik, 2019) and Anthurium flowers  (Soleimanipour et al., 

2019). 

The aim of this study was developing and testing a protocol for phenotyping strawberry 

fruits by using digital imaging. 
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2.2 Materials and methods 

 

2.2.1 Plant material 

A F1 population of 269 plants from the cross between elite cultivars PL1 and PL2 were 

grown in 4.7L pots in a polytunnel in Faversham, Kent. The ripe fruits of each plant 

were collected and analysed weekly for the whole duration of the season.  

 

2.2.2 Methods 

 

Conventional phenotyping 

Growth habit was assessed in young plants in the third week of June. Germinate Scan 

(ICS.hutton.ac.uk) was used for recording the data, and the lines were classified as 

upright, semi-upright or spreading, according to UPOV guidelines (2012). 

Pictures of the young plants were taken using a white board as background for further 

analysis and future reference. 

Position of the inflorescence was recorded in the third week of June in young plants. 

Individuals were classified according to the position of the inflorescence within the 

plant structure in plants whose inflorescence was located above the canopy, plants 

whose inflorescence was situated below the canopy, and plants whose inflorescence was 

at the same level as the canopy (UPOV, 2012). Due to the significant variation in 

phenology in the population and the presence of non-flowering lines, only 129 of the 

269 lines could be recorded for this trait. 

Fruit dimensions of the ripe fruits of the 269 lines were assessed in the field. The 

population was monitored daily between late June and early September in order to 

harvest and assess the ripe fruits. Total weight collected from every line was weighed 

using the scale included in the Brix meter kit (PAL-BX/ACD, Atago). Stencils from 

20mm to 50 (differing 5 mm between consecutive classes) were used for the diameter. 

Shape of each fruit was classified as Oblate, Globose, Globose Conic, Conic, Long 

Conic, Necked, Long Wedge or Short Wedge (Scott et al., 1911). Average fruit weight 

for each line was measured throughout the course of the season. 
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Average soluble solids content and acids content were calculated for every plant each 

day of sampling. The measurements were done using a Brix-meter (PAL-BX/ACD, 

Atago), by collecting the juice from half of each fruit. For the acids measurement, a 

dilution 1:50 (weight) in de-ionized water was required, according to manufacturer’s 

instructions. Colour was assessed qualitatively using a scale from 1 to 3 derived from 

the phenotypes present in the population. 

 

Image analysis 

All the fruits collected from every plant and sampling date were scanned the same day 

using a scanner Toshiba Estudio305CS. A cardboard printer paper box was used for 

covering the fruit and guaranteeing uniformity in the lighting among the different 

images and a coin was included in every image for scale. The adjustments for the 

scanner were 300 dpi and .tiff as format for the images, as suggested for Tomato 

Analyzer in objects smaller than 0.5 cm (Ramos et al., 2018). Whole fruit was scanned 

in order to measure the achene density and the surface colour and a longitudinal section 

of each fruit was scanned for measuring shape and size as well as inner colour. 

The images were processed in order to remove the empty areas which could interfere 

with the software and analysed using Tomato Analyzer v4.0 (Ramos et al., 2018) and 

Tomato Analyzer Colour Test v3.0. (Strecker et al., 2010). A selection of the available 

descriptors related to relevant traits for strawberries were measured in all the fruits. 

Size descriptors 

Dimensions were measured in the longitudinal section of the fruits as perimeter, area, 

maximum height and maximum width. Curved height, differing from the height in 

the fact that this measures the curved line resulting from the union of midpoints of 

opposing pair of points on either side instead of measuring the maximum vertical length 

of the fruit (Ramos et al., 2018) (Figure 1). Width Mid-height and Height Mid-Width 

were measured as the width at ½ of the height and the height at ½ of the width of the 

fruit, respectively (Figure 1). 

Shape descriptors 

Fruit shape was dissected through the different parameters available in Tomato 

Analyzer v4.0 (Ramos et al., 2018). 

Fruit shape index external I and Fruit shape index external II corresponding to the 

ratio of Maximum Height to Maximum Weight and the ratio of Height-width to the  
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Width, Mid-Height (Ramos et al., 2018). In both parameters, a value higher than 1 

corresponds to an elongated fruit, equal to 1 to a round fruit, and less than 1 to a squat 

fruit (Brewer et al., 2006). 

 

Upper and lower blockiness position were defined for each fruit and used for 

calculating the Fruit shape triangle, defined as the ratio of the width at the Upper 

Blockiness position to the width at the Lower Blockiness position (Ramos et al., 2018). 

Values lower than 1 indicate that the distal end of the fruit is wider than the proximal 

end while values higher than 1 indicate the opposite. 

The similarity of the shape of the strawberry to an ellipse, a circle or a rectangle were 

also measured as Ellipsoid, Circular, and Rectangular indexes. Ellipsoid estimates 

the fitting of the actual shape to an ellipse based on regression (Brewer et al. 2006). 

Smaller values are associated with ellipsoid fruits (Ramos et al., 2018). Circular 

measured the circularity of the fruits and was calculated as the ratio of the error from a 

best-fit circle to the area of the fruit. Error in this trait is calculated as the average 

magnitude of Residuals along the fruit’s perimeter divided by the radius of the circle 

(Ramos et al., 2018). Rectangular estimates the resemblance to a rectangle in the fruit 

shape and was measured as the ratio of the area of a rectangle bounding the fruit to the 

area of a rectangle bounded by the fruit (Ramos et al., 2018). The closer the value to 1, 

   

   
 Figure 1.  Size parameters measured in Tomato Analyzer. A: Perimeter, Area, B: Maximum 
Width, C: Maximum Height, D: Height Mid-Width, E: Width Mid-Height, F: Curved Height. 
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the more similar would be the studied shape to an ellipse, a circle and a rectangle, 

respectively. 

Although the shape of strawberries tends to be ovoid, except in those affected by white 

streak or alterations in the development, the obovoid index was calculated expecting 

values close to 0 (Ramos et al., 2018) and complementary to the ovoid value for each 

line. The index is calculated as 

 

!"#$#%& = 1
2 ∗  !"#$!!" y ∗ ( 1−  !1! +  !2!  ) 

 

Where W is the maximum width, y is the height at which the maximum width occurs, 

w1 is the average width above that height, and w2 is the average width below that 

height. scaleov is a scaling function (Ramos et al., 2018). 

Ovoid index was measured for estimating the approximation of the shape to an ovoid 

shape, corresponding to a conic shape in the classification by Scott et al. (1911). This 

index was calculated as 

 

!"#$% = 1
2 ∗  !"!"!!" y ∗ ( 1−  !2! +  !1!  ) 

 

Where W corresponds to the maximum width, y to the height at which the maximum 

width occurs, w1 to the average width above that height, and w2 to the average width 

below that height. scaleov  is a scaling function (Ramos et al., 2018). Both ovoid and 

obovoid descriptors indicate how top or bottom heavy the fruits are (Brewer et al., 

2006). 

Symmetry, especially vertical asymmetry is relevant not only for the shape but for the 

general appearance of the fruit and subsequently for its consumer appeal. The value for 

the vertical asymmetry index of each fruit was measured calculating the distance 

between the midpoint at each height and a vertical line at the midpoint of the width 

(Ramos et al., 2018). 
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Horizontal asymmetry was calculated using the two parameters available in Tomato 

Analyzer v4.0 (Ramos et al., 2018): Horizontal Asymmetry Ovoid and Horizontal 

Asymmetry Obovoid. As the strawberry fruit differs in a wide range of shapes between 

round to conic and even rhomboid (due to the presence of neck) the Horizontal 

Asymmetry Ovoid index is expected to be zero or a value close to zero. However, the 

Horizontal Asymmetry Obovoid, which is measured as the average distance between 

the midpoint of the height of the fruit at each width and an imaginary horizontal line at 

the mid-height of the fruit (Ramos et al., 2018), is expected to have higher values. 

Width widest position relates to the shape by measuring the height of the fruit at which 

its maximum width is reached. It was calculated as y/H, where y means the height at 

which the maximum width occurs, and H refers to the maximum height of the fruit 

(Ramos et al., 2018). 

The approximation of the shape of the fruit to a circle is defined by its eccentricity. The 

eccentricity of each fruit was measured in three different ways: Eccentricity of the fruit, 

Distal eccentricity, and Eccentricity area index. Eccentricity was calculated by 

generating an internal ellipse for each fruit and calculating the ratio of its height to the 

maximum height of the fruit (Ramos et al., 2018). 

Distal eccentricity would be useful for estimating the similarity of the fruit shape to the 

conic, commercially desirable shape. It is calculated by measuring the distance between 

the top of the internal ellipse and the bottom of the fruit (Ramos et al., 2018). 

Eccentricity area index would measure the similarity of the shape of the strawberry to 

an ellipse by estimating the ratio of the area of the section of fruit outside the internal 

ellipse to the total area of the fruit (Ramos et al., 2018). 

 

Colour test 

In this project, Tomato Analyzer Colour Test version 3 (Darrigues et al., 2008; Strecker 

et al., 2010) was used for dissecting the traits determining the inner and outer colour of 

the fruits. 

Flesh colour 

The flesh colour was very diverse in the population, diverging in a wide range of 

colours, from dark burgundy to yellowish white, and patterns, including plain coloured 

flesh, white threads connected to the achenes in the surface, and white core. 
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The average RGB values (Average red, Average green, Average blue) variating from 

0 to 255, were measured in the scanned images of the longitudinal section of the fruits 

using Tomato Analyzer Colour Test v3. Average Lab values for each fruit (Lerceteau-

Köhler et al., 2012) were calculated by the algorithms implemented in Tomato Analyzer 

Colour Test, adjusting RGB values for the illuminant (C, default value representing 

natural daylight and excluding UVA radiation) and observer angle (2º) as detailed by 

Strecker et al. (2010). 

Average L value, Average a value and Average b value (0-100 all) were calculated 

for all the scanned fruits. L value refers to the lightness or darkness of a point, and 

Average L value is calculated as the mean value for each genotype. The a value 

describes the location in a green-red axis where a positive number corresponds to 

redness, and a negative number to greenness. Finally, b value refers to the position in a 

blue-yellow axis where positive values belong to yellowness and negative values to 

blueness. 

Chroma and Hue were estimated by Tomato Analyzer Colour Test algorithms from a 

and b values. Average chroma measures the intensity (vividness, saturation) of the 

colour, while Average hue (0º-360º) represents the basic colour, calculated as an 

angular measurement between a (+red, -green) and b (+yellow, -blue) (Strecker et al., 

2010; Tripodi & Greco, 2018). Average luminosity (0-240) in every fruit was 

calculated from the maximum and minimum values in each image as: 

 

!"#$%&# !"#$%&'$() =  (!"# (!,!,!)  +  !"# (!,!,!))  ∗  240
 (2 ∗  255)  

 

Fruit surface 

Considering that both of the parental lines, PL1 and PL2, are very different in colour, 

with PL2 showing an intense and shiny red and PL1 producing pale red fruits, it is not 

surprising that the individuals of the population exhibit a wide range of skin colours, 

including burgundy, red, orange, and even pale red fruits. The whole fruits were 

scanned in order to measure the colour of the skin and the density of seeds on its 

surface. Average RGB values as well as Average Lab values, Average chroma, Average 

hue and Average luminosity were calculated using Tomato Analyzer Colour Test v3 
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(Darrigues et al., 2008; Strecker et al., 2010) in Tomato Analyzer v4.0 (Ramos et al., 

2018) and the same procedure used for the flesh colour (Strecker et al., 2010). 

The custom parameter tool implemented in Tomato Analyzer Colour Test (Darrigues et 

al., 2008; Strecker et al., 2010) was used for proposing a methodology for measuring 

two relevant traits: seed density and glossiness of the skin. 

Quantity of seeds is usually measured by counting all the achenes in the surface of the 

strawberry. It is a tedious, time-consuming procedure impossible to escalate to a 

representative number of fruits and individuals. Image analysis techniques could offer a 

more efficient alternative by (1) measuring a seed density instead of a total number of 

seeds, which without a measurement of total surface is not very informative, and (2) 

establishing a fast, semi-automatic method for measuring density through colour 

analysis. 

Glossiness of the skin is a commercially desirable trait since it contributes to a “fresh” 

appearance in the fruit and through that, to the appeal of the fruit to the consumers. This 

trait is usually measured as a qualitative parameter, establishing a scale. Image analysis 

tools could offer a fast, high-throughput option for estimating this trait by correlating 

the number of white pixels in the image to the glossiness of the fruit. 

For these two purposes, the Custom parameters tool implemented in Tomato Analyzer 

Colour Test v3 (Strecker et al., 2010) was used. The seed density was estimated through 

the variation in two parameters: YSD and RED. YSD calculates the percentage of pixels 

whose hue values correspond to yellow colour, representing the seeds in the surface of 

the scanned fruit, while RED represents the percentage of pixels whose hue values 

correspond to red colour, representing the percentage of strawberry skin visible in the 

picture (Darrigues et al., 2008).  

The glossiness of the skin was estimated in all the scanned fruits using three different 

parameters, B10, B20, and B30, representing respectively the percentage of pixels 

whose chroma value was lower than 10, 20, and 30. 

 

Statistical analysis 

The accuracy of the image analysis protocol for measuring size parameters was tested 

by studying the correlation between Average fruit weight, Diameter, and the values for 
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Area, Perimeter, Curved height, Maximum height and Maximum width measured in 

Tomato Analyzer (Brewer et al., 2006). 

In order to establish the main shape for each genotype, the mode of the data was 

calculated for each individual of the population using R(R Core Team, 2020). The 

correspondence among the visual assessments of the shape category and the digitally 

measured descriptors was tested through MANOVA test in GenStat.  
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2.3 Results 

 

2.3.1 Size 

Three different approaches were used for measuring the size in the population through 

the season. Diameter (1) of the fruits was measured by using plastic stencils, classifying 

the fruits in intervals of 5mm in diameter. Average fruit weight (2) was calculated for 

every plant through the season. Finally, the size was dissected in 7 basic measurements 

(Perimeter, Area, Maximum Height, Maximum Width and Curved Height) using 

Tomato Analyzer v.4 to analyse scanned images of symmetrical longitudinal sections of 

the plants (3). Average values were calculated for each trait and line using GenStat 

(VSN International, 2019). 

 

Correlation among different measurements reflecting size was tested using GenStat 

(VSN International, 2019) and the package ‘Corplot’ in R. The results showed 

significant positive correlations (p<0.001) among all the traits studied (Figure 2).  

  

Figure 2. Correlations among different size parameters: Area, Maximum Height (MaxHeight), Maximum 
Width (MaxWidth) and Perimeter, measured in section images of the fruits using Tomato Analyzer v4 
(Brewer et al., 2004), Average fruit weight (Weight), and Diameter. (p-values: * 0.05; ** 0.01; *** 0.001) 
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The coefficients for the correlations varied between 0.55, corresponding to the 

correlations between Average fruit weight and Height mid-width, and 0.99, 

corresponding to the correlation between Width Mid-height and Maximum Width. 

From the 7 traits measured with Tomato Analyzer, Area is the trait that correlates better 

to Average Fruit Weight (0.76, p<0.001), followed by Perimeter (0.75, p<0.001) and 

Maximum Width (0.74, p<0.001). Comparing the different approaches, the higher 

correlation occurs between Diameter and Average Fruit Weight (0.88, p<0.001). 

 

2.3.2 Shape 

Shape was assessed for all the fruits using 8 classes (Scott et al., 1979): conic, globose-

conic, globose, oblate, long conic, necked, oblate, long wedge, short wedge and 

labelling as deformed all the fruits which did not fit in the previous classes. Twenty-two 

traits reflecting different aspects of the shape were measured in the scanned longitudinal 

cuts by using Tomato Analyzer v 4.0. The results of the multivariate ANOVA test 

(Table 1) showed a significant difference for 19 of the 21 studied descriptors (p<0.001) 

among the 9 shape classes.  

The variance ratios ranged between 1.47, corresponding to Distal Eccentricity, and 

19.88, corresponding to Fruit Shape Index External II. The highest variance ratios were 

detected for Fruit Shape Index External II (19.88), Fruit Shape Index Internal (19.80), 

and Fruit Shape Index External I (18.35). 

 

2.3.3 Colour 

Colour was scored in all the fruits using an ordinal scale where 1 corresponds to low 

intensity of colour (pale red), 3 corresponds a high intensity of colour (dark red) and 2 

groups all the medium values (medium red). For the digital phenotyping, ripe fruits 

were scanned, and the digital images were analysed using Tomato Analyzer Colour Test 

v3.0 (Strecker et al., 2010). Colour was measured as Average RGB values, Average Lab 

values and Average Chroma, Hue, and Luminosity. A considerable amount of variation 

was detected for all the traits reflecting different components on the colour as well as 

for the visual assessment (Figure 3). 
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Table 1. Results of the MANOVA test for comparing the different approaches of the shape. 

Traits ss shape ms shape vr shape F pr. Mean Range CV 

Indexes        

Fruit Shape Index Internal 1.80504 0.22563 19.8 <.001 0.996 0.861 14.09 

Fruit Shape Index External I 0.949858 0.118732 18.35 <.001 1.036 0.585 10.12 

Fruit Shape Index External II 1.82693 0.22837 19.88 <.001 0.97 0.782 14.56 

Curved Fruit Shape Index 0.510181 0.063773 8.26 <.001 1.255 0.553 7.995 

HeightMidWidth 11.6771 1.4596 6.9 <.001 2.94 2.652 16.77 

Width MidHeight 9.6388 1.2049 5.41 <.001 3.072 3.945 17.00 

Width Widest Position 0.050549 0.006319 3.58 <.001 0.386 0.266 11.32 

Eccentricity 0.061949 0.007744 5.3 <.001 0.711 0.219 5.755 

Distal Eccentricity 0.0028786 0.0003598 1.47 0.168 0.879 0.137 1.74 

Eccentricity Area Index 0.05156 0.006445 5.45 <.001 0.436 0.205 8.327 

Distal Blockiness 0.245204 0.03065 10.16 <.001 0.496 0.384 12.82 

Proximal Fruit Blockiness 0.293492 0.036687 4.09 <.001 0.768 0.712 13.02 

Shapes        

Triangle 4.05006 0.50626 6.8 <.001 1.604 1.973 19.22 

Ellipsoid 0.0081237 0.0010155 4.42 <.001 0.0734 0.0733 22.25 

Rectangular 0.0725672 0.0090709 11.55 <.001 0.47 0.198 6.948 

Circular 0.0111427 0.0013928 4.21 <.001 0.089 0.11 21.83 

Ovoid 0.16764 0.020955 6.15 <.001 0.246 0.398 26.49 

Obovoid 0.0046644 0.0005831 1.59 0.129 0.00713 0.149 274.4 

Symmetry        

Vertical asymmetry 0.04549 0.005686 4.53 <.001 0.0943 0.294 40.24 

Horizontal asymmetry ovoid 0.280846 0.035106 6.01 <.001 0.231 0.463 36.51 

Horizontal asymmetry obovoid 0.0169607 0.0021201 4.36 <.001 0.00814 0.206 305.2 

1. ss sum of squares, ms mean of squares, vr variance ratio, F pr probability of F. 
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In order to test the accuracy of the digital measurements, correlations between the 

measurements were studied using GenStat and R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Negative significant correlations (p<0.001) were detected among the visual assessment 

of the colour and Average A value (-0.41), Average b value (-0.66), Average Chroma (-

0.73), Average Green (-0.40), Average Hue (-0.49), Average Luminosity (-0.64), 

Average L value (-0.59), and Average Red (-0.68), all of them digitally measured. The 

strongest correlations were detected between Average Chroma and Colour (-0.73, 

p<0.001), and Average Red and Colour (-0.68, p<0.001) while Average Blue was the 

only digital measurement, which did not significantly correlate to the visual assessment. 

           

  

Figure 3. Correlations among the different traits measuring fruit colour. The first line corresponds to the 
visual assessment and the nine traits (Lab, RGB, Chroma, Hue and Luminosity) were measured by Tomato 
Analyzer Colour Test (Strecker et al., 2010). (p-values: * 0.05; ** 0.01; *** 0.001). 
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2.4 Discussion 

 

The aim of this study was the development and evaluation of a protocol for high-

throughput phenotyping strawberry fruit morphological traits, robust for different users. 

 

2.4.1 Size 

Fruit size is one of the main factors restricting the consumer acceptance of strawberries, 

together with flavour, colour and nutrition. Moreover, the size and number of fruits in 

addition to plant vigour, hardiness, resistance to pests and diseases and proneness to 

propagation are the determinants of yield (Hancock et al., 2008; Hansche, 1968). 

Historically, the increased size of Fragaria x ananassa was one of the main reasons 

behind its rapid gain of popularity and wide distribution (Bertioli, 2019) . 

Despite its clear importance, the quantitative and environment-influenced behaviour of 

the trait, added to the complexity of the octoploid genome of the commercial 

strawberries, restrained the efforts in this area to a few studies. An early QTL study 

involving size traits (Zorrilla-Fontanesi, Cabeza, Torres, et al., 2011) detected several 

loci associated with fruit weight and yield. However, less than 40% of the QTL were 

stable over the years of the experiment. Besides, the loci explained less than 20% of the 

phenotypic variation, evidencing the complex and polygenic behaviour of the traits.  

In a later study (Lerceteau-Köhler et al., 2012) concerning agronomical and quality 

traits, several loci associated with fruit length, diameter and ratio length/diameter were 

located. Again, the percentage of variation explained by each QTL did not reach 20%. 

Further studies on strawberry fruit quality tended to a biochemical and molecular 

approach (Castro & Lewers, 2016; Vallarino et al., 2019) rather than morphological 

aspects. 

Fruit size and yield are essential components of breeding pipelines. In commercial 

conditions, fruit size is assessed with plastic stencils, assigning the fruits to discrete 

categories. This method has as clear advantages its simplicity and velocity, as well as its 

good correlation with the fruit weight (Fig. 2). However, the classification in discrete 

categories distorts the continuous distribution of the data suggesting a tendency to 

overestimate the data by grouping them under the pre-established classes. Therefore, 

this methodology could decrease the response to selection by overestimating the 
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phenotype of the selected lines. Contrastingly, the use of Tomato Analyzer provides 

robust and accurate data, enhancing the selection response.  

 

2.4.2 Shape 

Although fruit shape and homogeneity in the shape are critical aspects for a strawberry 

selection to be successful, few studies in this matter have been published. In commercial 

conditions as well as in legal procedures for the registration of new varieties (UPOV, 

2012), fruit shape is assigned to one of a differing number of classes. This method 

allows a fast identification in the field and does not require specialized operators or an 

intensive training since the classes are clearly depicted. Even though this method has 

largely been used in breeding programs with a different degree of success, it is not 

suitable for genetic studies or QTL mapping. In this area, a few approaches were made 

using diameter, length and its ratio as descriptors of the shape (Lerceteau-Köhler et al., 

2012). Although 16 associated QTL were detected, the percentage of variation 

explained did not reach 15%.  

In this study, a protocol for measuring strawberry shape using Tomato Analyzer v4.0 

was developed and tested in the population. 21 descriptors related to different aspects of 

the shape were measured and tested against a visual assessment based on the 8-class 

system proposed by Scott et al. (1972). Both methods were compared using MANOVA 

analysis. 

19 of the 21 descriptors measured in Tomato Analyzer were significant in the 

multivariate ANOVA test, suggesting their viability as descriptors. The highest detected 

variance ratios corresponded to Fruit Shape Index External II (19.88), Fruit Shape Index 

Internal (19.80), and Fruit Shape Index External I (18.35). Fruit Shape Index External I 

(H/W) measures the ratio of the Maximum Height to the Maximum Width, similarly to 

the ratio D/L described by Lerceteau-Köhler et al. (2012). For calculating the Fruit 

Shape Index External II, Tomato Analyzer uses a similar approach but considering the 

Height Mid-Width and the Width Mid-Height (H_mid/Wmid), achieving a higher 

variance ratio. Finally, for the measurement of the Fruit Shape Index Internal, the 

software generates an internal ellipse and calculates the ratio of its height to its width. 
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2.4.3 Colour 

Fruit colour is considered one of the primary determinants of quality (Picha, 2006) and 

flavour  (Schwieterman et al., 2014) holding an important economic role in the 

agricultural crops (Darrigues et al., 2008). Despite its importance, this trait has 

traditionally been scored in a qualitative or semiqualitative way, using colour palettes 

for reference or constructing discrete scales. Although the palettes have largely proved 

their utility for characterizing and describing species and varieties, the data measured in 

this manner is not easy to integrate in mapping studies or molecular approaches to the 

trait. In addition, the colour and angle of the light have a strong influence in the human 

perception of the fruit colour, and subsequently bias the measurements. Digital imaging 

could become a reliable alternative by preventing the human biases through 

standardization. Moreover, the possibility of measuring multiple traits simultaneously 

combined with the use of colour spaces (RGB, Lab) enhances the dissection of colour in 

many qualitative descriptors. 

In this study, Tomato Analyzer Colour Test v3.0. (Strecker et al., 2010) was applied to 

strawberry skin colour phenotyping. Average Lab and RGB values for each line were 

calculated, as well as average Hue, Chroma and Luminosity. The fruits were visually 

assessed in a 1-3 colour intensity scale where 1 represents a pale red and 3 represents 

dark red. Utility of digital measurements was tested in a correlation analysis. 

The results of the analysis showed a strong negative correlation (p<0.001) among the 

visual assessments of colour and all the Tomato Analyzer descriptors except Average 

Blue (Figure 4). The strongest correlation involving visual assessments of colour was 

detected for Chroma (-0.73, p<0.001), representing the saturation of the colour. Strong 

correlations were detected for Average Red (-0.68, p<0.001), Average b (-0.66, 

p<0.001) and Average Luminosity (-0.64, p<0.001). Average Red measures the strength 

of the red colour in the pixels (RGB colour space), while Average b is one of the 

coordinates of the Lab system whose axis indicate red in the positive direction and 

green in the negative direction. The Luminosity descriptor reflects the average 

luminosity for each genotype, and it is calculated from the RBG values. 

 

2.4.4 Tomato Analyzer for strawberry phenotyping 

The lack of high-throughput, cost-effective phenotyping technologies displaced the 

bottleneck in plant-gene association onto the study of plant phenotypes. Image analysis 
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techniques could become a suitable solution because of their affordability, 

reproducibility, and efficiency. 

Tomato Analyzer is a high-throughput freeware developed for the characterization of 

tomato fruits. In this study, its adaptability for strawberry phenotyping was tested by 

comparing its measurements to the conventional phenotyping methods in a F1 

population from the cross of PL2 and PL1. Strong and positive correlations were 

detected among the 7 studied size descriptors, while significant associations were 

detected for 19 of the 21 shape descriptors. Negative correlations were detected for 8 of 

the 9 tested colour descriptors (RGB system). Our results suggest the suitability of 

Tomato Analyzer v4.0 for phenotyping morphological traits in strawberry fruits. 

Moreover, this protocol allows the dissection of complex traits such as the fruit shape. 

The study of the individual features of the descriptors instead of the overall qualitative 

change in the shape would enhance the understanding of the mechanisms and genetic 

architecture underlying the trait (Brewer et al., 2006). 

In summary, image analysis arises as a solution to the necessity of cost-effective 

phenotyping systems. The application of digital image software such as the proposed 

protocol involving Tomato Analyzer provides many advantages for strawberry 

phenotyping including (i) high throughput, (ii) increasement in accuracy and efficiency 

(1’-3’ per sample), (iii) suitability of data for new breeding methods, (iv) low cost and 

minimal hardware requirement (v), user friendly, non requiring specialized operators, 

(vi) reproducibility and consistency in measurements through suppression of human 

biases. Additionally, the storage of the images enables access to the data for further 

analysis, contrarily to the short window where the fresh fruit is directly measurable. 
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3 Development of a linkage map in Fragaria x ananassa 
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3.1 Introduction 

 

Octoploid strawberry originated from a fortunate cross between two octoploid species, 

Fragaria viridis and Fragaria chiloensis. The development and study of a reference 

genome for Fragaria x ananassa) (Edger et al., 2019) clarified the largely controversial 

evolutionary origin of the hybrid, assigning four diploid ancestor species: Fragaria 

iinumae, Fragaria niponica, Fragaria viridis, and Fragaria vesca subsp. bracheata. 

Successive natural hybridizations would have increased the ploidy to an octoploid 

ancestor, which would lately have developed into F. viridis and F. chiloensis. 

Although linkage maps for diploid Fragaria species were already available (Sargent et 

al., 2004, 2006, 2007) the first reference map for Fragaria x ananassa was published in 

2008. The map was composed of 79 polymorphic SSRs from diploid and octoploid 

Fragaria species, as well as three more Rosaceae species: Malus domestica, Prunus 

persica, and Rosa hybrida. Improvements in molecular marker and sequencing 

techniques during the last decade have enabled the construction of increasingly 

enhanced linkage maps in different octoploid strawberry populations. The availability of 

high quality linkage maps led to a better understanding of the strawberry genome in 

terms of structure (Sargent et al., 2012; Van Dijk et al., 2014; Mahoney et al., 2016) and 

phylogeny (Hirakawa et al., 2014; Sánchez-Sevilla et al., 2015). 

A reference genome for the octoploid strawberry is publicly available (Edger et al., 

2019). In addition to being able to elucidate the evolutionary history of Fragaria x 

ananassa, its analysis shed light on the behaviour of the subgenomes within the 

octoploid genome, as well as the role of F. vesca as dominant subgenome and its part in 

adaptive traits. Besides, the availability of a reference genome provides useful tools for 

both strawberry genetic studies and breeding by enabling the development of 

subgenome-selective markers. 

Genetic studies in Fragaria x ananassa were largely constrained by the complexity of 

its genome. The main challenge remains in the correct assignment of homeologous gene 

copies corresponding to the four different subgenomes within the genome (Kaur et al., 

2012). In addition, the allogamous reproductive behaviour of the hybrid complicates 

discrimination among sequence variants because of the possibility of coinciding SNPs, 

homeologous sequence variants, and paralogous sequence variations (Kaur et al., 2012). 

Finally, the genotype calling, generally performed through population analysis, requires 
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software solutions suitable for managing the complexity and size of the genome 

(Bourke et al., 2018). 

SNP arrays are the base for most of polyploid genetic studies since they offer a high-

throughput, cost-efficient option for genotyping (Bourke et al., 2018). Despite the 

potential biases derived from the SNP discovery methods (Bourke et al., 2018; Didion 

et al., 2012), SNP arrays offer as main advantages a diminution in the proportion 

missing data, and a wide coverage of the genome (Spindel et al., 2013). Affymetrix 90 

K Axiom® is a SNP array developed for genotyping commercial strawberries (Bassil et 

al., 2015). Its high-throughput and high success rate enabled the development of high 

density linkage maps (Mahoney et al., 2016; Nagano et al., 2017). Besides, 90 K 

Axiom® array enhanced genetic studies on Fragaria x ananassa through its integration 

in genome wide analysis (GWAS) as well as QTL mapping pipelines (Anciro et al., 

2018; Salinas et al., 2019; Verma, Zurn, et al., 2017). 

In this chapter a high-quality linkage map was developed for a full-sibling population 

from the cross between PL1 and PL2. The linkage map will not only provide a valuable 

insight to the genetic behaviour of the crop, but also constitute the first step in the 

development of molecular markers linked to relevant traits for use in strawberry 

breeding. 
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3.2 Materials and Methods 

 

3.2.1 Plant material 

A population of 269 F1 siblings from the cross between PL1 and PL2 was grown from 

the seed and kept in Bato 4.7L pots with coir as substrate under polytunnel in Hernhill, 

Kent. Eight plants from each parent line were grown in Legro 8-hole bags in the same 

location.  Young plant material was collected from the leaf buds at the end of the 

runners in May 2019. The samples were frozen at 0ºC and stored at -80ºC for further 

analysis. 

 

3.2.2 Methods 

DNA extraction and genotyping 

For the DNA extraction, 0.08g of frozen tissue were ground using a Retsch mill 

(Retsch.com) and tungsten balls in cycles of: 1’ of grinding, 1’ immersion in liquid 

nitrogen, and 1’ of grinding. Total genomic DNA was isolated from the 269 individuals 

and 2 replicates of each parent using CTAB method (Graham et al., 2004). Genotyping 

was carried over the 243 samples meeting the quality requirements by using Affymetrix 

90 K Axiom® array (Bassil et al., 2015), involving 138099 SNP markers covering the 

whole genome. Replicates of the parental samples were included in the three plates for 

spatial reference. 

 

Marker filtering 

The initial 138099 SNPs identified using the Axiom array were filtered using as criteria 

the presence in all the parents, consistency among the replicates of the parental lines (at 

least 8 of the 9 parental samples), and polymorphism among the offspring. Markers 

with more than 10% of missing values for the offspring were also excluded. 24734 

high-quality SNPs distributed along the 7 linkage groups resulted from the filtering 

processes (Hackett et al., 2000; Russell et al., 2014). 

Field observations in the performance of the individuals joined to the commercial 

conditions under which the crosses were developed suggested the need of a population 

analysis. Population structure was analysed by Dr Christine Hackett of Biomathematics 
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and Statistics Scotland (details can be found in Appendix I). A principal coordinate 

analysis was carried out on the similarity of the SNP markers (Brennan et al., 2008; 

Hackett et al., 2000). From the resulting four groups, a group of corresponding to the 

true offspring from PL1 and PL2 was identified. Further population analysis, linkage 

mapping and QTL mapping were performed on the data belonging to the true offspring. 

 

Linkage map construction 

The genotypic data for the selected SNPs in the 171 individuals of the true offspring 

were used for calculating the linkage maps. Loci in a simplex configuration 

(homozygous only in one of the parents and segregating in an approximate 1:1 ratio in 

the offspring) were separated according to the information on linkage group 1-7 in the 

SNP array and loaded in JoinMap v4.1 (Stam, 1993). Markers were filtered again to 

remove loci missing more than 20 values, identical loci or whose segregation was 

significantly distorted from the expected 1:1 ratio. After the second filtering, markers 

were sorted in subgroups using JoinMap’s independence test. Pairwise estimates of the 

recombination frequency, and LOD score were calculated between all markers within a 

subgroup. Linkage maps for the subgroups were calculated using the linear regression 

mapping method. Only subgroups covering more than 5cM in length were considered. 

The mapping calculation time in JoinMap v4.1 increases drastically in marker groups 

comprising several loci. Subsequently, MDSMap (Preedy & Hackett, 2016) in R (R 

Core Team, 2020) was used as alternative for calculating the subgroups with more than 

200 markers (Hackett et al., 2018; Russell et al., 2014) . 

 

  



 

 
 
 

50 

3.3 Results 

 

3.3.1 Marker filtering 

Genomic DNA from the 269 individuals of the population and 3 replicates of each 

parental line were sequenced through Affymetrix 90 K Axiom SNP array (Bassil et al., 

2015). Genotyping call data provided by the sequencing service covered 138099 SNPs 

in the 243 offspring individuals meeting the quality standards. The filtering process, 

following the criteria of segregation pattern, missing data, missing and inconsistent 

parents, resulted in 24123 high quality markers (Hackett, Appendix). 

Four marker categories were established based on the genotypes in both parents 

(homozygous/heterozygous) (Table 1). 

 

Table 1. Classification of the markers based on parental genotypes (Hackett, Appendix). 

  PL2 
  Heterozygous Homozygous 

PL1 Heterozygous 4948 8084 
Homozygous 7469 3622 

 

 

3.3.2 Population analysis 

A principal coordinate analysis was carried over the genotypic data from the 269 

offspring individuals as well as 9 replicates of each parental line. The similarity analysis 

(Hackett et al., 2000) suggested a structure of 4 groups: (i) a first group containing the 9 

PL1 parental samples and 46 offspring individuals, (ii) a group containing 9 PL2 

samples, (iii) a third group of 172 corresponding to the true offspring of the intended 

cross, and a small extra group of 25 individuals (Hackett, Appendix). Principal 

coordinate analysis carried over SNPs homozygous in both parents led to the exclusion 

of GN19_142, belonging to the group iii, (true offspring) from further analysis, due to 

discrepancies. 

Further analysis identified 171 true offspring individuals as well as the 9 replicates of 

each parental genotype from the total number of genotypes.  
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3.3.3 Linkage mapping 

Genotyping data from the 24123 high-quality markers was filtered by parental linkage 

group (following the preassigned groups) and analysed using JoinMap v4.1. A second 

filtering process was carried over each linkage group in order to remove identical or 

significantly distorted markers, as well as loci with more than 20 missing values. The 

remaining SNP markers were grouped. Contrastingly with what is expected in a diploid 

species, where the grouping would correspond to the assigned linkage groups, we 

observed between 7 and 12 subgroups within each parental linkage group (Figure 1). 

The presence of individual groups at low LOD scores relates to the individual 

segregation of the paired chromosomes within each linkage group, consequence of the 

alloploidy of Fragaria x ananassa. 

 

 

Figure 1. Subgroups within linkage group 3 of PL2. The presence of separate groups within the pre-assigned 
linkage groups suggests the individual segregation of the chromosomes, consequence of the polyploid genome.  

 

Linkage maps were calculated using Regression Mapping method and filtered by length 

to remove subgroups covering less than 5cM in length. The resulting 119 subgroups 

representing 14 linkage groups (7 corresponding to each parent) and covered a 

maximum length of 141.08 cM (PL2_2_2), involving a range from 7 to 317 markers 

(Appendix II, Appendix III). 
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The distribution of phase along subgroups suggested that while some subgroups had all 

the markers linked in the coupling phase (i.e. PL1_1_3), others combined both coupling 

and repulsion phases. The later situation would correspond to a pair of chromosomes 

(Appendix II). 

 

Table 2. Summary of the linkage groups mapped for PL1. 

Parent Linkage group Subgroups Loci Length (cM) 
PL1 1 10 589 237.4 
PL1 2 9 579 435.9 
PL1 3 9 744 674.4 
PL1 4 10 510 451.5 
PL1 5 10 649 517.5 
PL1 6 8 720 428.3 
PL1 7 7 511 298.8 

 

 

PL1 linkage mapping 

The linkage maps developed using PL1 simplex markers covered an overall length of 

3,043.954 cM distributed in the 7 pre-assigned linkage groups. The subgroups ranged 

from 237.356 (linkage group, LG1) to 744.911 (LG7). The maps involved 4289 loci 

distributed in 67 subgroups along the 7 linkage groups, involving from 510 loci (LG 7) 

to 744 (LG 3) (Table 3), (Appendix II). The overall marker density reached 1.413 

markers/cM. However, coverage was highly different among subgroups, ranging from 

0.078 cM/loci (PL2_6_7) to 8.653 cM (PL2_2_1)   

 

Table 3. Summary of the linkage groups mapped for PL2. 

Parent Linkage group Subgroups Loci Length (cM) 

PL2 1 9 408 269.8 
PL2 2 7 573 505.3 
PL2 3 9 720 508.1 
PL2 4 6 372 407.2 
PL2 5 7 619 677.9 
PL2 6 11 562 377.2 
PL2 7 7 315 301.7 
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PL2 linkage mapping 

The linkage maps developed for the parental line PL2 covered a total length of 

3047.271 cM, distributed in 7 pre-assigned linkage groups ranging from 269.803 (LG1) 

to 677.889 cM (LG5). A total 3568 loci were involved in the mapping, ranging between 

315 (LG7) and 719 (LG3) loci on each linkage group. Although the average marker 

density reached 1.171 loci/cM, it varied highly among subgroups, ranging from 0.086 

(PL2_3_8) to 7.291 (PL2_1_5). 
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3.4 Discussion 

 

High quality linkage maps for the population GN19, originated from the cross between 

PL1 and PL2 were developed. The Affymetrix 90 K Axiom® array (Bassil et al., 2015) 

was used for high-throughput genotyping a full-sibling population, and regression 

mapping method was used for calculating linkage maps. The resulting maps covered a 

set of 7 linkage groups on each parent, reaching an overall length of ~3000 cM, and 

involving 7857 SNPs. 

 

3.4.1 Mapping population structure 

The multilevel filtering lowered the initial 138099 SNP markers to 24123 high-quality 

markers, which were later classified according to the allele dosage. Population structure 

analysis of the resulting four classes was performed. Three groups were detected, 

corresponding to self-crosses of the parent PL2, true crosses between PL1 and PL2, and 

random crosses presumably contaminated during the commercial crossing.  The loci 

whose alleles presented a simplex distribution were used for the construction of linkage 

maps through regression mapping. This approach allows the development of 

assumption-free linkage maps by adapting tools developed for diploid species because 

of the diploid-like genetic behaviour of the simplex alleles (Bourke et al., 2018). 

However, the use of simplex loci limits the information by not including the remaining 

markers (Bourke et al., 2018). Therefore the development of a consensus map by 

integrating the remaining markers would be a desirable step for enhancing the map and 

its use in future analysis. 

 

3.4.2 Linkage mapping 

The selected markers were analysed and grouped in JoinMap v4.1, falling in several 

groups within each of the 7 pre-assigned parental linkage groups. The subgroups, 

present even at relatively low LOD scores, suggest the segregation of the chromosome 

pairs caused by the allopolyploid nature of the genome. This situation reflects also in 

the distribution of phase in the markers within the subgroups. Phase, a consequence of 

the grandparental origin of the alleles, could be further investigated in order to establish 

the correspondence among subgroups and chromosomes.  It is likely that the long 
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subgroups (i.e. PL1_3_1 of PL1, PL2_3_1 of PL2, Appendix 2) represent chromosome 

pairs. Additionally, we observed an unequal distribution of phases within the subgroups. 

The causes underlying the presence of large groups uniform in phase (i.e. PL2_5_4 of 

PL2, PL1_5_9 of PL1, Appendix II) could also be an object of further analysis. The 

establishment of the relationship among our subgroups and the 28 linkage groups of 

Fragaria x ananassa (Davik et al., 2015) would enable the study of its structure, as well 

as the comparative study with similar maps developed under a whole-genome approach 

(Anciro et al., 2018; Cockerton et al., 2018; Nagano et al., 2017). 

The linkage maps constructed covered a total length of 3,043.954 cM for PL1’s 

markers, and 3,047.271 cM for PL2. 4,302 and 3,568 markers were involved, 

respectively. The marker density ranged between 1.559 cM and 1.573 cM between 

markers, slightly over the expected 0.5cM (Bassil et al., 2015). However, the increase in 

the distance among markers could be attributed to the quality filtering as well as the 

exclusion of loci whose allele dosage was higher than simplex. Besides, the average 

density is strongly influenced by the presence of a few large subgroups such as 

PL2_3_8, with 128.239 cM covered by 11 loci, and PL1_6_7 and PL1_4_9, with 

141.080 cM covered by 11 loci and 85.519 cM covered by 9 loci respectively.  

 

3.4.3 Final remarks 

The availability of cost-effective high-throughput genotyping platforms implies a step 

forward in the progressive integration of new breeding strategies such as genomic 

breeding (Gezan et al., 2017), as well as a wider use of molecular breeding strategies. In 

Fragaria x ananassa, a polyploid species with a complex genome, the development of 

high-throughput genotyping platforms such as SNP arrays (Bassil et al., 2015; Verma, 

Bassil, et al., 2017) enhanced the study of the genetic behaviour of quantitative traits.  

Linkage maps hold a vital importance in genetic studies and breeding by providing 

information about the recombination and linkage among the loci within. The developed 

high-density linkage maps will be the basis for a QTL study in order to approach the 

genetics underlying commercially relevant traits (Chapter 4). Moreover, the knowledge 

on the genetics of the traits combined with the availability of the maps will allow the 

development of a set of markers linked to relevant traits for its further integration in 

breeding pipelines. 
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4 QTL underlying strawberry fruit morphology 
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4.1 Introduction 

 

The majority of the relevant traits conditioning yield, quality, as well as several 

agronomical traits such as phenology, resistance to diseases and tolerance to 

environmental stresses are under quantitative control (Cockerton et al., 2018; Nellist et 

al., 2019; Pott et al., 2018; Salinas et al., 2019). The complexity of the strawberry 

genome, in addition to the inherent quantitative nature of the traits, has largely 

constrained the study of the genetics underlying quality and yield traits. Besides, more 

accurate phenotyping methods are required, capable of dissecting the small, additive 

effect of several genes contributing to the overall phenotype (Brewer et al., 2006). 

 

The genetics of strawberry colour 

Colour is one of the most critical factors determining the quality of strawberry fruits and 

the appeal to the consumer (Hancock et al., 2008). Besides, colour and its distribution 

within the fruit constitute by itself a varietal trait. Core, flesh and skin range from a pure 

white colour to dark burgundy, including orange and red (UPOV, 2012). Previous 

studies reported low correlations among the colour of skin and flesh, suggesting an 

independent genetic control (Hancock et al., 2008).  

Early approaches to colour focused on the skin colour, dissecting it in Lab system 

coordinates, hue and Chroma values and measuring the total anthocyanin content of the 

fruits (Zorrilla-Fontanesi, Cabeza, Domínguez, et al., 2011). Two stable QTL, antV-M.2 

and bV-M.2 were reported to be involved in the control of the a value and anthocyanin 

content, and the b value, respectively (Zorrilla-Fontanesi, Cabeza, Domínguez, et al., 

2011). Later, one more stable QTL was reported, IIa-f, involved in the control of the a 

value as well as the total anthocyanin content (Lerceteau-Köhler et al., 2012). The high 

proportion of unstable QTL over different years in addition to the low percentage 

variance explained by the loci detected in  studies suggests the strong environmental 

influence of the trait and its inherent quantitative nature. A later study on quality and 

flowering traits included external colour (Verma, Zurn, et al., 2017). However, no QTL 

associated with its control were detected. 
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Inheritance of fruit morphology 

Yield constitutes a primary aim in strawberry breeding pipelines. Despite its importance 

for breeding, its complex nature, influenced by several factors and a wide range of 

interactions among them, has largely constrained the study of its inheritance (Hancock 

et al., 1996, 2008). Due to its strong correlation to yield, fruit size has been reported to 

be suitable for improvement (Hansche, 1968).  

Although it is not directly involved in yield and its relevance for breeding is minor, 

shape is one of the determinants of fruit quality and consumer liking (Hancock et al., 

2008). However, it is mostly qualitatively assessed (Scott et al., 1979; UPOV, 2012) 

and the genomic regions involved in its control remain unclear.  

In an early QTL study, the locus fwI-M.2, explaining 12% of the variance in average 

fruit weight was detected. The study involved several yield and fruit quality traits and 

was performed on a 95-individual F1 population (Zorrilla-Fontanesi, Cabeza, 

Domínguez, et al., 2011). In a later study involving quality traits, shape was also 

considered in addition to fruit diameter, length and diameter/length ration and average 

fruit weight (Lerceteau-Köhler et al., 2012). However, none of the loci associated with 

the fruit weight was stable over the years of the experiment. Among other transient loci, 

IIc-m and IIIa-m showed a significant, stable association to fruit length and 

diameter/length ratio, respectively. In addition, IIIa-m was reported to be significantly 

associated with fruit diameter in two of the three years of the experiment. Average fruit 

weight was also included in a late study involving fruit quality and flowering traits 

(Verma, Zurn, et al., 2017). Again, no significant associations were detected. 

 

Objectives 

The development of high-throughput methodologies for phenotyping (Williams et al., 

2018; Zhao et al., 2019) and genotyping (Bassil et al., 2015; Verma, Bassil, et al., 2017) 

joined to the availability of a reference genome (Edger et al., 2019) has set a path for 

clarifying the remaining questions in the genetics of fruit quality and yield.  

Subsequently, in this chapter we aim to integrate the phenotypic data (Chapter 2) and 

the linkage maps developed for our population (Chapter 3) in order to study the genetics 

underlying fruit morphology, colour and yield. 
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4.2 Material and Methods 

 

4.2.1 Plant material 

A population of 269 plants originating from the cross between PL1 and PL2 were used 

as plant material. The plants were grown from seed in coir substrate under a polytunnel 

in Kent. 6 clones of each parent were also grown in the tunnel. Phenotype was regularly 

assessed through the summer season of 2019. 

 

4.2.2 Methods 

 

Phenotyping 

Digital phenotyping produced several descriptors referring to different aspects of 

colour, size, and shape (Chapter 2). Size of the fruit was dissected into 7 descriptors: 

Area, Perimeter, Maximum Height, Maximum Width, and Curved Height. Colour was 

measured in Lab and RGB systems, as well as Hue, Chroma and Luminosity values. 

Shape was assessed combining three different approaches: (i) fruit shape indexes 

(External, Internal (I, II), Height Mid-Width, Width Mid-Height, Eccentricity Area 

Index, Width Widest Position, Curved Fruit Shape Index, Distal Fruit Blockiness, 

Proximal Fruit Blockiness), (ii) similarity to different shapes (Triangle, Rectangular, 

Circular, Ellipsoid, Ovoid, Obovoid, Eccentricity, Distal Eccentricity), and (iii) the 

asymmetry of the fruit (vertical, horizontal ovoid, and horizontal obovoid) (Chapter 2). 

The performance of the individual plants changed drastically along through the season, 

suggesting the necessity of considering the effect of time in the measurements. Seasonal 

effect was calculated for each trait and individual by modelling the relationship between 

the trait values and date as a smooth function using a smoothing spline (R. & de Boor, 

1980). Date-adjusted trait values were calculated by subtracting the fitted spline from 

the original values.  Average and date-adjusted average were calculated for each trait 

and genotype through GenStat (VSN International, 2019) using direct observations and 

adjusted values, respectively. 
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Linkage mapping 

Total genomic DNA was isolated from runner tissue using CTAB method. The 243 

samples that met the quality requirements were genotyped through Axiom iStraw Array 

(Bassil et al., 2015). The initial 138099 SNP markers were filtered by Dr Christine 

Hackett (BioSS), resulting in 24123 high-quality markers in the 171 true siblings. 

Simplex SNP markers for each parent were used to construct linkage maps for the 7 

linkage groups of Fragaria x ananassa (Chapter 3). 

 

QTL analysis 

QTL analysis of the 39 traits and their corresponding date-adjusted measurements was 

performed using the function scanone and non-parametric test of R/qtl (Broman et al., 

2003; R Core Team, 2020). An upper 5% threshold for the LOD score was calculated 

for every trait and linkage group using 1000 permutations. Loci involved in significant 

associations were selected and analysed individually. 
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4.3 Results 

 

4.3.1 Seasonal effect 

The resources available in the plants decrease when the season progresses. As several 

analysed descriptors are directly or indirectly involved in yield, seasonal effect was 

tested in all the plants in the population using GenStat (VSN International, 2019). 

Results confirmed a significant effect of the time in all the studied traits, suggesting the 

need to estimate its effect over the individual phenotypes. Therefore, in addition to the 

average value for each trait and line, a date-adjusted average value was also calculated 

by estimating and removing the seasonal effect (Figure 1). Subsequently, further 

analysis, including QTL mapping, were performed over the adjusted and unadjusted 

values for each trait. 

 

  
Figure 1. Splines calculated for Average fruit weight and date-adjusted Average fruit weight. 

 

4.3.2 QTL analysis 

The QTL analysis was performed over the maps calculated in Chapter 3. Digital and 

conventional values for the descriptors in Chapter 2 were analysed. The upper 5% LOD 

threshold was calculated for each trait and linkage group, and significantly associated 

loci (p<0.001) for each trait were selected and analysed. The mean difference and 

standard error of difference for each significant locus were calculated, as well as the 

mean and standard error for homozygous and heterozygous genotypes. A total of 148 
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significant associations involving 29 descriptors and 29 unadjusted descriptors were 

detected (Appendix IV, Table 1). 73 loci were significantly associated with unadjusted 

descriptors. 74% of these associations were consistent among adjusted of unadjusted 

data. 

 

4.3.3 Validation 

As data of different points along the season was available, it was possible to analyse the 

coincidence of QTL significantly associated to unadjusted traits and their adjusted 

equivalent. For this reason, significant loci were filtered to select only loci where both 

the adjusted and unadjusted measurements for the same trait coincided. The 74% of the 

associations detected using unadjusted descriptors resulted consistent with their 

adjusted equivalents. The 54 stable loci were classified in colour, size, and shape-

related, attending to the descriptor (Table 1, Appendix IV). Additionally, 20 loci 

resulted significantly associated to date-adjusted descriptors but not to the raw data.  

 

Colour 

Two loci significantly associated to a value, L value, Luminosity and Red (RGB 

system) were detected in the QTL analysis (Table 1).  

A single locus in LG2, AX-89783912, showed a significant association (p<0.001) with 

the a value, L value, Luminosity and Red (RGB), as well as their adjusted values. The 

LOD values for the association were considerably high, ranging from 8.223 to 10.191 

and surpassing in all cases the calculated 5% threshold. AX-89783912 is located around 

62.09cM in the subgroup PL2_2_2. AX-89794726, located around 75.4cM in the LG 5, 

subgroup PL1_5_4 of PL1, showed a significant association with Red (RGB system) as 

well as Luminosity (and their date-adjusted equivalents). The LOD values for the 

association ranged between 7.311 and 7.823, all of them being above the corresponding 

5% threshold. 
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Table 1. QTL showing significant association with colour descriptors. 

Trait Marker Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 

adjLValue  AX-89783912 PL2_2_2 62.09 8.724 6.87 1.5029 0.4038 0.09975 0.0002979 -1.9755 -0.4726 0.2998 0.2705 

LValue AX-89783912 PL2_2_2 62.09 9.7 7 1.6554 0.4087 0.116 8.92E-05 17.2923 18.9477 0.3034 0.2738 

adjLuminosity AX-89783912 PL2_2_2 62.09 8.91 6.9 2.8929 0.7353 0.1102 0.0001375 -3.8139 -0.921 0.5459 0.4926 

Red AX-89783912 PL2_2_2 62.09 8.223 7.01 5.2028 1.317 0.111 0.0001296 83.6969 88.8998 0.9778 0.8823 

adjRed AX-89783912 PL2_2_2 62.09 8.426 6.92 4.783 1.274 0.1013 0.0002658 -6.491 -1.708 0.946 0.8537 

Luminosity AX-89783912  PL2_2_2 62.09 10.191 6.62 3.1649 0.7507 0.1245 4.73E-05 45.0377 48.2025 0.5573 0.5029 

adjLuminosity AX-89794726 PL1_5_4 75.41 7.311 6.93 2.7316 0.7404 0.1004 0.0003372 -3.4755 -0.7438 0.4931 0.5523 

adjRed AX-89794726 PL1_5_4 75.4 7.823 7.09 4.858 1.272 0.1068 0.0002115 -6.0025 -1.1445 0.847 0.9487 

Luminosity AX-89794726  PL1_5_4 75.41 7.319 6.87 2.7722 0.7651 0.09715 0.0004252 45.5227 48.2949 0.5096 0.5708 

Red AX-89794726  PL1_5_4 75.41 7.684 7.11 4.9191 1.328 0.1011 0.0003198 84.4181 89.3372 0.8844 0.9906 

 

LG: Linkage group 

5% LOD: upper 5% LOD threshold (1000 permutations) 

MD: Mean difference between genotype classes 

SE: Standard error of difference 

x̃ HOM: Mean value (Homozygous) 

x̃ HET: Mean value (Heterozygous) 

SE HOM: Standard Error (Homozygous) 

SE HET: Standard Error (Heterozygous) 
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Size 

Significant associations with size descriptors were localized in linkage groups 1, 3, 5, 6, 

and 7. AX-89780197, localized in the proximal end of the subgroup PL1_1_10, in LG1, 

was significantly associated to Area, Curved Height, Height Mid-Width, Maximum 

Height, and Perimeter, as well as their adjusted measurements. LOD values for the 

association ranged from 7.679, corresponding to adjusted Area (adjArea) to 9.648, 

corresponding to Maximum Height. Two more loci involved in the control of size 

descriptors were detected in LG1, both of them within the subgroup PL2_1_7. AX-

89779909 and AX-89875408 were significantly associated with Maximum Height and 

adjusted Maximum Height, respectively. Although the adjusted and unadjusted 

descriptor mapped to two different markers, the loci are situated close together, at 16.38 

cM and 18.85 cM of the subgroup. 

Height Mid-Width and its adjusted descriptor were significantly associated with four 

loci in LG3. AX-89812978 and AX-89855881, located at 57.38 and 58.11 cM in the 

subgroup PL1_3_8, had a LOD value of 8.3475 and 8.497. AX-89824188, and AX-

89881469 mapping at 72.16 and 67.62 cM, respectively, in PL2_3_1, had higher LOD 

values, reaching 8.91 and 9.282. The same descriptor, corresponding to the height at the 

middle point of the maximum width of the fruit, was associated to a single locus in the 

proximal end of LG5. AX-89890252, significantly associated to Height Mid-Width and 

its adjusted values (8.088, 7.998 LOD) is located at the proximal end of the subgroup 

PL2_5_2, in LG5. 

Significant associations with size descriptors were also detected in LG6. Three loci, 

distributed between 86.53 cM and 88.92 cM in the subgroup PL1_6_1, participated in 

the control of Area, Perimeter, Maximum Height, Maximum Width, Curved Height and 

Width Mid-Height. The LOD values for the association were very high, ranging from 

10.311 (Maximum Height) to 15.971 (date-adjusted Maximum Width, adjMaximum 

Width). A single locus controlling Maximum Height and Height Mid-Width and their 

adjusted vales was detected in LG7. AX-89845947 was located at the proximal end of 

subgroup PL2_7_7, and the LOD values for the associations 6.403 and 7.597, all 

surpassing the corresponding 5% thresholds. 
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Shape 

Loci associated to the different descriptors determining the shape of the fruit were 

detected along the 7 linkage groups of Fragaria x ananassa. Three loci in two 

subgroups originated from the markers of PL1 (PL1_1_4) and PL2 (PL2_1_5) were 

detected in LG1. AX-89873578, situated at 40.182 cM in the subgroup PL1_1_4, was 

detected to be significantly associated to Ellipsoid and its adjusted values, as well as the 

ovoid horizontal asymmetry (H_Asymmetry_ov) (LOD 7.798, 7.363, and 7.671, 

respectively). However, the adjusted horizontal asymmetry (adj H_Asymmetry_ov) 

mapped in a different locus, AX-89867542, at 29.328 cM (LOD 8.379). The remaining 

locus, AX-89873704, showed a significant association with both adjusted and 

unadjusted Vertical asymmetry (V_Asymmetry) (7.018, 7.599 LOD, respectively). AX-

89873704 is located at 13.79 cM in the subgroup PL2_1_5 of LG1. 

Three subgroups within LG2 contained loci significantly associated with shape 

descriptors. AX-89821725, located at 109.27 cM in subgroup PL1_2_5, showed a 

significant association to Distal Fruit Blockiness of the fruit (LOD 8.172). However, the 

adjusted values for the Distal Fruit Blockiness mapped in a different locus, AX-

89782161, at 111.89 cM within the subgroup (LOD 8.634). Distal Fruit Blockiness also 

mapped in the subgroup PL2_2_1 (LG2). Although the adjusted and unadjusted values 

were associated with different loci (AX-89820767 and AX-89855156, respectively, 

LOD=7.571, 8.530), their position in the subgroup was close, differing only in 0.04 cM. 

The remaining significant loci in LG2 belong to PL2_2_6. Three loci corresponding to 

Fruit shape index internal, Curved fruit shape index, and Fruit shape index external II 

and their respective adjusted values, mapped between 25.77 and 26.66 cM in PL2_2_6 

(LG2). In this case both the unadjusted and adjusted values showed association with the 

same locus (AX-89822322, AX-89879268, and AX-89879527). Additionally, LOD 

values for the association were very high, ranging from 8.035 (corresponding to Fruit 

Shape Index External II) to 11.216 (adjusted Fruit Shape Index Internal). 

LG 3 contained 11 loci significantly associated with shape descriptors and distributed 

along 5 subgroups. AX-89787018, at 8.9 cM in subgroup PL1_3_1, showed a strong, 

significant association to adjusted and unadjusted Fruit Shape Index External I, as well 

as Curved Fruit Shape Index. The adjusted values for Curved Fruit Shape Index mapped 

in AX-89881082, at 7.09 cM. However, the LOD values for all the associations were 

very higher, ranging from 11.651 (for Fruit Shape Index External I) to 13.225 (Curved 

Fruit Shape Index). A third locus in PL1_3_1, AX-89827042, in the position 10.37 cM, 
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was significantly associated with Fruit Shape Index External II and its corresponding 

adjusted values. Although significant, the LOD values for the association with this locus 

were lower (9.463 and 8.678, respectively). 

In the subgroup PL2_3_1, the loci AX-89827074, at 53.83 cM, and AX-89881469, at 

67.62 cM were associated with adjusted and unadjusted Curved Fruit Shape Index and 

Fruit Shape Index Internal, respectively. Besides, the LOD values of the pairs of 

associations were remarkably high, between 10.442 (Fruit Shape Index Internal) and 

12.346 (Curved Fruit Shape Index). The opposite situation was observed for PL2_3_2, 

where adjusted and unadjusted Distal Eccentricity mapped in two different loci. AX-

89787884, associated to Distal Eccentricity (LOD 7.994), was located at 14.908cM, 

while AX-89828273, associated to the corresponding adjusted values (LOD 7.491) 

mapped at 13.54 cM. Finally, AX-89856218, at 114.24cM in the subgroup PL2_3_8 

(LG3) showed a significant association to Curved Fruit Shape Index, Fruit Shape Index 

External I and their corresponding adjusted values. The LOD values for all the 

associations were very high, ranging from 9.761 (Fruit Shape External I) and 12.279 

(Curved Fruit Shape Index). 

A single locus in PL1_4_2 showed a significant association with shape descriptors in 

LG4. AX-89790835, at 36.118 cM, was significantly associated with adjusted and 

unadjusted Ellipsoid index (LOD 9.196 and 8.219, respectively. 

Fruit Shape Index External I and II, as well as Curved Fruit Shape Index, mapped in the 

region between 40.686 and 40.71 cM of the subgroup PL1_5_6 of LG5. Adjusted and 

unadjusted Curved Fruit Shape Index showed a strong, significant association (LOD 

12.846 and 12.957, respectively) with AX-89836217, at 40.686 cM. In a similar 

situation, AX-89834981 was significantly associated with the adjusted and unadjusted 

values of Fruit Shape Index External I and II. Although the LOD for the association to 

Fruit Shape Index External I was high (11.372 and 11.502, respectively), the values for 

the Fruit Shape Index External II (7.657 and 7.937) were only slightly higher than the 

significance threshold. 

AX-89895408, a locus situated at 27.34 cM in the subgroup PL1_6_6 of LG6, showed a 

significant association with Fruit Shape Index Internal, External, and Eccentricity Area 

Index. The LOD values for the associations ranged from 7.603 to 10.596, and we 

observed again a co-localization in the association of the adjusted and unadjusted 

descriptors. Eccentricity and adjusted Eccentricity were also significantly associated 
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with loci in PL1_6_6. However, in this case the unadjusted descriptor mapped in AX-

89795448, at 10.46 cM while the adjusted equivalent mapped in AX-89841917, at 

11.89 cM. In both cases the LOD values were very high (11.89 and 9.691, respectively). 

A single locus within the subgroup PL2_6_1 (LG6) was associated to 5 shape 

descriptors and their adjusted equivalents. AX-89895461, located at 23.894 cM in 

PL2_6_1, was significantly associated to Fruit Shape Index Internal and External II, and 

Eccentricity indexes, and Eccentricity Area Index, as well as their corresponding 

adjusted values. The LOD values for the associations were high, reaching 12.196 for 

Fruit Shape Index Internal (11.530 for the adjusted values) and 12.359 for Eccentricity 

(10.959 in adjusted Eccentricity).  

Adjusted and unadjusted Circular index mapped in two different subgroups within LG7, 

PL1_7_5 and PL2_7_1. Remarkably, the LOD values for the association among 

Circular and AX-89843870 (PL1_7_5) and AX-89800812 (PL2_7_1) are equally 7.867. 

The same situation was observed for adjusted Circular, with a LOD value of 6.974 both 

for the association with AX-89843870 (PL1_7_5) and AX-89800812 (PL2_7_1). 

Contrarily, both adjusted and unadjusted Curved Fruit Shape Index were significantly 

associated to the same locus, AX-89903224. Located at the proximal end of PL2_7_7 

(0.004 cM), the LOD values for the association were in both cases slightly low (7.470 

and 7.303, respectively).  
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4.4 Discussion 

 

In order to clarify the genetics of yield, colour and fruit morphology, a QTL analysis 

was performed over the phenotypic data of 171 F1 individuals (Chapter 2) and the 

developed linkage maps (Chapter 3). 154 significant associations were detected, from 

which 55 were consistent comparing adjusted and unadjusted data. 

 

4.4.1 Digital imaging in QTL mapping 

Phenotypic data, dissecting fruit morphology and colour (Chapter 2) could be 

successfully integrated in a QTL mapping over the linkage maps constructed in Chapter 

3. Interestingly, the majority of significant associations detected involved descriptors 

obtained through image analysis. Although some traits assessed by more conventional 

methodologies (Colour, Average fruit weight) could be mapped, the associations were 

not consistent after considering the seasonal effect on the trait. This situation suggests 

the intense environmental effect over these traits. Additionally, the success of the digital 

descriptors could be a consequence of the enhancement of resolution. The dissection of 

an overall phenotype such as the average fruit weight, in individual size descriptors 

would allow the detection of individual effects which otherwise would not be 

considered (Brewer et al., 2006). 

 

4.4.2 Genetics of colour 

Two main loci were significantly associated with colour descriptors, AX-89783912, 

located in the subgroup PL2_2_2 of LG2, and AX-89794726, in LG5, subgroup 

PL1_5_4. In both cases adjusted and unadjusted Red and Luminosity showed a 

significant association, and in the first locus L value and its corresponding adjusted 

measurements were also significant. Red, corresponds to the red pixels measured in 

RGB coordinates, while L value and Luminosity measured the lightness of the image, 

measured in the colour space (+ L lightness, -L darkness) and from the RGB extreme 

values (Chapter 2) (Darrigues et al., 2008). The results are consistent with the strong 

correlations detected between Red (RGB) values and L value (0.92, p<0.001), and 

Luminosity (0.98, p<0.001) (Chapter 2, Section 3.3) In addition, adjusted Chroma, for 

which significant correlations with Red were also detected (0.89, p<0.001) (Chapter 2, 
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Section 3.3), mapped in the locus AX-89794726, in subgroup PL1_5_5 of LG5. 

However, the association was not consistent for the adjusted and unadjusted values of 

the trait. 

The results of Chapter 2 suggested significant correlations between the visual 

assessments of colour and Luminosity, L value, and R (-0.68, -0.59, -0.64; p< 0.001).  

This could suggest a potential use of AX-89783912 and AX-89794726 in breeding for 

colour. However, the contribution of both loci to the trait is minor, and the percentage 

of variance explained for the descriptors was only 11%. The quantitative nature of the 

trait had been evidenced in previous studies, where a similar distribution of transient 

QTL, and few stable QTL explaining a low percentage of variance had been detected 

(Lerceteau-Köhler et al., 2012; Zorrilla-Fontanesi, Cabeza, Domínguez, et al., 2011). 

Further analysis would involve a comparative analysis in order to clarify the 

correspondence among QTL identified in different populations.  

 

4.4.3 Inheritance of fruit dimensions 

Strawberry fruit size is one of the main determinants of yield (Hancock et al., 2008; 

Hansche, 1968), which constitutes a primary aim in the majority of the breeding 

programs worldwide. In order to establish the regions involved in the inheritance of 

fruit size and its effect in the phenotype, 7 descriptors based on digital image analysis 

(Brewer et al., 2006) in addition to the measurement of average fruit weight and 

diameter were studied (Chapter 2). The results of the QTL analysis imply the QTL are 

distributed along chromosomes 1, 3, 5, 6, and 7. 

No significant associations were detected for the average fruit weight. However, two 

loci showed a significant association to the adjusted average fruit weight. AX-

89816492, located in subgroup PL1_1_4, LG1 (LOD 6.605) explained 8.69% of the 

variation in the trait. AX-89841581, in PL1_6_1, LG6 (LOD 7.607), explained 9.77% 

of the variance. The lack of significant associations for average fruit weight may be 

caused by the structure of the population. The F1 population analysed was originated 

from crossing two elite varieties, PL1 and PL2. Both of the parents have high yield 

profiles. Therefore, we would not expect the genes underlying yield to be segregating in 

the population.  
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However, the approach to fruit size through the dissection of the trait into individual 

descriptors, allowed mapping several loci whose effect would be unappreciated 

otherwise (Brewer et al., 2006). Loci controlling size descriptors were detected in 

linkage groups 1,3,5,6, and 7.  

Individual loci in two different subgroups in LG3, PL1_3_8 and PL2_3_1, as well as 

PL2_5_2 (LG5) explained among 9.163 and 11.92% of the variance in the Height Mid-

Width. Similarly, the locus AX-89845947, in LG7, showed significant associations to 

Maximum Height and Height Mid-Width. Moreover, a strong, positive correlation had 

been detected between both traits (0.94, p>0.001) (Chapter 2, Section 3.1). 

Most of the significant associations were clustered in linkage groups 1 and 6. A single 

locus in LG1, AX-89780197 (PL1_1_10), explained between 9.182 and 13.6% in the 

variance of 5 size descriptors. Besides, one of the descriptors, Maximum Height, 

mapped also in PL2_1_7, explaining between 9.69 and 11.35% of the variance in the 

trait.  

6 of the 7 size descriptors mapped in a cluster distributed between 86.53 and 88.92 cM 

in PL1_6_1, LG6. Within the region, loci significantly associated to Area, Perimeter, 

Maximum Height and Width, Curved Height and Width Mid-Height were detected. 

Furthermore, the percentage of variance in the descriptors explained by the loci was 

considerably higher, ranging from 11.95% (adjusted Maximum Height, AX-89841578) 

to 17.61% (Perimeter, AX-89897896). Both Perimeter and Area had revealed to be 

significantly correlated to average fruit weight (0.76 and 0.75, respectively, p<0.001) 

(Chapter 2, Section 3.1). Consequently, the percentage of variance for both traits 

explained by the cluster of loci (16.58-16.97% for Area, 17.54-17.61% for Perimeter) 

could be applied for improving the yield.  

 

4.4.4 Fruit shape 

Although fruit shape is one of the determinants of fruit quality and liking (Hancock et 

al., 2008) its genetic control remains unclear. The trait is approached mainly as a 

qualitative variable, defining archetypes and classifying the fruits according to them. 

The use of digital imaging software not only allowed an efficient and high-throughput 

assessment of the phenotype, but also changed the perspective from classes to indexes. 

Therefore, the data obtained in Chapter 2 referring to the shape phenotype was suitable 

for the QTL analysis methodology. 
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Loci significantly associated with shape were detected along the 7 linkage groups of 

Fragaria x ananassa. Most of the associations involve only a descriptor and its 

corresponding adjusted value and a single locus or a relatively close pair of loci. 

However, it is worth mentioning the clustered distribution of the associations in linkage 

groups 2, 3, and 6. Significant associations were detected three loci located at 25.77, 

25.94, 26.66 cM within PL2_2_6, in linkage group 2. The markers, AX-89822322, AX-

89879268, and AX-89879527 were significantly associated with the adjusted and 

unadjusted values of Fruit Shape Index Internal, Curved Fruit Shape Index, and Fruit 

Shape Index External I. The variance explained by the loci was relatively low, ranging 

from 9.279% (Fruit Shape Index ExternalI) to 13.56% (adjusted Curved Fruit Shape 

Index). 

AX-89895408, a single locus in subgroup PL1_6_6 of LG6, showed significant 

associations to the adjusted and unadjusted values of Eccentricity Area Index, Fruit 

Shape Index Internal, and Fruit Shape Index External II. Although the percentage of 

variance explained was relatively low, in the case of Fruit Shape Index Internal ranged 

from 11.99 to 12.47%. This index refers to the ratio among length and width of the fruit 

by plotting an imaginary ellipse within the fruit and calculating its ratio (Chapter 2) 

(Brewer et al., 2006). Its effect on the determination of the shape class had been studied 

in Chapter 2, showing a high variance ratio in the MANOVA analysis (p<0.001). 

 A similar distribution can be observed in PL2_6_1 subgroup (LG6), where 4 

descriptors mapped in the same locus. Eccentricity, Eccentricity Area Index, Fruit 

Shape Index Internal, and Fruit Shape Index External II, and their corresponding 

adjusted values were significantly associated to AX-89895461. In addition, the variance 

explained for the locus was relatively high, ranging from 12.73-12.37% (Fruit Shape 

Index External II) to 15.37% (Eccentricity). Besides, both Fruit Shape Index External II 

and Fruit Shape Index Internal (R2 0.1438-0.1406) had high variance ratios in the 

MANOVA analysis involving fruit shape (19.88-19.8; p<0.001) suggesting their 

relevance in the determination of the trait. 

It is also worth mentioning the associations between adjusted and unadjusted Curved 

Fruit Shape Index and the loci AX-89856218, AX-89836217, AX-89881082, and AX-

89787018. The loci, situated in PL2_3_8 (LG 3), PL1_5_6 (LG5), and both AX-

89881082 and AX-89787018 in PL1_3_1, LG3, explained between 15.76 and 20.95% 

of the variance in the descriptor. Nevertheless, although significant, the variance ratio of 
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Curved Fruit Shape Index in the MANOVA analysis was relatively low (Chapter 2, 

Section 3.2). 

 

4.4.5 Conclusions 

The results of the QTL mapping are consistent with the behaviour of the traits 

previously observed in Chapter 2. Overall, there is a correspondence where the 

correlated traits are associated to the same loci or at least in the same region. A clear 

example of this situation could be found in subgroup PL1_6_1, LG6, where 7 highly 

correlated size descriptors (Chapter 2, Section 4.1) mapped within 86.53-88.92 cM.   

A high proportion of QTL were stable, contrastingly with the results obtained in similar 

studies (Lerceteau-Köhler et al., 2012; Verma, Zurn, et al., 2017; Zorrilla-Fontanesi, 

Cabeza, Domínguez, et al., 2011). Inconsistencies in loci where significant association 

is detected for the adjusted value should be further explored, since they could be a 

consequence of environmental effect masking the QTL. That would be the case of AX-

89816492 (PL1_1_4, LG1) and AX-89841581 (PL1_6_1, LG6), both associated with 

adjusted Average fruit weight. 

Establishing a direct correspondence among our loci and reported QTL is not possible 

because of the use of different linkage maps. Therefore, further analysis would involve 

aligning our subgroups into a consensus map, following the common model established 

(LG1-7; Subgenomes A-D) (van Dijk et al., 2014). Additionally, a set of markers could 

be designed, combining the QTL data in order to integrate morphological and quality 

fruit traits in molecular breeding pipelines. Although the individual effect of the loci is 

relatively low, pyramidization, a strategy largely followed in resistance breeding, could 

be an effective methodology for improving the traits. 
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5 Discussion and conclusions 
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5.1 Integrating genomic tools in strawberry breeding 

 

In this study linkage maps for the elite population from PL1 x PL2, representative of 

germplasm from the Edward Vinson Ltd. breeding programme, were developed as a 

step towards marker assisted breeding. In addition, a protocol for more accurate and 

high-throughput strawberry phenotyping was developed and applied in a QTL analysis 

aimed to establish the genomic regions controlling strawberry fruit morphology and 

colour. These results will directly improve the breeding pipelines of Edward Vinson 

Ltd. by providing molecular markers linked to relevant agronomical and quality traits. 

Besides, the maps will be a valuable tool in future studies aiming to untangle the 

genetics of agronomical traits such as runnering and ultimately yield. 
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5.2 Towards a comprehensive genome 

 

Linkage maps for the varieties, PL2 and PL1, were developed in this study. The process 

was based on SNP array sequencing for genotyping the population (Bassil et al., 2015). 

Additionally, a pre-processing step for analysing the population structure and filtering 

the markers was included (BioSS). The results provided a total of 119 subgroups 

covering the 7 linkage groups of each parent (Chapter 4). 

 

5.2.1 Integrating physical and genetic information 

A transformational milestone in the study of the genetics of Fragaria x ananassa was 

the public release of the annotated strawberry genome (Edger et al., 2019). In addition 

to the already achieved identification of the remaining parental species of the hybrid, it 

constitutes a key tool for integrating previous and future studies on the species. One of 

the main issues remaining in the comparative analysis of linkage maps or QTL resides 

in the lack of common markers among the populations. As the linkage maps reflect the 

recombination distances, common markers are required for establishing correspondence 

among loci or linkage groups from different maps. In addition, linkage groups and 

markers used to follow arbitrary nomenclatures. Thus, a number of breeding companies 

have been developing their own in house resources, as is this project in collaboration 

with Edward Vinson Ltd. 

In this context, the reference genome would constitute a nexus between the loci 

identified in differing populations. Aligning their linked markers with the reference 

genome would help establishing the physical position of the known loci. Therefore, a 

comprehensive knowledge of the genetic architecture underlying the traits could be 

achieved. Besides, comparative studies integrating previous and current (and potentially 

future) QTL would become a possibility.  

Prior to the integration of our data, enhancing the maps developed for PL2 and PL1 

would be desirable. As the majority of the tools available for mapping were originally 

developed for diploid genomes, the use of simplex markers for the first approach was 

appropriate (Hackett et al., 2013). The main advantage of the simplex markers resides in 

their genetic behaviour, close to diploid, since only one copy of the allele is segregating 

(Bourke et al., 2018). Nevertheless, excluding more complex loci will omit valuable 
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information (Bourke et al., 2018). The inclusion of loci with different allelic 

configurations and segregation ratios differing 1:1 in the offspring would enhance the 

PL1 x PL2 maps developed. This process would potentially require the development of 

software capable of integrating complex genetic information in the characteristics of an 

allo-octoploid genome. Despite the complexity of the task, the availability of informatic 

resources compatible with polyploid genomes is already a necessity for progress to be 

made on strawberry genetic studies. 

The rapid improvement of genotyping technology provided high-throughput, cost-

effective systems such as the SNP arrays (Bassil et al., 2015; Verma, Bassil, et al., 

2017). The wide availability of cost-effective sequencing enhanced the study of the 

structure (Nagano et al., 2017), origin (Hardigan et al., 2018) and function (Roach et al., 

2016) of the octoploid strawberry genome. The main issues remain in the lack of 

software capable of curating and analysing complex allo-octoploid (Bourke et al., 

2018), as well as the need of improved, high-throughput protocols for phenotyping 

(Denoyes et al., 2017) (Section 6.3). 
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5.3 Quantitative loci underlying fruit morphology 

 

Phenotypic data retrieved through digital image analysis and the developed linkage 

maps were combined in a QTL analysis of fruit morphology and quality. Several loci 

underlying fruit colour, morphology and dimensions were detected (Chapter 5). The 

majority of the detected loci were stable once the estimated seasonal effect was 

considered. Molecular markers linked to the QTL were proposed for their future 

integration on breeding pipelines. 

 

5.3.1 Understanding the genetics of fruit quality 

The results of the QTL analysis showed a high consistency among the genomic regions 

underlying correlated descriptors (Chapter 3, Chapter 5). This could be explained by the 

fact that many descriptors represent different approaches to analysing the same trait. 

Besides, some descriptors depend on others, e.g. Fruit shape index is defined by the 

ratio of two descriptors, Maximum Height and Maximum Width (Brewer et al., 2006). 

This redundancy could explain the structure of the genomic regions controlling the 

descriptors. Thus, some regions participate in the control of several descriptors for the 

same trait. An example of this architecture can be found in LG6. A region covering 

from 86.53 to 88.92 cM in the subgroup 1 of PL1 showed a significant and stable 

association to Area, Perimeter, Maximum Height and Width, Curved Height and Width 

MidHeigh. On the other side, several descriptor-specific associations were detected for 

the all the traits.  Combining the information on specific and unspecific loci could offer 

some advantage to target specific aspects of the fruit traits (e.g. increasing the fruit 

dimensions while keeping a true-to type fruit shape.).  

It is also worth noting the relatively high proportion of stable QTL identified in the 

population. Contrastingly with the results obtained in similar studies on the species 

(Lerceteau-Köhler et al., 2012; Zorrilla-Fontanesi, Cabeza, Domínguez, et al., 2011), 

74% of the significant associations were consistent through the season. The reasons 

behind this could be both the increased resolution of the phenotyping, achieved through 

the dissection of the traits into simpler descriptors and the reduction or suppression of 

human biases in the measurements, and also the density of the maps developed. 

However, as both adjusted and unadjusted data are obtained from the same 

measurements, further validation would be advisable. The stability of the loci should be 
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tested not only within one season but, arguably, confirmed over two years in order to 

fully validate the QTL. 

Further analysis should, in addition to the validation of the loci, align their linked 

markers to the reference genome (Edger et al., 2019). Alignment would establish a 

correspondence among the linkage and physical distances and positions of the loci. 

Combining the loci and markers detected in the population from PL1 x PL2 and the loci 

detected in other populations would then be possible. Subsequently, an integrative 

genetic landscape for the fruit shape, colour and size could be built. Furthermore, the 

alignment to the sequence could clarify, through in-silico analysis, the molecular 

mechanisms involved in the fruit phenotype. 

Finally, the availability of the linkage maps and an optimized methodology for the 

analysis has now set the path for further studies involving agronomical traits. Aiming 

towards future studies, soluble sugars content and titratable acids, both determining fruit 

quality and flavour (Hancock et al., 2008; Pott et al., 2018), were assessed in the 

population (Chapter 2, Section 3.2 ). Lastly, fruit flesh colour was also measured for 

each genotype, providing phenotypic data for further analysis (Chapter 2, Section 3.3).  

 

5.3.2 Breeding for quality and yield 

The QTL analysis shed some light on the genetics underlying different aspects of 

colour, size and shape. Both colour and shape hold an important role in the 

determination of the fruit quality and consumer liking (Hancock et al., 2008). Size, on 

the other side, constitutes one of the main components of yield (Hancock et al., 2008) 

and it has been largely used for improving the later (Hancock et al., 2008; Hansche, 

1968). Subsequently, the loci detected and its linked markers could have a direct and 

positive impact over breeding for fruit quality and yield. 

The development of a set of markers is desirable in order to achieve effective use in the 

breeding pipelines. For that aim, the aforementioned information concerning the effect 

of each locus over the descriptor and the individual effect of the descriptors in the 

overall trait (Chapter 3, Section 3.3) should be integrated. Moreover, the genetic 

architecture of the traits could constitute an additional advantage. Thus, through 

combining descriptor-specific and loci affecting more than one descriptor, the marker 

set can be tailored to achieve the desired phenotype for the traits. 



 

 
 
 

79 

The applications of the markers include their integration in recurrent marker-assisted 

selection (MARS) or more innovative breeding methods such as genomic selection. The 

later constitutes a predictive method based on developing and testing models explaining 

complex traits (T. Meuwissen et al., 2016). Genomic selection has proved to increase 

substantially the genetic gain in quantitative traits, such as fruit quality and yield 

(Verma et al., 2018). In addition to reducing the number of years for the programs (and 

the derived costs), this approach increases the intensity and accuracy of the selection 

(Verma et al., 2018). Because of the complex and inherently quantitative nature of the 

morphology and yield shifting the breeding model could be the path towards amore 

efficient breeding.  
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5.4 High-throughput phenotyping: the revolution of phenomics 

 

A semi-automatic, high-throughput method for strawberry phenotyping was developed 

and tested. The protocol is based on Tomato Analyzer (Brewer et al., 2006), a freeware 

originally targeted for tomato fruits, but largely used in ornamental (Soleimanipour et 

al., 2019) and agronomical crops (Kaushik, 2019; Nankar et al., 2020).  

 

5.4.1 Mind the gap between phenotyping and genotyping.  

Due to unequal technological development, phenotyping systems are way behind 

genotyping achievements in terms of accuracy and efficiency (Araus & Cairns, 2014; 

Zhao et al., 2019). The development of high-throughput phenotyping systems aims to 

fulfil the gap and release the constraint over breeding improvement (Williams et al., 

2018). 

Image analysis-based phenotyping is being widely explored due to its versatility. This 

technique is based on the measurement of particular phenotypes by the interaction of the  

plant and the electromagnetic spectrum (Williams et al., 2018). Its applications include 

not only laboratory analysis but also phenotyping directly in the field or controlled 

environments (Williams et al., 2018; Zhao et al., 2019). Relevant agronomical traits can 

be simultaneously estimated from the imaging data. However, the specific complexities  

of each trait and species constitute a bottleneck for the development of high throughput 

methods (Araus & Cairns, 2014; Williams et al., 2018). 

 

5.4.2 New phenotyping methods for strawberry 

Tomato Analyzer v4.0 was developed as a semi-automatic tool for studying tomato 

fruits phenotype (Brewer et al., 2006). Although the parameters measured by the 

software correspond to tomato descriptors, it is possible to adapt its measurements to 

strawberry fruit traits (Chapter 3). Therefore, fruit shape, size and colour could be 

dissected in individual descriptors, achieving a higher resolution. These characteristics 

suit the quantitative, complex nature of the traits, enhancing the efficiency of the 

analysis. 
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Some additional advantages include the reduction or suppression of human biases in the 

phenotyping, the optimization of the process (up to 1000 fruits can be simultaneously 

assessed), and availability of the images for further analysis. Besides, the possibility of 

customizing the descriptors allows the inclusion of specific descriptors. The application 

of this tool for analysing glossiness of the skin and achene density was explored. Both 

traits contribute secondarily to quality and appeal but are difficult to phenotype by 

conventional means. Glossiness is assessed in consecutive classes that are arbitrarily 

defined. On the other side, achene density is measured by manually counting the seeds 

in the surface, a process highly time-consuming and impossible to escalate to a 

population level. Our tests suggested the possibility of using hue ranges for measuring 

these traits. The process would be based on defining and measuring hue ranges 

corresponding to red and yellow or white, respectively.  The ratio between the 

percentage of pixels corresponding to “red” colour, and “white” could be used for 

estimating the glossiness of the skin. In a similar process, the ratio between pixels 

belonging to hue ranges corresponding to “red” and “yellow” could be used for 

estimating the achene density. However, this approach should be tested and optimized 

prior to implementation.  

 

5.4.3 Next-generation phenotyping 

The bottleneck over phenotyping processes is not limited to genetic studies. 

Conventional breeding, which relies mainly on phenotypic traits, demands rapid and 

accurate tools (Zhao et al., 2019). Although molecular breeding techniques such as 

marker-assisted selection (MAS) rely mostly in genotypic information, phenotyping is 

still required for developing new markers (Jannink et al., 2010). More recently, genomic 

selection (T. Meuwissen et al., 2016), requires efficient phenotyping tools for testing 

and training the prediction models. Finally, complementary user-friendly software 

capable of curating and analysing the data should be developed (Araus & Cairns, 2014). 

The initial response to this demand consisted in automatic installations in controlled 

environments. Plant phenotype and environment were monitored in real-time (Zhao et 

al., 2019). More recently, efforts have focused on the development of field phenotyping 

systems (Williams et al., 2018). In addition to its lower cost, in-situ approaches would 

be more suitable for the study of quantitative traits highly influenced by environment 

such as those yield-related. The complexity of the field environments could be difficult 
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to replicate in growth installations, leading to a lack of transferability of the results 

(Araus & Cairns, 2014). Therefore, breeding for quantitative, complex traits remains 

constrained by the ability to phenotype under field conditions (Williams et al., 2018). 

Furthermore, new phenotyping methods need to be adapted to the trait and organization 

level required. Generally, this translates to two types of approach in terms of resolution 

(Zhao et al., 2019): High-throughput, low-resolution systems, and alternatively lower 

throughput, in-depth approaches. The scale of the analysis differs, ranging from cell 

level (micro-phenotyping) to population level (Zhao et al., 2019). Finally, a wide range 

of photonic sensors covering different areas of the spectrum complements the previous 

categories in order to meet the requirements of the trait of interest (Araus & Cairns, 

2014). 

The main sensors used include RGB/CIR cameras, multispectral cameras, hyperspectral 

visible and near-infrared imagers, long wave infrared or thermal imaging cameras, and 

conventional digital cameras. These categories differ mainly in the range of the 

spectrum covered but also in the resolution (Araus & Cairns, 2014).  

RGB/CIR cameras combine red, green, and blue light (RGB, visible spectrum) with 

infrared colour and are used primarily for morphology, colour and texture. Multispectral 

cameras can measure a certain number of spectral bands belonging to the visible or near 

infrared spectrum (VIR-NIR) simultaneously. These systems allow the development of 

spectral indices for traits like senescence or water content. Hyperspectral and near 

infrared imagers simultaneously obtain hundreds of images, covering wavelengths 

ranging from 400 to 900 nm (VIR-NIR) or from 1000 to 2500 nm. Hyperspectral 

imagers can cover wide sets of traits, including pigment, nitrogen content, hydration 

level, or chemical composition depending on the calibration of the hardware used 

(Araus & Cairns, 2014; Williams et al., 2018; Zhao et al., 2019) 

Thermal cameras (or long wave infrared cameras) capture infrared radiation from 

wavelengths ranging from µm to visible light. Although thermal cameras have a wide 

range of potential uses including prediction of biotic and abiotic stress or evaluation of 

maturity or fruit damage, the low resolution of these systems prevents its integration in 

systems like aerial platforms (Araus & Cairns, 2014; Zhao et al., 2019). Additionally, 

laser detection imaging and ranging (LIDAR) relies on laser technology for producing 

three-dimensional images of the plants (Sanz et al., 2013; Williams et al., 2018). 
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Field-based phenotyping is essential for crop improvement since this integrates 

environmental as well as phenotypic information (Araus & Cairns, 2014; Zhao et al., 

2019). Field-based approaches comprehend terrestrial or aerial vehicles provided with 

cameras and sensors covering different ranges of wavelengths. Recently, manned 

aircraft or unmanned aerial vehicle remote sensing platforms (known as UAV-RSP) 

gained popularity because of their advantages, including portability, high efficiency and 

low cost as well as suitability for field environments. However, this approach is still 

limited by climatic conditions, as well as the inherent complexity of the data processing 

and modelling (Zhao et al., 2019). 

 

5.4.4 Challenges in phenomics 

High-throughput phenotyping systems provide simultaneously big quantities of 

multilevel data. Therefore, the use of advanced bioinformatics for integrating genotypic, 

phenotypic, environmental, and management data has become the limiting factor (Araus 

& Cairns, 2014). Pyramidization would be a suitable solution for integrating the 

multilevel information within strong and coherent models, in order to explain the crop 

performance (Araus & Cairns, 2014; Zhao et al., 2019). Finally, user-friendly post-

processing software, as well as automatized tools are needed to achieve efficient and 

robust data analysis (Araus & Cairns, 2014). 

Automation and intelligent image analysis remain an aim (Zhao et al., 2019). In this 

area, machine-learning techniques are expected to improve the analysis (Tsaftaris et al., 

2016). Additionally, an effective management and storage of the data should be 

achieved, as well as standardisation in the formats (Wilkinson et al., 2016; Zhao et al., 

2019). 

Finally, the availability of high-throughput systems for field phenotyping allows the 

development and calibration of dynamic models. The models would aim to integrate 

phenotypic, genotypic, management and environmental data, as well as its complex 

interactions (Zhao et al., 2019). Besides, reliable models would allow the identification 

of environment-specific traits of interest (Zhao et al., 2019). Thus, breeding industry 

itself could shift to a tailored model capable of meeting the consumer demands in a 

scenario of climate challenge. 
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5.5 Final remarks 

 

• High-density linkage maps for the elite cultivars PL2 and PL1 were developed. 

• A high-throughput phenotyping system for strawberry fruits was adapted from 

Tomato Analyzer descriptors and tested. 

• Phenotypic and genotypic data were combined in a QTL analysis involving shape, 

colour and size descriptors. 

• Candidate QTL underlying the traits were detected and validated through their 

stability when supressing the environmental effect. 

• The results of this project provide valuable tools for future genetic studies as well as 

strawberry breeding. 
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7 Appendix I: Analysis of the population 
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Summary of the analysis of the strawberry population 

Christine Hackett, Biomathematics and Statistics Scotland 

 

7.1 SNP marker data 

The analysis of the SNP marker data used the genotype calls supplied by the genotyping 

company. Some of the offspring genotypes could not be determined by their criteria and 

are excluded for now. (This should be revisited as part of the new PhD work.) The 

dataset consisted of 9 samples from each parent (PL1 and PL2) and 243 offspring. 

Scores were initially provided for 138099 SNPs. However these contained a lot of 

missing values and stringent filtering was used to reduce this to the most informative 

markers. 

Filtering was based on the following criteria 

• Marker segregation (drop markers where > 90% of offspring are identical to one 
parent) 

• Missing offspring data (drop markers with > 10% missing offspring data) 
• Missing parents (drop markers without complete parental genotypes) 
• Inconsistent parents (at least 8 of the 9 parental samples must have the same 

genotype) 

This left a set of 24123 high-quality SNPs for analysis. 

 

7.2 Marker categories 

The high-quality markers are classified depending on whether each parent is 

homozygous or heterozygous: 

 

Table 1. Classification of the markers based on parental genotypes. 

  PL2 

  Heterozygous Homozygous 

PL1 
Heterozygous 4948 8084 

Homozygous 7469 3622 

 
 
Each category was analysed separately to check for structure in the population. 
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7.3 Principal coordinate analysis of population 

In a mapping population, all offspring are expected to show a similar level of 

relatedness to each other. A principal coordinate analysis (PCO) represents the 

similarity among the individuals as a two-dimensional scatter plot. The measure of 

similarity is a simple matching coefficient, calculated for each SNP marker as 1 if two 

individuals have the same marker genotype and 0 otherwise. This is averaged over all 

the markers in the category. The principal coordinate axes do not have a simple 

interpretation but the closer points are on the plot, the more similar they are. This 

method was developed by Hackett et al. (2000) to look at a population of tea and it has 

been used more recently by Brennan et al. (2008) in a blackcurrant population that 

contained selfed individuals. Figure 1 shows a PCO plot from a barley population, with 

no apparent structure or grouping of offspring, which is the expected result.  

 

 

For the strawberry population, the most structure was shown by the SNPs where PL1 

lines are homozygous and PL2 are heterozygous. Figure 2 shows the PCO plot for this 

category, with colours imposed to identify four groups: 

 

Group 1 (black) contain the 9 PL1 samples and 46 offspring 

Figure 1. CO of barley population showing no structure. 
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Group 2 (red) contain 25 offspring 

Group 3 (green) contain 172 offspring 

Group 4 (blue) contain the 9 PL2 samples 

 

 

In true offspring from PL1 and PL2, this category of markers are expected to segregate 

in a 1:1 presence:absence ratio and this is observed for the green group. The offspring in 

the black group are near-identical to PL1 and contain almost none of the alleles specific 

to PL2, suggesting they are selfs of PL1. The offspring in the red group show a mixture 

of marker segregation ratios. This group is too small to infer their parentage, or whether 

they are one group or two smaller subgroups. 

Figure 3 shows the PCO for the SNPs where PL1 lines are heterozygous and PL2 lines 

are homozygous. Again this shows marked structure in the population. The points have 

been coloured according to the groups defined for Figure 2. It is clear that Figure 3 

shows similar groupings of individuals. Note that if the grouping in Figure 2 was an 

effect of the genotyping process, then the separate category of SNPS used in Figure 3 

would not be expected to show the same groupings of offspring. In Figure 3 the black 

Figure 2. PCO of 7469 SNPs where PL1 lines are homozygous and PL2 are 
heterozygous. 
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group segregate (ie these offspring are not identical to the PL1 parent) and many SNPs 

show three different genotypes within the black group, which is compatible with selfing 

of PL1 but not with a cross between PL1 and PL2. As for Figure 2, the green group are 

consistent with segregation expected from a cross between PL1 and PL2 and the red 

group show a range of patterns. 

 

  

There is some suggestion of a separation of the individuals by PCO2 too. This was 

investigated by regression of PCO2 on every 50th SNP. The most significant SNPs are 

all from LG6, which has most SNPs in the set, more than 300 more than any other 

group. This will be investigated further once the map has formed, but assuming this 

explanation is correct it is a usual feature and will not give problems in the analysis. 

Figure 4 shows the PCO for the SNPs where both parents are homozygous. In this case 

no segregation should be observed in the offspring: they should all be the same 

heterozygote. However again there is segregation and clear grouping of the offspring.  

As before, the offspring are labelled using the groups from Figure 2. The black group 

and PL1 parent cluster very closely, again compatible with these being selfs of PL1. 

Apart from one offspring (GN19_142) the green group also cluster closely to each other 

Figure 3. PCO of 8084 SNPs where PL1 lines are heterozygous and PL2 are homozygous. 



 

 
 
 

108 

but well separated from both parents, as expected for the offspring from the true cross. 

The red group and GN19_142 are more scattered. Offspring GN19_142 showed other 

discrepancies from the remaining offspring in the green group during linkage analysis 

and therefore has been reclassified with the red group, leaving 171 offspring in the 

green group. 

For the SNPs where both parents are heterozygous, individuals from a cross between 

the two parents and individuals from selfing of PL1 are expected to have the same 

segregation ratios and therefore show little distinction in the PCO plot, and this is 

precisely what is observed (figure omitted). 

 

7.4 Conclusions 

• The first linkage map can now be constructed, but based only on the genotypes 

from the 171 offspring in the green group, which segregate in the expected ratios 

for a cross between PL1 and PL2. 

• QTL mapping for Brezo’s thesis will be carried out based on the same 171 lines. 

• This is much smaller than ideal for QTL mapping of traits of low-moderate 

heritability such as yield, and it is likely that few QTLs will be detected for such 

traits. 

Figure 4.  PCO of 3622 SNPs that are homozygous for both parents. 
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• The new PhD work should re-assess the genotype calls and in particular see if 

any of the ungenotyped offspring can be genotyped using a slightly less 

stringent threshold. 

• The PCO analysis will then need to be repeated to classify these additional lines 

• The black group of selfs can be used to validate QTLs where there are 

significant effects of the PL1 parent. 

• The entire population could be used for validation but this would require a 

mixed model with a marker-based kinship matrix, which is a much more 

advanced analysis in an octoploid species. 

• The grouping of each individual is listed in the attached spreadsheet. Offspring 

omitted from this list were not genotyped by the genotyping company. 
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8 Appendix II: Linkage groups 
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Tables describing PL1 and PL2 linkage groups and the subgroups within (Chapter 3). 

 
 

Table 1. Summary of subgroups within linkage groups 1-4 of PL1.  

Subgroup Loci Length (cM) Coverage Phase {0-} Phase {1-} 
PL1_1_1 156 71.042   0.455   93 63 
PL1_1_2 91 10.516   0.116   45 46 
PL1_1_3 112 19.309   0.172   112 0 
PL1_1_4 104 60.688   0.584   22 82 
PL1_1_5 41 7.290   0.178   41 0 
PL1_1_6 28 9.551   0.341   28 0 
PL1_1_7 22 13.804   0.627   22 0 
PL1_1_8 11 19.008   1.728   3 8 
PL1_1_9 15 6.070   0.405   15 0 

PL1_1_10 9 20.078   2.231   1 8 

      PL1_2_1 84 19.482   0.232   51 33 
PL1_2_2 66 18.345   0.278   66 0 
PL1_2_3 120 63.463   0.529   71 49 
PL1_2_4 120 55.373   0.461   56 64 
PL1_2_5 70 123.919   1.770   64 6 
PL1_2_6 46 41.725   0.907   20 26 
PL1_2_7 41 58.296   1.422   41 0 
PL1_2_8 20 50.285   2.514   17 3 
PL1_2_9 12 5.059   0.422   11 1 

      PL1_3_1 317 112.813   0.356   160 157 
PL1_3_2 127 91.280   0.719   14 113 
PL1_3_3 95 87.020   0.916   57 38 
PL1_3_4 80 38.889   0.486   62 18 
PL1_3_5 22 9.068   0.412   22 0 
PL1_3_6 14 58.148   4.153   14 0 
PL1_3_7 33 133.222   4.037   16 17 
PL1_3_8 30 136.881   4.563   24 6 
PL1_3_9 26 7.117   0.274   26 0 

      PL1_4_1 148 87.488   0.591   93 55 
PL1_4_2 101 42.050   0.416   70 31 
PL1_4_3 19 7.341   0.386   19 0 
PL1_4_4 79 28.470   0.360   9 70 
PL1_4_5 25 55.643   2.226   22 3 
PL1_4_6 96 61.833   0.644   86 10 
PL1_4_7 14 18.233   1.302   13 1 
PL1_4_8 11 24.267   2.206   6 5 
PL1_4_9 9 85.519   9.502   8 1 

PL1_4_10 8 40.700   5.088   7 1 
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Table 2. Summary of subgroups within linkage groups 5-7 of PL1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Subgroup Loci Length (cM) Coverage Phase {0-} Phase {1-} 
PL1_5_1 211 41.861   0.198   123 88 
PL1_5_2 179 105.069   0.587   68 111 
PL1_5_3 78 46.286   0.593   43 35 
PL1_5_4 61 87.190   1.429   12 49 
PL1_5_5 32 12.200   0.381   32 0 
PL1_5_6 19 40.711   2.143   12 7 
PL1_5_7 11 11.631   1.057   10 1 
PL1_5_8 13 12.370   0.952   13 0 
PL1_5_9 26 127.676   4.911   26 0 

PL1_5_10 19 32.514   1.711   10 9 

      PL1_6_1 299 101.494   0.339   97 202 
PL1_6_2 99 23.606   0.238   90 9 
PL1_6_3 61 31.391   0.515   56 5 
PL1_6_4 29 45.993   1.586   8 21 
PL1_6_5 30 10.102   0.337   3 27 
PL1_6_6 25 52.766   2.111   17 8 
PL1_6_7 11 141.080   12.825   8 3 
PL1_6_8 166 21.916   0.132   104 62 

      PL1_7_1 208 86.584   0.416   66 142 
PL1_7_2 195 74.190   0.380   78 117 
PL1_7_3 28 15.943   0.569   18 10 
PL1_7_4 54 8.112   0.150   35 19 
PL1_7_5 12 78.934   6.578   5 7 
PL1_7_6 14 35.050   2.504   13 1 
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Table 3. Summary of subgroups within linkage groups 1-5 of PL2. 

Subgroup Loci Length (cM) Density (cM/loci) Phase {-0} Phase {-1} 
PL2_1_1 77 42.241 0.549 35 42 
PL2_1_2 45 39.969 0.888 22 23 
PL2_1_3 17 40.847 2.403 15 2 
PL2_1_4 70 15.346 0.219 70 0 
PL2_1_5 69 9.464 0.137 43 26 
PL2_1_6 67 20.934 0.312 59 8 
PL2_1_7 34 11.452 0.337 12 22 
PL2_1_8 19 74.249 3.908 12 7 
PL2_1_9 10 15.301 1.530 10 0 

      PL2_2_1 178 119.366 0.671 151 27 
PL2_2_2 138 98.772 0.716 77 61 
PL2_2_3 120 56.808 0.473 73 47 
PL2_2_4 87 101.093 1.162 16 71 
PL2_2_5 14 95.800 6.843 6 8 
PL2_2_6 21 28.434 1.354 12 9 
PL2_2_7 15 5.072 0.338 15 0 

      PL2_3_1 250 115.975 0.464 113 137 
PL2_3_2 154 134.882 0.876 79 75 
PL2_3_3 76 26.702 0.351 43 33 
PL2_3_4 73 13.228 0.181 71 2 
PL2_3_5 60 53.115 0.885 60 0 
PL2_3_6 66 12.905 0.196 66 0 
PL2_3_7 20 12.467 0.623 9 11 
PL2_3_8 11 128.239 11.658 6 5 
PL2_3_9 9 10.577 1.175 9 0 

      PL2_4_1 131 105.979 0.809 99 32 
PL2_4_2 43 58.577 1.362 10 33 
PL2_4_3 66 56.082 0.850 52 14 
PL2_4_4 106 90.152 0.850 45 61 
PL2_4_5 14 91.354 6.525 6 8 
PL2_4_6 12 5.045 0.420 12 0 

      PL2_5_1 206 113.225 0.550 148 58 
PL2_5_2 7 46.140 6.591 4 3 
PL2_5_3 177 115.844 0.654 45 132 
PL2_5_4 118 131.770 1.117 118 0 
PL2_5_5 86 127.094 1.478 28 58 
PL2_5_6 13 112.686 8.668 3 10 
PL2_5_7 12 31.130 2.594 6 6 
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Table 4. Summary of subgroups within linkage groups 6 and 7 of PL2. 

Subgroup Loci Length (cM) Density (cM/loci) Phase {-0} Phase {-1} 
PL2_6_1 116 48.557 0.419 77 39 
PL2_6_2 74 11.650 0.157 47 27 
PL2_6_3 12 13.573 1.131 10 2 
PL2_6_4 26 29.478 1.134 6 20 
PL2_6_5 17 6.267 0.369 17 0 
PL2_6_6 34 118.471 3.484 29 5 
PL2_6_7 129 87.714 0.680 43 86 
PL2_6_8 60 12.542 0.209 54 6 
PL2_6_9 34 24.957 0.734 16 18 

PL2_6_10 10 8.973 0.897 10 0 
PL2_6_11 50 15.055 0.301 23 25 

      PL2_7_1 136 101.047 0.743 99 37 
PL2_7_2 51 66.047 1.295 46 5 
PL2_7_3 50 14.755 0.295 2 48 
PL2_7_4 31 18.877 0.609 18 13 
PL2_7_5 28 84.500 3.018 10 18 
PL2_7_6 8 11.092 1.387 7 1 
PL2_7_7 11 5.400 0.491 5 6 
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9 Appendix III: Linkage maps
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10 Appendix IV: QTL 
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Table 1. Significant associations in LG1. 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
adjArea AX-89780197 1 PL1_1_11 0 7.679 6.58 1.556 0.439 0.093 0.00056 -0.459 1.097 0.328 0.293 

adjaValue AX-89780197 1 PL1_1_11 0 6.6197 6.4 1.488 0.424 0.091 0.00064 -1.332 0.156 0.314 0.285 
adjChroma AX-89780197 1 PL1_1_11 0 8.108 6.46 1.692 0.482 0.092 0.00063 -2.188 -0.495 0.357 0.324 

adjHeightMid_width AX-89780197 1 PL1_1_11 0 8.118 6.69 0.291 0.085 0.087 0.00084 -0.179 0.112 0.064 0.056 
adjMaximumHeight AX-89780197 1 PL1_1_11 0 9.204 6.7 0.351 0.093 0.104 0.00026 -0.168 0.183 0.070 0.062 

adjPerimeter AX-89780197 1 PL1_1_11 0 6.979 6.64 1.142 0.325 0.092 0.00062 -0.342 0.800 0.243 0.217 
Area AX-89780197 1 PL1_1_11 0 8.698 6.43 1.940 0.499 0.110 0.00017 7.194 9.134 0.372 0.332 

CurvedHeight AX-89780197 1 PL1_1_11 0 8.7446 6.57 0.459 0.117 0.112 0.00015 3.610 4.069 0.088 0.078 
HeightMid_width AX-89780197 1 PL1_1_11 0 8.896 6.79 0.348 0.087 0.115 0.00011 2.714 3.062 0.065 0.058 
MaximumHeight AX-89780197 1 PL1_1_11 0 9.648 6.3 0.422 0.098 0.131 0.00004 3.085 3.507 0.073 0.066 

Perimeter AX-89780197 1 PL1_1_11 0 8.1746 6.64 1.419 0.371 0.107 0.00021 10.919 12.338 0.277 0.247 
adjCurvedHeight AX-89780197  1 PL1_1_11 0 7.745 6.32 0.376 0.107 0.092 0.00061 -0.129 0.247 0.080 0.071 
adjCurvedHeight AX-89818888 1 PL1_1_3 15.631 7.811 6.32 0.407 0.103 0.111 0.00013 -0.145 0.261 0.076 0.070 

adjH_Asymmetry_ov AX-89867542 1 PL1_1_4 29.328 8.379 6.89 0.057 0.014 0.121 0.00008 -0.012 0.045 0.010 0.010 
adj_fruit_weight AX-89816492 1 PL1_1_4 39.61 6.6065 6.49 4.205 1.200 0.087 0.00063 -0.669 3.536 0.896 0.798 

adjPerimeter AX-89873578 1 PL1_1_4 40.18 6.774 6.64 1.176 0.315 0.102 0.00028 -0.374 0.801 0.227 0.218 
adjEllipsoid AX-89873578 1 PL1_1_4 40.182 7.363 6.66 0.009 0.003 0.089 0.00068 -0.001 0.008 0.002 0.002 

adjMaximumWidth AX-89873578 1 PL1_1_4 40.182 7.316 6.73 0.313 0.086 0.097 0.00042 -0.060 0.254 0.062 0.060 
Ellipsoid AX-89873578 1 PL1_1_4 40.182 7.798 6.69 0.009 0.003 0.088 0.00073 0.070 0.080 0.002 0.002 

H_Asymmetry_ov AX-89873578 1 PL1_1_4 40.182 7.671 6.73 0.055 0.015 0.098 0.00036 0.211 0.266 0.011 0.010 
adjCurvedHeight AX-89875962 1 PL2_1_12 11.669 7.78 6.73 -0.425 0.109 0.115 0.00017 0.268 -0.157 0.074 0.081 

adjV_Asymmetry AX-89873704 1 PL2_1_5 13.79 7.599 6.46 0.023 0.007 0.089 0.00089 -0.009 0.014 0.005 0.005 
V_Asymmetry AX-89873704  1 PL2_1_5 13.79 7.018 6.37 0.025 0.007 0.097 0.00051 0.081 0.106 0.005 0.005 

HeightMid_width AX-89779909 1 PL2_1_7 16.38 7.64 6.52 0.324 0.087 0.100 0.00028 2.720 3.044 0.065 0.057 
MaximumHeight AX-89779909 1 PL2_1_7 16.38 8.525 6.6 0.392 0.098 0.114 0.00011 3.093 3.484 0.073 0.065 

Area AX-89779909  1 PL2_1_7 16.38 7.743 6.99 1.806 0.495 0.096 0.00038 7.213 9.019 0.370 0.329 
adjMaximumHeight AX-89875408 1 PL2_1_7 18.85 7.622 6.54 0.340 0.093 0.097 0.00039 -0.174 0.165 0.070 0.061 

adjChroma AX-89818306  1 PL2_1_7 19.72 7.606 6.85 1.653 0.473 0.089 0.00065 -2.152 -0.499 0.349 0.320 
Chroma AX-89818306  1 PL2_1_7 19.72 6.994 6.84 1.706 0.504 0.084 0.00095 32.478 34.184 0.371 0.341 

5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous. 
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Table 2. Significant associations in LG2. 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
adjV_Asymmetry AX-89821567 2 PL1_2_3 51.028 7.834 6.98 0.022 0.006 0.095 0.00059 -0.009 0.014 0.004 0.005 

DistalFruitBlockiness AX-89821725 2 PL1_2_5 109.27 8.172 7 0.042 0.011 0.109 0.00022 0.465 0.507 0.008 0.008 
FruitShapeTriangle AX-89821725 2 PL1_2_5 109.27 7.785 7.37 -0.204 0.055 0.105 0.00029 1.742 1.538 0.038 0.039 

adjDistalFruitBlockiness AX-89782161 2 PL1_2_5 111.89 8.634 6.83 0.039 0.010 0.112 0.00012 -0.025 0.014 0.007 0.007 
DistalFruitBlockiness AX-89820767 2 PL2_2_1 110.2 7.571 7.18 -0.041 0.011 0.100 0.00033 0.507 0.467 0.008 0.008 

adjDistalFruitBlockiness AX-89855156 2 PL2_2_1 110.24 8.53 6.75 -0.041 0.011 0.100 0.00033 0.014 -0.023 0.007 0.008 
adjLValue  AX-89783912 2 PL2_2_2 62.09 8.724 6.87 1.503 0.404 0.100 0.00030 -1.976 -0.473 0.300 0.271 

adjLuminosity AX-89783912 2 PL2_2_2 62.09 8.91 6.9 2.893 0.735 0.110 0.00014 -3.814 -0.921 0.546 0.493 
adjRed AX-89783912 2 PL2_2_2 62.09 8.426 6.92 4.783 1.274 0.101 0.00027 -6.491 -1.708 0.946 0.854 
LValue AX-89783912 2 PL2_2_2 62.09 9.7 7 1.655 0.409 0.116 0.00009 17.292 18.948 0.303 0.274 

Red AX-89783912 2 PL2_2_2 62.09 8.223 7.01 5.203 1.317 0.111 0.00013 83.697 88.900 0.978 0.882 
Luminosity AX-89783912  2 PL2_2_2 62.09 10.191 6.62 3.165 0.751 0.125 0.00005 45.038 48.203 0.557 0.503 

adjFruitShapeIndexExternalI AX-89879527 2 PL2_2_6 25.77 8.983 6.84 0.062 0.017 0.094 0.00042 -0.060 0.002 0.012 0.012 
FruitShapeIndexExternalI AX-89879527 2 PL2_2_6 25.77 8.035 6.7 0.063 0.018 0.093 0.00047 0.991 1.054 0.013 0.012 

adjFruitShapeIndexInternal AX-89822322 2 PL2_2_6 25.94 11.216 6.64 0.089 0.025 0.100 0.00041 -0.076 0.014 0.018 0.016 
adjH_Asymmetry_ov AX-89822322 2 PL2_2_6 25.94 8.4664 7.07 0.050 0.014 0.092 0.00073 -0.007 0.042 0.011 0.010 

FruitShapeIndexInternal AX-89822322 2 PL2_2_6 25.94 10.8832 6.95 0.090 0.025 0.100 0.00042 0.938 1.028 0.019 0.017 
adjCurvedFruitShapeIndex AX-89879268 2 PL2_2_6 26.66 10.4123 7 0.073 0.017 0.136 0.00003 -0.056 0.017 0.012 0.012 

CurvedFruitShapeIndex AX-89879268 2 PL2_2_6 26.66 10.821 6.75 0.073 0.017 0.094 0.00003 1.206 1.279 0.012 0.012 
5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous genotypes 
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Table 3. Significant associations in LG3. 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
adjCurvedFruitShapeIndex AX-89881082 3 PL1_3_1 7.09 12.846 7.42 0.093 0.017 0.210 0.00000 -0.056 0.037 0.011 0.013 

adjFruitShapeIndexExternalI AX-89787018 3 PL1_3_1 8.9 11.651 7.46 0.074 0.017 0.134 0.00002 -0.063 0.011 0.012 0.012 
CurvedFruitShapeIndex AX-89787018 3 PL1_3_1 8.9 13.225 7.2 0.081 0.016 0.165 0.00000 1.204 1.285 0.011 0.012 

FruitShapeIndexExternalI AX-89787018 3 PL1_3_1 8.9 12.317 7.59 0.078 0.017 0.142 0.00001 0.986 1.064 0.012 0.012 
adjFruitShapeIndexExternalII AX-89827042 3 PL1_3_1 10.37 8.678 7.51 0.096 0.023 0.125 0.00007 -0.083 0.012 0.017 0.016 

FruitShapeIndexExternalII AX-89827042 3 PL1_3_1 10.37 9.463 7.28 0.102 0.024 0.134 0.00004 0.905 1.007 0.017 0.016 
DistalEccentricity AX-89828224 3 PL1_3_7 1.777 7.561 7.28 0.008 0.002 0.096 0.00039 0.875 0.884 0.002 0.002 

adjFruitShapeIndexExternalII AX-89812978 3 PL1_3_8 57.38 8.416 7.51 -0.084 0.023 0.098 0.00037 0.002 -0.082 0.016 0.017 
adjHeightMid_width AX-89812978 3 PL1_3_8 57.38 8.3475 7.59 -0.308 0.084 0.098 0.00036 0.116 -0.191 0.057 0.062 

FruitShapeIndexExternalII AX-89812978 3 PL1_3_8 57.38 8.204 7.28 -0.087 0.023 0.101 0.00030 0.994 0.907 0.016 0.017 
HeightMid_width AX-89855881 3 PL1_3_8 58.11 8.497 7.62 -0.309 0.086 0.092 0.00050 3.050 2.741 0.060 0.062 

adjFruitShapeIndexInternal AX-89784811 3 PL1_3_8 70.84 9.363 7.29 -0.088 0.026 0.097 0.00077 0.014 -0.075 0.018 0.018 
CurvedFruitShapeIndex AX-89824743 3 PL1_3_8 86.84 10.035 7.2 -0.062 0.017 0.100 0.00028 0.012 -0.050 0.012 0.012 

adjCurvedFruitShapeIndex AX-89827074 3 PL2_3_1 53.83 11.521 7.41 -0.072 0.016 0.135 0.00002 0.016 -0.056 0.011 0.012 
CurvedFruitShapeIndex AX-89827074 3 PL2_3_1 53.83 12.346 7.03 -0.073 0.017 0.135 0.00002 1.278 1.205 0.011 0.012 

adjHeightMid_width AX-89881469 3 PL2_3_1 67.62 9.282 7.25 -0.340 0.085 0.119 0.00012 0.139 -0.201 0.059 0.062 
adjMaximumHeight AX-89881469 3 PL2_3_1 67.62 7.5613 7.02 -0.344 0.096 0.100 0.00050 0.183 -0.161 0.066 0.070 

FruitShapeIndexExternalII AX-89881469 3 PL2_3_1 67.62 9.929 7.43 -0.086 0.025 0.095 0.00066 0.999 0.913 0.017 0.018 
FruitShapeIndexInternal AX-89881469 3 PL2_3_1 67.62 10.736 7.28 -0.086 0.025 0.093 0.00075 1.026 0.940 0.017 0.018 

HeightMid_width AX-89824188  3 PL2_3_1 72.16 8.91 7.23 -0.315 0.086 0.096 0.00037 3.050 2.735 0.059 0.063 
adjDistalEccentricity AX-89828273  3 PL2_3_2 13.54 7.491 7.31 -0.008 0.002 0.095 0.00042 0.004 -0.004 0.002 0.002 

DistalEccentricity AX-89787884  3 PL2_3_2 14.908 7.994 7.16 -0.009 0.002 0.102 0.00023 0.884 0.875 0.002 0.002 
Blue AX-89786445 3 PL2_3_3 -4.22 7.389 7.09 -1.013 0.281 0.098 0.00047 21.346 20.332 0.193 0.205 

adjCurvedFruitShapeIndex AX-89856218 3 PL2_3_8 114.34 11.782 7.41 -0.078 0.017 0.157 0.00001 0.023 -0.055 0.012 0.012 
adjFruitShapeIndexExternalI AX-89856218 3 PL2_3_8 114.34 9.761 7.36 -0.067 0.018 0.110 0.00021 0.009 0.058 0.012 0.012 

CurvedFruitShapeIndex AX-89856218 3 PL2_3_8 114.34 12.279 7.03 -0.078 0.017 0.154 0.00001 1.286 1.208 0.012 0.012 
FruitShapeIndexExternalI AX-89856218 3 PL2_3_8 114.34 10.271 7.37 -0.070 0.018 0.113 0.00016 1.062 0.992 0.013 0.013 
FruitShapeIndexExternalII AX-89856218 3 PL2_3_8 114.34 7.605 7.43 -0.086 0.025 0.095 0.00066 0.999 0.913 0.017 0.018 

5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous genotypes 
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Table 4. Significant associations in LG4. 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
adjEllipsoid AX-89790835 4 PL1_4_2 36.118 8.219 7.05 -0.009 0.003 0.088 0.00070 0.007 -0.002 0.002 0.002 

Ellipsoid AX-89790835 4 PL1_4_2 36.118 9.196 7.02 -0.010 0.003 0.093 0.00050 0.080 0.070 0.002 0.002 
Rectangular AX-89829425 4 PL2_4_1 65.71 8.278 6.58 0.020 0.005 0.099 0.00031 0.459 0.480 0.004 0.004 

adjH_Asymmetry_ov AX-89829607  4 PL2_4_3 27.26 8.3301 6.98 0.050 0.014 0.089 0.00062 -0.005 0.044 0.010 0.010 
H_Asymmetry_ov AX-89789087 4 PL2_4_3 28.97 7.2098 6.75 0.051 0.015 0.085 0.00084 0.214 0.265 0.010 0.011 
WidthWidestPos AX-89789068 4 PL2_4_3 29.41 9.917 6.97 -0.035 0.008 0.150 0.00001 0.400 0.364 0.005 0.005 

adjOvoid AX-89788940 4 PL2_4_3 32.2 8.375 6.47 0.040 0.011 0.101 0.00026 -0.010 0.029 0.008 0.007 
Ovoid AX-89788940 4 PL2_4_3 32.2 7.881 6.63 0.039 0.011 0.098 0.00033 0.232 0.271 0.008 0.007 

adjProximalFruitBlockiness AX-89788940  4 PL2_4_3 32.2 6.807 6.67 0.059 0.016 0.094 0.00042 -0.008 0.050 0.012 0.011 
adjWidthWidestPos AX-89788940  4 PL2_4_3 32.2 10.8 6.81 -0.032 0.007 0.126 0.00004 0.014 -0.018 0.005 0.005 

5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous genotypes 
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Table 5. Singificant associations in LG5. 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
adjDistalEccentricity AX-89793904  5 PL1_5_2 103.64 7.437 6.95 0.008 0.002 0.086 0.00078 -0.004 0.003 0.002 0.002 

adjRed AX-89794726 5 PL1_5_4 75.4 7.823 7.09 4.858 1.272 0.107 0.00021 -6.003 -1.145 0.847 0.949 
adjChroma AX-89794726 5 PL1_5_4 75.41 7.784 7.19 1.751 0.466 0.104 0.00027 -1.952 -0.201 0.311 0.348 

adjLuminosity AX-89794726 5 PL1_5_4 75.41 7.311 6.93 2.732 0.740 0.100 0.00034 -3.476 -0.744 0.493 0.552 
Luminosity AX-89794726  5 PL1_5_4 75.41 7.319 6.87 2.772 0.765 0.097 0.00043 45.523 48.295 0.510 0.571 

Red AX-89794726  5 PL1_5_4 75.41 7.684 7.11 4.919 1.328 0.101 0.00032 84.418 89.337 0.884 0.991 
adjCurvedFruitShapeIndex AX-89836217 5 PL1_5_6 40.686 12.846 7.24 -0.080 0.016 0.169 0.00000 0.024 -0.056 0.012 0.011 

CurvedFruitShapeIndex AX-89836217 5 PL1_5_6 40.686 12.957 7.21 -0.080 0.016 0.163 0.00000 1.286 1.206 0.012 0.011 
adjFruitShapeIndexExternalII AX-89834981 5 PL1_5_6 40.71 7.657 7.37 -0.085 0.023 0.099 0.00030 0.010 -0.074 0.017 0.016 
adjFruitShapeIndexExternalI AX-89834981  5 PL1_5_6 40.71 11.372 7.15 -0.073 0.017 0.131 0.00003 0.012 -0.062 0.012 0.012 

FruitShapeIndexExternalI AX-89834981  5 PL1_5_6 40.71 11.502 7.34 -0.077 0.017 0.135 0.00002 1.065 0.988 0.013 0.012 
FruitShapeIndexExternalII AX-89834981  5 PL1_5_6 40.71 7.937 7.17 -0.090 0.023 0.106 0.00018 1.004 0.914 0.017 0.016 

adjHeightMid_width AX-89890252 5 PL2_5_2 0 7.998 6.96 -0.297 0.084 0.092 0.00054 0.126 -0.171 0.059 0.059 
HeightMid_width AX-89890252 5 PL2_5_2 0 8.088 6.93 -0.313 0.087 0.094 0.00045 3.056 2.743 0.061 0.062 

adjCurvedFruitShapeIndex AX-89833028  5 PL2_5_2 1.2 6.962 6.85 -0.057 0.017 0.084 0.00094 0.011 -0.046 0.012 0.012 
5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous. 
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Table 7. Significant associations in LG6 (I). 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
adjCurvedHeight AX-89841578 6 PL1_6_1 86.53 12.197 6.96 -0.494 0.101 0.161 0.00000 0.344 -0.150 0.075 0.068 

adjMaximumHeight AX-89841578 6 PL1_6_1 86.53 8.699 6.88 -0.375 0.091 0.120 0.00007 0.227 -0.148 0.068 0.062 
adjPerimeter AX-89841578 6 PL1_6_1 86.53 13.947 7.18 -1.571 0.306 0.175 0.00000 1.125 -0.446 0.227 0.206 

adjArea AX-89841581 6 PL1_6_1 86.53 13.802 6.77 -2.081 0.412 0.170 0.00000 1.501 -0.581 0.304 0.278 
adjWidthMid_height AX-89841581 6 PL1_6_1 86.53 14.486 6.99 -0.371 0.077 0.156 0.00000 0.294 -0.078 0.057 0.052 

adj_fruit_weight AX-89841581  6 PL1_6_1 86.53 7.607 6.69 -4.438 1.165 0.098 0.00021 4.055 -0.383 0.854 0.793 
adjMaximumWidth AX-89841581  6 PL1_6_1 86.53 15.971 7.01 -0.423 0.082 0.176 0.00000 0.338 -0.085 0.060 0.055 
WidthMid_height AX-89840642 6 PL1_6_1 88.68 13.18 6.79 -0.411 0.088 0.147 0.00001 3.290 2.879 0.064 0.060 

Area AX-89897896 6 PL1_6_1 88.92 14.293 7.02 -2.371 0.480 0.166 0.00000 9.482 7.111 0.348 0.329 
CurvedHeight AX-89897896 6 PL1_6_1 88.92 13.508 6.98 -0.569 0.112 0.172 0.00000 4.154 3.585 0.082 0.077 

MaximumHeight AX-89897896 6 PL1_6_1 88.92 10.311 6.65 -0.432 0.097 0.139 0.00002 3.539 3.107 0.071 0.067 
MaximumWidth AX-89897896 6 PL1_6_1 88.92 14.92 6.85 -0.477 0.096 0.167 0.00000 3.510 3.033 0.070 0.066 

Perimeter AX-89897896  6 PL1_6_1 88.92 14.889 7.01 -1.816 0.354 0.176 0.00000 12.633 10.817 0.257 0.243 
adjEccentricity AX-89795448 6 PL1_6_6 10.46 9.691 7.04 -0.028 0.007 0.125 0.00004 0.008 -0.020 0.004 0.005 

Eccentricity AX-89841917  6 PL1_6_6 11.89 10.78 6.59 -0.030 0.007 0.131 0.00003 0.724 0.695 0.005 0.005 
adjFruitShapeIndexInternal AX-89895408  6 PL1_6_6 27.3 9.877 6.91 -0.097 0.024 0.120 0.00007 0.014 -0.084 0.016 0.018 

adjEccentricityAreaIndex AX-89895408 6 PL1_6_6 27.34 7.603 6.9 0.018 0.005 0.087 0.00077 -0.002 0.015 0.003 0.004 
adjFruitShapeIndexExternalII AX-89895408 6 PL1_6_6 27.34 10.596 6.64 -0.088 0.023 0.107 0.00018 0.005 -0.084 0.015 0.017 

EccentricityAreaIndex AX-89895408 6 PL1_6_6 27.34 9.039 6.83 0.022 0.006 0.104 0.00022 0.426 0.449 0.004 0.004 
FruitShapeIndexExternalII AX-89895408 6 PL1_6_6 27.34 8.857 6.73 -0.093 0.023 0.111 0.00013 0.998 0.905 0.015 0.018 

FruitShapeIndexInternal AX-89895408 6 PL1_6_6 27.34 10.596 7.29 -0.100 0.024 0.125 0.00005 1.029 0.928 0.016 0.018 
aValue AX-89909227 6 PL1_6_6 43.72 7.919 6.89 -1.804 0.456 0.120 0.00013 28.790 26.987 0.304 0.340 
Chroma AX-89909227 6 PL1_6_6 43.72 9.819 6.63 -2.294 0.523 0.144 0.00003 34.449 32.155 0.349 0.390 

Rectangular AX-89796781 6 PL1_6_6 50.04 8.133 6.8 0.022 0.006 0.104 0.00024 0.462 0.483 0.004 0.005 
5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous genotypes. 
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Table 8. Significant associations in LG 6 (II). 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
aValue AX-89838833 6 PL2_6_1 7.69 8.273 7.06 1.799 0.433 0.123 0.00006 27.009 28.808 0.326 0.285 
Chroma AX-89838833 6 PL2_6_1 7.69 9.841 7.16 2.157 0.493 0.135 0.00003 32.117 34.274 0.371 0.324 

adjEccentricityAreaIndex AX-89895461 6 PL2_6_1 23.894 9.667 6.89 -0.020 0.005 0.113 0.00010 0.017 -0.003 0.004 0.003 
adjFruitShapeIndexExternalII AX-89895461 6 PL2_6_1 23.894 9.861 6.91 0.095 0.023 0.124 0.00005 -0.087 0.008 0.017 0.015 

adjFruitShapeIndexInternal AX-89895461 6 PL2_6_1 23.894 11.53 6.89 0.105 0.023 0.141 0.00001 -0.088 0.017 0.017 0.015 
Eccentricity AX-89895461 6 PL2_6_1 23.894 12.359 6.93 0.032 0.007 0.153 0.00000 0.693 0.725 0.005 0.004 

EccentricityAreaIndex AX-89895461 6 PL2_6_1 23.894 12.4136 7.15 -0.026 0.006 0.144 0.00001 0.451 0.425 0.004 0.004 
FruitShapeIndexExternalII AX-89895461 6 PL2_6_1 23.894 10.179 6.89 0.099 0.023 0.127 0.00004 0.901 1.000 0.017 0.015 

FruitShapeIndexInternal AX-89895461 6 PL2_6_1 23.894 12.196 7.08 0.107 0.023 0.144 0.00001 0.925 1.032 0.017 0.016 
Rectangular AX-89895461 6 PL2_6_1 23.894 9.3689 6.84 -0.021 0.006 0.100 0.00027 0.482 0.461 0.004 0.004 

adjEccentricity AX-89895461  6 PL2_6_1 23.894 10.959 7.16 0.029 0.007 0.138 0.00002 0.000 0.008 0.005 0.004 
adjbValue AX-89799088 6 PL2_6_11 0 7.9753 7.02 -2.117 0.550 0.108 0.00019 -0.579 -2.696 0.346 0.428 

DistalFruitBlockiness AX-89900186 6 PL2_6_4 28.054 8.0001 6.9 0.037 0.011 0.086 0.00080 0.469 0.507 0.008 0.008 
5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous genotypes 

 
 
 
Table 9. Significant associations in LG7. 

Trait Marker LG Subgroup Position LOD 5% LOD MD SE R2 p value x ̃HOM x ̃HET SE HOM SE HET 
adjCircular AX-89843870 7 PL1_7_5 20.797 6.974 6.8 0.011 0.003 0.084 0.00090 -0.004 0.007 0.002 0.002 

Circular AX-89843870 7 PL1_7_5 20.797 7.867 6.62 0.011 0.003 0.091 0.00054 0.083 0.095 0.002 0.002 
adjCircular AX-89800812 7 PL2_7_1 43.22 6.974 6.6 -0.011 0.003 0.084 0.00090 0.007 0.004 0.002 0.002 

Circular AX-89800812 7 PL2_7_1 43.22 7.867 6.57 -0.011 0.003 0.091 0.00054 0.095 0.083 0.002 0.002 
adjHeightMid_width AX-89845947 7 PL2_7_7 0 7.597 6.47 -0.316 0.084 0.103 0.00028 0.132 -0.184 0.060 0.060 
adjMaximumHeight AX-89845947 7 PL2_7_7 0 7.028 6.57 -0.344 0.094 0.099 0.00038 0.190 -0.153 0.067 0.066 

HeightMid_width AX-89845947 7 PL2_7_7 0 7.387 6.27 -0.318 0.089 0.095 0.00049 3.058 2.741 0.063 0.063 
MaximumHeight AX-89845947  7 PL2_7_7 0 6.403 6.35 -0.348 0.101 0.089 0.00081 3.487 3.138 0.072 0.071 

CurvedFruitShapeIndex AX-89903224 7 PL2_7_7 0.004 7.47 6.77 -0.059 0.017 0.088 0.00067 1.273 1.214 0.012 0.012 
adjCurvedFruitShapeIndex AX-89903224  7 PL2_7_7 0.004 7.303 6.92 -0.058 0.017 0.088 0.00067 0.011 -0.047 0.012 0.012 

5% LOD: threshold (1000 p) R2: Variance explained MD: mean difference, SE: standard error, x ̃and SE HOM/HET: mean and standard error for homozygous/heterozygous genotypes.


