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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Centre for Biological Sciences 

Thesis for the degree of Doctor of Philosophy 

IMPROVING THE NUTRITIONAL QUALITY AND SHELF LIFE OF BABY 

LEAF LETTUCE (LACTUCA SATIVA) 

Annabelle Damerum 

There is a pressing need to progress the focus in crop breeding to consider post-harvest 

quality, if the concept of sustainable intensification is to materialise. Lettuce (Lactuca 

sativa L.) is widely consumed worldwide; however it has a relatively low nutrient density 

and a short shelf life, which result in considerable amounts of food and resource waste. 

Improvements to the nutritional quality of lettuce could substantially boost phytonutrient 

intake, contributing to health by reducing the incidence of chronic diseases. Improving 

shelf life could not only reduce the wastage of food, but also finite resources such as land, 

energy and water used in crop production. Chapters 2 and 4 are dedicated to determining 

the genetic basis of lettuce nutritional quality and shelf life, respectively, using a 

quantitative trait loci (QTL) mapping approach. QTL for nutrition and shelf life-related 

traits were identified and for the first time, candidate genes underlying these post-harvest 

traits have been described for lettuce, using the recently published genome. In Chapter 3, 

attempts to introgress QTL for nutritional quality into an elite cultivar by marker-assisted 

breeding led to the development of a novel green leaf variety, demonstrating ~50% higher 

antioxidant content in comparison to a standard green cultivar. Chapter 4 describes efforts 

to refine candidate gene lists for shelf life utilising a candidate gene association mapping 

approach, performed using a panel of baby leaf lettuce cultivars, detecting significant 

marker-trait associations in this different genetic background. Finally, in Chapter 5, the 

revolutionary CRISPR/Cas genome editing technology was employed, to knockout 

promising candidate genes for shelf life in an attempt to functionally validate candidate 

genes. This research fundamentally enhances our knowledge of the genetic basis of 

important quantitative traits for a food crop of global significance. 
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Chapter 1 

1 

Chapter 1 Lettuce breeding in the genomics era 

1.1 Abstract 

Lettuce (Lactuca sativa L.) is one of the most widely consumed and economically 

important vegetables, valued at over $2.8 billion in 2016 in the United States (US) alone 

(USDA, 2016). Thought to descend directly from a wild species, Lactuca serriola L. (de 

Vries, 1996), cultivated lettuce is produced either in head form or harvested at the baby 

leaf stage, where it is commonly sold as red and green leaf ready-to-eat salad mixes which 

have increased in popularity since their introduction in the 1980s (Stuart, 2011). In 

intensively managed lettuce cropping systems, water, fertilisers and pesticides are applied 

systematically to ensure satisfactory crop performance, with a high visual quality expected 

by retailers (Barrière et al., 2014). Crops lacking homogeneity or with imperfections are 

rejected, leading to large amounts of waste. Due to the relatively short shelf life of lettuce, 

especially convenience baby leaf bag mixes of typically only 5-6 days after purchase 

(Zhang et al., 2007), vast amounts of waste are also being seen by the consumer in the 

home. In the UK, £1.1 billion of vegetables and salad waste was recorded in 2012, with the 

main reason being that the product could not be used in time (WRAP, 2012). Food waste, 

if ranked amongst the world’s top 20 greenhouse gas emitters, would place third after 

China and the USA with an estimated 3.3 Gtonnes of CO2 equivalents and doubling the 

total USA road transportation emissions in 2010 (FAO, 2013), emphasising the necessity 

to address this issue.  

Lettuce breeding efforts thus far have largely focused on disease resistance, with less 

attention paid to nutritional quality, shelf life and resource use efficiency. Today, 

population growth, climate change and diminishing freshwater supply present crop 

breeders with the difficult challenge of developing better quality produce to satisfy 

increasing consumer demands in an environmentally sustainable way, whilst utilising 

fewer resources (Campbell et al., 2014). This places a strain on crop breeders, who are 

expected to develop novel cultivars able to respond to such challenges. With the release of 

the lettuce genome (Reyes-Chin-Wo et al., 2017) providing exciting opportunities for the 

future of lettuce breeding, this introduction provides a review of the current status of 

lettuce breeding with a focus on molecular breeding advances of pre- and post- harvest 

breeding targets. Further, it outlines the progress made to date in the improvement of this 

important leafy crop and discusses the steps which must be taken for future enhancement. 
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1.2 Approaches to crop improvement 

Since the beginning of plant cultivation some 10,000 years ago, breeders have attempted to 

improve crops in the pursuit of elite cultivars to support human subsistence (Fernie & 

Schauer, 2008). Worldwide, around 2,500 plant species are estimated to have been 

domesticated following the Neolithic revolution, which saw a switch in lifestyles from 

hunting and gathering to settling and agriculture (Meyer et al., 2012). This change allowed 

societies to develop, creating the world we know today (Gross & Olsen, 2010). Ever since 

this time, the human race has relied upon plants for survival, with plants and plant-derived 

materials utilised not only as food crops, but for drugs, oils and materials for structures and 

clothing (Ulukan, 2009). Today, crop breeders endeavour to develop cultivars which are 

complimentary to current growing practices, leading to high yielding and durable varieties, 

whilst satisfying the general needs of the consumer post-harvest. There is building pressure 

to generate increasing quantities of crops on diminishing areas of land to feed an 

expanding population by sustainable practices; termed the sustainable intensification of 

agriculture (Campbell et al., 2014). Amongst the anticipated effects of climate change are 

an increased incidence and severity of drought and flooding and higher atmospheric 

temperatures, predicted to have already reduced crop yields (Lipper et al., 2014). 

Imperative to the future success of crops, besides disease and pest resistance, is the 

tolerance to abiotic stresses, including high salinity and drought. Alongside this, plant 

breeders must also continually develop new crop varieties to meet ever-evolving consumer 

demands.  

The domestication of plants was initiated by the first crop breeders who consciously 

selected for visually improved plants, which led to increased yields or aided mechanical 

harvesting, moulding the evolution of plant species (Moose & Mumm, 2008; Meyer et al., 

2012). Breeders have selected for traits that increase plant fitness in artificial, human-made 

production environments (Moose & Mumm, 2008; Ulukan, 2009). For this reason, 

domestication can be seen as a continuum, with humans investing increasing efforts into 

cultivation practices and in turn, human survival growing progressively more dependent on 

the crop (Gross & Olsen, 2010). This has sculpted a collection of traits shared amongst 

crops, establishing the “domestication syndrome”, which include differences from wild 

progenitors, including changes to seed retention, fruit size and rigidity of stature (Gross & 

Olsen, 2010; Meyer et al., 2012). This was achieved initially by classical breeding, such as 

selecting for increased plant height, changes in flowering time and altered fruit colour or 

shape (Gross & Olsen, 2010). More recently, breeders sought to further improve crops, for 



Chapter 1 

3 

better stress tolerance and disease resistance. Technological advances enabled the 

mechanisation of agriculture, with the development of tractors allowing faster ploughing, 

seed drilling (planting) and distribution of fertilisers and pesticides (Fedoroff, 2010). 

Further improvements in the field of molecular biology have created a wealth of genetic 

resources now available to breeders, enabling a paradigm shift in the approach to crop 

genetic improvement and giving rise to molecular breeding, genetic engineering and, in the 

last five years, genome editing (Figure 1.1). 

1.2.1.1 Classical and molecular breeding 

Classical breeding traditionally involves selectively crossing two plant lines observed to 

have improved qualities, such as higher yields or disease resistance, in an attempt to fix 

these desired traits in a subset population (Koornneef & Stam, 2001). Developments to the 

traditional method include interspecies crossing, backcross breeding, where a hybrid plant 

is crossed back with one of its parents, and mutation breeding, where seeds are exposed to 

radiation or chemicals to generate mutants with novel sources of genetic variation 

(Azevedo & Araujo, 2003). Despite the successes and contributions of classical breeding to 

human survival, improvement can be time consuming and laborious, given that the grower 

must wait for phenotypes to be displayed before deciding that a cultivar has superior 

qualities (Ulukan, 2009). Another major limitation is that this approach is only useful for 

traits which cause observable phenotypes, however significant importance is now being 

placed on the nutritional quality of crops, which cannot be detected visually (Farre et al., 

2011). 

The continuous requirement for enhanced crop varieties, whether it be for increased yields 

or tolerance to biotic and abiotic stresses, has encouraged the development of more 

efficient methods for plant breeding (Collard & Mackill, 2008). Famously coined as “the 

father of modern genetics”, Gregor Mendel’s laws of inheritance introduced the 

importance of considering genetics in plant improvement and led to a paradigm shift in the 

approach to breeding (Fowler & Hodgkin, 2004). The significance of Mendel’s discoveries 

was only realised decades after his death at the turn of the 20th century, when the 

commercialisation of agriculture placed a greater strain on the rapid development of 

improved crop varieties (Fowler & Hodgkin, 2004). The development of genomic tools, 

such as next generation sequencing, has subsequently revolutionised plant breeding by 

enabling the direct study of how genotypes correspond to phenotypes (Pérez-de-Castro et 

al., 2012). 
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1.2.1.2 Genetic engineering 

The deliberate modification of an organism’s DNA through genetic engineering has 

enabled the breakdown of species barriers by allowing genetic material from one organism 

to be transferred to another, opening up new possibilities for crop improvement. Since the 

advent of this technology, transgenic approaches to crop improvement have yielded a 

number of advances, including the development of herbicide tolerant soybeans (Padgette et 

al., 1995), insect-resistant maize (Kota et al., 1999) and nutrient-enhanced rice (Ye et al., 

2000). Although plant breeders have technically been genetically modifying crops through 

breeding for centuries, modifications made using genetic engineering are often thought of 

as ‘unnatural’ and can produce adverse public responses. For example, maize has been so 

vastly modified from its wild progenitor using classical breeding methods, that upon 

rediscovery it was classified as a different genus (Fedoroff, 2010). In genetic engineering, 

DNA from a foreign species is transformed into the desired organism. In plants, this has 

most commonly been achieved by manipulating the natural plant pathogen Agrobacterium 

tumefaciences; a gram-negative bacterium which causes crown gall disease (Gelvin, 2003). 

Upon infection, the bacteria injects part of its own DNA, a tumour-inducing plasmid, 

which integrates into the plant’s genome and leads to gall formation (Koprowski & 

Yusibov, 2001). By cloning a gene of interest into this plasmid and inserting it back into 

Agrobacterium, researchers can use this technology to randomly insert (knock-in) novel 

genes or disrupt (knockout) existing genes (Gelvin, 2003). The latter method has been used 

to generate mutants for over 21,700 genes in Arabidopsis, which have been utilised 

extensively for the determination of gene function (Alonso et al., 2003). 

1.2.1.3 The genome editing revolution 

Until genome editing emerged, creating a targeted genome modification was a difficult and 

inefficient process (Carroll, 2014). Whilst it was demonstrated decades ago that DNA 

added to cells corresponding to a natural genomic locus could be inserted into this locus by 

homologous recombination (Smithies et al., 1985; Thomas et al., 1986), efficiencies were 

low and this method was not suitable for all cell types (Hsu et al., 2014). Genome editing 

has overcome this hurdle by utilising nucleases which can be programmed to target a 

specific genomic site. By creating a double-stranded DNA break, naturally occurring 

cellular repair mechanisms are stimulated  and this process can be manipulated by the 

experimenter to promote homologous recombination, or for precise gene knockout 

(Carroll, 2014).  
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Despite the vast potential of genetic engineering, and more recently, genome editing 

technologies, public attitudes, often polarised by the media, continue to hamper 

commercial application to food crop development. However, a number of the key crops 

which underpin many aspects of our society are genetically modified (GM). Over 170 

million hectares of GM crops, developed by genetic engineering practices, were grown in 

2012 worldwide by 17.3 million farmers in 28 countries (James, 2013). Spain is the only 

European country which makes the top 20 list of GM growers worldwide and the only GM 

crops which are legally permitted to be grown in Europe are pest-resistant Bt maize and 

high-starch potatoes for paper processing (Fresco, 2013). Factors effecting the lack of 

adoption in Europe include concerns over the safety of consuming GM products, their 

impact on the environment, religious and ethical disputes, fear of transgenes passing to 

other organisms and rigid policies for permitting the growth of GM crops upheld by the 

European Food Safety Authority and the European Union (Uzogara, 2000; Fresco, 2013).  

Under current EU legislation, whilst there is a moratorium on GM approvals, which must 

undergo strict evaluation and safety assessment on a case-by-case basis before being 

marketed or imported, the cultivation of GM crops is under the control of each member 

state (Hartung & Schiemann, 2014; EC, 2015). As of May 2017, seven GM field trials had 

been given consent in the UK by the Department for Environment, Food and Rural Affairs 

(DEFRA); three at the Sainsbury laboratory in Norfolk to investigate late blight-resistant 

potatoes and four at Rothamsted Research, Hertfordshire, investigating photosynthetic 

efficiency and aphid resistance in GM wheat and two involving Camelina genetically 

modified to produce increased omega-3 fatty acids (https://www.gov.uk/). The GM 

potatoes trialled in Norwich, genetically engineered to contain genes conferring late blight 

resistance sourced from wild potato species, demonstrated good field resistance to late 

blight with no differences in plant characteristics or yield (Jones et al., 2014).  

In reference to the safety of GM crops, there has been little or no evidence to support the 

idea that they pose a health threat (Bartsch et al., 2006; Ladics et al., 2015). An 

investigation claiming that rats fed GM herbicide-tolerant maize were more likely to 

develop tumours was heavily criticised by the scientific community, with Arjó et al., 

(2013) stating that there were major flaws in the way “the experiments were planned, 

implemented, analysed, interpreted and communicated” and that the study “appeared to 

sweep aside all known benchmarks of scientific good practice and, more importantly, to 

ignore the minimal standards of scientific and ethical conduct in particular concerning the 

humane treatment of experimental animals”. With the exit of Britain from the European 
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Union, the future exploitation of GM crops in the UK is uncertain. However, with 

consumer acceptance vital for the success of improved crops, a combination of modern and 

traditional breeding techniques are likely to remain the most important tools in the 

breeder’s toolbox for the immediate future. 

 

 

Figure 1.1  Key advances in crop breeding 

The first evidence of domestication was observed at 8000 BC, with the major staple crops 

emerging before 2000 BC. Around 4000 years later, Mendel’s discoveries about genetics 

transformed plant breeding and a combination of genetics and use of agrochemicals led to 

the Green Revolution, orchestrated by Norman Borlaug (Able et al., 2007). Advances in 

molecular biology throughout the late 20th century permitted genetic modification and the 

publishing of the first plant genome, with over 50 now sequenced (Michael & Jackson, 

2013). Today, genome editing technologies such as CRISPR/Cas have expanded the 

breeder’s toolbox, permitting targeted gene deletions and insertions with relative ease, 

speed and without the requirement for specialist equipment, with the potential to 

revolutionise the field of crop breeding (Scheben & Edwards, 2017). 
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1.3 History of lettuce domestication 

Lettuce is an annual vegetable crop belonging to the Asteraceae family (formerly 

Compositae; Dempewolf et al., 2008). This is a diverse group of angiosperms embodying 

around 10% of all flowering plants and containing ~24,000 named species, recognised by 

the compound infloresence that resembles a single “composite” flower (Michelmore et al., 

2003; Dempewolf et al., 2008; Lai et al., 2012). Despite species richness, only sunflower 

and lettuce have been exploited as major crops, though the family boasts a varied range of 

uses from medicinal, as pesticides, for materials such as latex and as additives, including 

the sweetener Stevia (Hodgins et al., 2013). 

Lettuce is thought to have first been cultivated in the Kurdistan-Mesopotamia area before 

spreading to Egypt, where it was depicted in tomb mural paintings dating back to 2,500 

B.C. (de Vries, 1997). By 550 B.C., cultivated lettuce had spread to Greece and Rome and 

over 1,000 years later it was introduced to China, where a succulent and non-bitter stem 

was selected for (de Vries, 1997). Lettuce cultivation eventually began in Europe during 

the 15th century and shortly after in America following colonisation of the continent (de 

Vries, 1997). Today, lettuce is consumed worldwide, where leaves are most commonly 

eaten raw as part of salads in the western world and is popularly consumed stir-fried or 

used in soups in China (Simoons, 1990). Production and importation in the UK had an 

estimated farm-gate worth of £266 million in 2011, whilst in the same year the crop was 

valued at $2.4 billion in the US (Truco et al., 2013; Atkinson et al., 2013). Whole head and 

romaine lettuce varieties have been listed amongst the most commonly consumed 

vegetables in the US, following tomatoes, potatoes, sweetcorn and onions (USDA, 2013). 

The Lactuca genus resides in the tribe Lactuceae in the subfamily Cichorioideae, known to 

have ligulate capitula and produce a milky latex (Lebeda et al., 2004). Over 100 species of 

Lactuca have been characterised, found in diverse habitats across Europe (17 species), 

North America (10), East Africa (33) and Asia (40; de Vries, 1997), occupying diverse 

habitats, such as dry and warm regions, woodland, rocky slopes, wasteland, semiarid cold 

regions and East African rainforests (Lebeda et al., 2004). Species are ordered into four 

subdivisions; Melgedium, Lactucopsis, Phaenixopus and Lactuca (Koopman et al., 2001). 

Lactuca is further divided into two subsections according to life cycle; Lactuca and 

Cyanicae, the former of which consists of annual and biennial species (Lebeda et al., 

2009). Four species are considered as the closest relatives of cultivated lettuce (Lactuca 

sativa L.), namely L. serriola L., L. saligna L., L. virosa L. and L. altaica L. (Lebeda et al., 
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2009). The L. serriola, L. saligna and L. virosa subspecies are sexually compatible with 

domesticated lettuce (L. sativa), with viability of offspring decreasing respectively 

(Zohary, 1991). For example, although an L. sativa and L. saligna cross can produce fertile 

offspring, success is low and progeny have reduced vigour, germination and fertility 

(Jeuken et al., 2001). There is no existing evidence of a wild ancestor of L. sativa, 

suggesting it descended from a closely related species (de Vries, 1990).  

Though the phylogeny of L. sativa is still debated, L. serriola is generally considered the 

likely wild progenitor, as the closest wild relative (de Vries, 1996). The domestication 

process has led to a number of changes which now distinguish cultivated lettuce from its 

wild progenitor (Figure 1.2), including a reduction of latex, loss of leaf and stem spines, 

reduction of bitter flavour and changes to leaf texture and shape including bunching of 

leaves and shortening of internodes, generating a more appetising crop (de Vries, 1997). 

Farmers have also selected for delayed bolting, increased seed size and reduced shattering 

(seed dispersal), as well as changes to photoperiodism (Lebeda et al., 2009). L. sativa is a 

self-pollinating diploid (2n=18) which has seven main cultivar groups; Cos, Cutting, Stalk, 

Butterhead, Crisphead, Oilseed and Latin (de Vries, 1996). 

1.3.1 Harnessing wild relatives for crop improvement 

Whilst significant phenotypic variation is observed for some traits in lettuce, crop 

domestication has ultimately led to a population bottleneck, meaning only a fraction of the 

genetic diversity available is being exploited in breeding programmes today. Crop wild 

relatives (CWR) are considered valuable sources of natural genetic variation, which may 

be vital to replenishing the gene pool for breeding (McCouch et al., 2013). It was estimated 

that the capitalisation of CWR is responsible for yield increases valued at $115 billion 

annually worldwide (Pimentel et al., 1997), due to an increased capacity to survive under 

unfavourable and unpredictable conditions. The success of Lactuca species in such a wide 

range of habitats suggests they are a valuable source of genetic variation for biotic and 

abiotic stresses. CWR have most commonly been exploited as sources of disease resistance 

genes, with notable examples in rice, potato, tomato and wheat (Hajjar & Hodgkin, 2007). 

CWR of lettuce have been identified as a source of resistance for most of the known viral, 

fungal and bacterial pathogens, as well as nematodes and insects (reviewed by Lebeda et 

al., 2014). Further, as many CWR are adapted to unfavourable environments, they may be 

a source of useful genetic variation for abiotic stresses such as drought, heat tolerance and 

resource use-efficiency.   
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Figure 1.2 Effects of lettuce domestication 

Depiction of shattering vs. non-shattering seeds, leaf and stem spines vs. no spines and the 

differences in leaf shape observed between wild (left) and domesticated (right) lettuce. 

Figure was adapted from the Compositae Genome Project website 

(http://compgenomics.ucdavis.edu/). 

 

http://compgenomics.ucdavis.edu/compositae_data.php?name=Lactuca+sativa
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1.4 Quantitative trait mapping and molecular breeding 

A knowledge of the genetic variation responsible for desirable characteristics can aid the 

development of idealistic cultivars. Sometimes, inheritance of an allele at a single genetic 

locus can control the phenotype of a discrete trait; termed monogenic or Mendelian 

inheritance, thus can be more easily targeted by molecular breeding. For example, 

resistance to the lettuce dieback disease caused by tombusviruses was found to be 

controlled by a single dominant locus (Grube et al., 2005). Complex and commercially 

important traits including drought tolerance and yield follow a more complicated pattern of 

inheritance, which can be quantitatively measured and results from the segregation of 

alleles at a number of distinct yet interacting loci, termed quantitative trait loci (QTL; 

Mauricio, 2001). Quantitative traits do not follow a typical Mendelian pattern of 

inheritance as with discrete traits, but exhibit continuous phenotypic variation in a 

population (Lander & Botstein, 1989; Jeuken & Lindhout, 2004). This variation increases 

with the genetic diversity of a population, but is also heavily dependent on the environment 

individuals are exposed to and interactions between the genotype and environment (Moose 

& Mumm, 2008).  

In quantitative genetics, the amount of phenotypic variation that is controlled by the 

genotype can be measured, based on the inheritance pattern of alleles and the associated 

phenotype of a trait of interest (Moose & Mumm, 2008). The aim of QTL mapping is to 

identify genomic regions, polymorphic amongst individuals, which show a significant 

association with a phenotype (Collard et al., 2005). Knowledge of the pattern of allele 

inheritance which contributes to a phenotype can enable deliberate manipulation of genetic 

architecture during breeding; for example, by selecting progeny in which specific alleles 

which have antagonistic effects on a desired trait are absent (Moose & Mumm, 2008). A 

key step to mapping quantitative traits involves the measurement of particular traits of 

interest in the population under investigation, followed by the detection of statistically 

significant associations between a particular phenotype and genetic markers, which vary 

amongst individuals in the population. Given the importance of the environment on gene 

expression and interactions, known as genotype by environment interactions (GxE), QTL 

which are robust across multiple environments are desirable, in order to be confident that 

the desired phenotype will be consistent in variable conditions (Moose & Mumm, 2008). 

Therefore, measuring traits in multiple environments often yields the most informative 

results.  
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Paramount to QTL mapping is the detection of differences amongst individuals which can 

be assigned to a genotype. A QTL is detected on the basis that a particular marker is 

statistically associated with a phenotype in the experimental population (Doerge, 2002). 

Three main types of markers exist; morphological markers, which are detectable by visual 

inspection, biochemical markers, such as different enzyme isomers and DNA-based 

markers, which are variations in DNA sequences amongst individuals (Collard et al., 

2005). DNA-based markers, otherwise known as molecular markers, carry many 

advantages over traditional morphological and biochemical markers, as they are fixed at 

every developmental stage and are not subject to manipulation by environmental changes 

(Collard et al., 2005). Molecular markers may lie within genes or in intergenic regions and 

can arise from DNA mutations, including substitutions, insertions, deletions, or differences 

in the number of replications of tandemly repeated DNA (Collard et al., 2005). 

Polymorphic molecular markers, which are able to reveal differences amongst individuals 

of the same and different species, are the most informative as they are mostly co-dominant, 

unlike morphological markers which are usually dominant-recessive and thus genotypes 

can be ambiguous. 

Several classes of molecular markers exist for use in QTL mapping (summarised in Table 

1.1). Early molecular markers involved those identified using restriction endonucleases and 

polymerase chain reaction (PCR); restriction fragment length polymorphisms (RFLPs) and 

amplified fragment length polymorphisms (AFLPs; Lander & Botstein, 1989; Vos et al., 

1995). More recent marker systems include single nucleotide polymorphisms (SNPs), 

which are single base pair differences occurring within genes or in intergenic regions and 

are abundant throughout the genome (Gupta et al., 2008). SNPs are often detected by in 

silico mining of expressed sequence tag (EST) sequences and can be genotyped in 

numerous ways, including next generation sequencing and by various microarray-based 

genotyping systems (Gupta et al., 2008). Single feature polymorphisms (SFPs) are detected 

using oligonucleotide arrays and can be any insertion, deletion or SNP which results in 

changes in binding affinity between the oligonucleotide probe and genomic DNA 

(Bernardo et al., 2009). Several investigations have aimed to uncover the genetic basis of 

quantitative traits in lettuce by QTL mapping, outlined in section 1.6. 
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Table 1.1 Key molecular marker types 

Marker Description Advantages Disadvantages Reference(s) 

RFLPs Restriction fragment 

length polymorphisms. 

Developed by digestion 

with restriction 

endonucleases. 

Co-dominant 

inheritance and locus 

specificity. 

Laborious and 

costly to produce. 

Lander and 

Botstein, 1989 

AFLPs Amplified fragment 

length polymorphisms. 

Based on PCR 

amplification of 

restriction fragments, 

generated from digested 

genomic DNA. 

No prior sequence 

knowledge required.  

Dependent on PCR 

efficiency. 

Vos et al., 1995 

RAPDs Random amplified 

polymorphic DNA. 

Random DNA fragments 

generated using short 

arbitrary primers. 

Does not require prior 

sequence knowledge. 

Low expense. 

Dependent on PCR 

efficiency. Less 

reproducible than 

AFLPs as differing 

PCR annealing 

temperatures used. 

Williams et al., 

1990; Savelkoul et 

al., 1999 

 

SSRs Simple sequence repeats, 

otherwise known as 

microsatellites.  

Abundant throughout 

the genome.  

Effectiveness 

depreciates with 

genetic distance, so 

cannot be used 

across species. 

Varshney et al., 

2005 

SNPs Single nucleotide 

polymorphisms. 

Nucleotide base changes 

at a given genomic 

position. 

Abundant markers, 

occurring within genes 

and intergenic regions. 

Dominant nature and 

are amenable to high-

throughput 

sequencing. 

Fewer alleles, so 

each marker is less 

informative. More 

expensive to 

genotype. 

Syvänen, 2001 

SFPs Single feature 

polymorphisms. Can be 

SNPs, or small 

insertions/deletions.  

Markers can be 

discovered and 

genotyped rapidly 

using a custom 

hybridisation array.  

Custom Affymetrix 

GeneChip is 

expensive to 

produce. 

Bernardo et al., 

2009 
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1.4.1 Approaches to QTL mapping 

1.4.1.1 Linkage mapping 

The segregation of markers by chromosome recombination during meiosis can be analysed 

in experimental populations and forms the basis of QTL mapping. Markers which are 

tightly associated, or physically close in distance, will be inherited together from parent to 

offspring and the calculation of this recombination frequency can be used to determine the 

genetic distance between markers, measured in centi-Morgans (cM; Collard et al., 2005). 

This allows the synthesis of genetic linkage maps, inferring the position of molecular 

markers along a chromosome (Collard et al., 2005). Detecting QTL can be problematic, as 

there is often vast numbers of loci contributing to a quantitative trait which are individually 

affected by multiple factors (Doerge, 2002). In order to simplify this task, experimental 

populations are generated, which have a restricted source of genetic variation (Doerge, 

2002). Populations are usually derived from homozygous parental lines and there are 

several populations which are typically used, including F2 populations, backcross lines, 

introgression lines, double haploid populations and recombinant inbred lines (RILs, Table 

1.2). 

RILs are typically used in linkage mapping, developed by the repeated selfing of progeny 

from an inter- or intraspecific cross until lines are homozygous at most loci (Flint & Mott, 

2001). As all offspring have the same parents there are only two possible genotypes at each 

loci (homozygous for each parent allele), reducing genetic complexity and recurrent inter-

mating suggests that only the markers which are closest to QTL will remain linked (Flint & 

Mott, 2001). A weakness of using such methods is the amount of time required to generate 

a RIL population, as individuals must be taken to the F8 generation before it is considered 

statistically likely that they are homozygous and there is also a chance that a QTL may be 

lost unless it is selected for in the population (Flint & Mott, 2001). As part of the CGP 

resource, a consensus interspecific RIL population has been developed, which now 

consists of 213 lines at the F8 generation (Figure 1.3; available though the CGP database 

(CGPDB): http://chiplett.ucdavis.edu/public/Data/data.php). This population has thus far 

been applied to elucidate the genetic basis for a number of key traits, including disease 

resistance, abiotic tolerance, seed qualities and domestication traits (see section 1.6).  

  

http://chiplett.ucdavis.edu/public/Data/data.php
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Table 1.2 Mapping populations utilised for QTL mapping 

Population Description Reference 

F2 Population formed by selfing F1 hybrids. Simple to 

generate and have a short breeding time, however there is 

limited recombination as produced by only one 

recombination event. Lines are also not "eternal", as each 

individual is unique, so cannot repeat experiments once 

material is exhausted.  

Semagn et 

al., 2006 

Backcross 

lines 

Formed by crossing the F1 progeny of a dihybrid cross to 

one of the parents. Simple to generate, however 

populations not eternal. 

Acquaah, 

2007 

Double 

haploid  

Produced by the doubling of gametes of F1 or F2 plants by 

tissue culture techniques. Instantaneously creates 

homozygous lines, meaning populations are eternal, 

however only recombinations from the pollen source are 

represented.  

Semagn et 

al., 2006 

Near-

isogenic lines 

NILs. Extreme backcross lines, in which progeny are 

backcrossed to parent lines to a point where they differ 

from other members of the population at only one genomic 

region. Because there is only a single introgression per 

line, they have increased power for detecting small effect 

QTL.  

Keurentjes 

et al., 2007 

Backcross 

inbred lines 

Lines obtained by crossing the F1 generation to one of the 

parents (recurrent parent) for several generations and 

ending with at least one generation of selfing. Population 

has ~90% of the recurrent parent genome.  

Jeuken & 

Lindhout, 

2004 

Recombinant 

inbred lines  

Developed by repeated selfing of F2 individuals for 8-10 

generations, until populations are homogenous. 

Recombination frequency higher than in NIL populations, 

so can analyse fewer individuals with the same amount of 

power.  

Acquaah, 

2009 

Association 

panel 

A population of naturally occurring, diverse individuals 

with a generally unknown genetic background.  

Myles et al., 

2009 
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Figure 1.3 The RIL mapping population 

Wild (Lactuca serriola) and cultivated (L. sativa) lettuce were crossed and 213 of the F1 

progeny were repeatedly selfed to the F8 generation, to create the RILs (Truco et al., 2007). 
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The segregation of markers and QTL can be statistically modelled using different 

methodologies, which vary in complexity. The most basic of which is the single marker 

test, which utilises t-tests, analysis of variance (ANOVA) and simple linear regression 

statistics (Zou, 2009). These methods analyse the phenotype of the population at each 

marker position and significant differences are interpreted as a marker being linked to a 

particular phenotype (Broman, 2001). In progeny such as backcross or recombinant inbred 

lines where only two marker genotypes are possible, a simple t-test can be conducted 

generating a t-statistic and in other populations ANOVA can be performed to calculate the 

F-statistic. In addition to simplicity, single marker tests can easily be adapted to 

incorporate covariates, though these tests are not able to estimate frequency of 

recombination between the marker and QTL and the power of detection relies upon having 

a dense genetic map with evenly spaced markers (Broman, 2001; Doerge, 2002).Using 

interval mapping, developed later by Lander and Botstein (1989), it became possible to 

both detect and provide positional informational of QTL in parallel, using marker order 

information provided by genetic linkage maps. This method tests for QTL at each marker 

increment in a linear fashion, generating a logarithm of odds (LOD) score (equivalent to 

the t- and F-statistics) which expresses the likeliness of there being a QTL in a given 

region (Broman, 2001; Doerge, 2002). The greater the LOD score, the greater the 
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probability that a QTL is present. However, this single QTL model can bias estimates of 

QTL position and effects when there are multiple QTL in the same region (Kao et al., 

1999).  

Progression to multiple QTL approaches provides the opportunity to counteract this issue. 

Composite interval mapping (CIM) combines both interval mapping with multiple 

regression, considering the effects of multiple QTL and making positional adjustments 

accordingly, improving the accuracy and statistical power of QTL detection (Zeng, 1994). 

With this method, permutation resampling tests are often used to determine the 

significance threshold for QTL detection (Churchill & Doerge, 1994). This is a resampling 

test, in which a trait values are randomly assigned to each individual multiple times, 

mapping is repeated and the maximum LOD scores are determined, with the proportion of 

these LOD scores that exceed the originally observed LOD score for the putative QTL 

used to calculate a significance probability (P) value (Broman, 2001). Further 

developments include multiple interval mapping (MIM) which further dissects epistatic 

QTL (distinct but interacting QTL contributing to the same phenotype), though CIM 

remains a widely used method for QTL identification (Kao et al., 1999; Jannink & Jansen, 

2001). 

1.4.1.2 Association mapping 

Parallel to linkage mapping, association mapping involves the detection of genetic 

differences responsible for phenotypic trait variation. Linkage mapping utilises populations 

(usually bi-parental) generated by the experimenter so that the genetic history and 

relatedness is known, creating a closed system where there are a limited number of 

recombinations (Myles et al., 2009). In contrast, association mapping exploits the greater 

number of recombination events expected in naturally existing populations (association 

panel). The increased number of recombination breakpoints can improve the resolution of 

QTL mapping as the genome is broken into smaller fragments for association with the 

phenotype (Myles et al., 2009). This effect can be explained by the decay of linkage 

disequilibrium (LD), the non-random association of genetic loci which not only reflects the 

physical distance of loci (as with linkage mapping), but also loci on different 

chromosomes.  

Association mapping can proceed by genome wide association studies (GWAS), in which 

markers throughout the genome are genotyped, or through candidate gene association, 

where markers are selected specifically within candidate genes thought to be related to the 
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trait of interest (Sehgal et al., 2016). In GWAS, the number of markers necessary for 

analysis is determined by the rate of LD decay, with fewer markers required to detect an 

association if LD extends over larger genomic regions but consequently reducing mapping 

resolution (Al-Maskri et al., 2012). In maize, LD has been observed to decay within 1,500 

bp, indicating that a marker is required every 1,500 bp in order to be in linkage with a QTL 

and maximise to the chances of detection (Remington et al., 2001). LD can be expected to 

decay over longer genomic regions in inbreeding populations, so the use of diverse 

germplasm when constructing association mapping populations may improve resolution 

(Caldwell et al., 2006).  

The LD of biallelic loci (two alleles per locus) is usually measured as r2, the correlation 

coefficient between two markers, where 0 identifies markers in linkage equilibrium 

(randomly associated) and 1 demonstrating markers in complete linkage disequilibrium 

(non-random association; Sehgal et al., 2016). The r2 gives an indication of how reliably 

the knowledge of the allele at one locus can be used to predict the allele at another locus 

(Chen et al., 2006). D’, the disequilibrium coefficient, is another measure of LD, which 

measures recombination differences and can be used to assess recombination patterns 

(Chen et al., 2006). Both measures must be interpreted with caution as the r2 value is 

influenced by allele frequencies (for example, if the minor allele occurs in less than 10% of 

the population) and D’ can be influenced by small population sizes (Gupta et al., 2005). 

A major problem with using natural populations for which pedigrees are unknown, is the 

false detection of associations which occur due to relatedness amongst individuals rather 

than an association with the phenotype (Mackay & Powell, 2007). Using a mixed model 

approach proposed by Henderson (2011), features such as population structure and 

relatedness can be incorporated into the regression model as covariates to correct for 

underlying population structure. This can be expressed as:   

𝑦 = 𝑋β + 𝑍𝑢 + 𝑒 

where y is the vector of phenotypic observations, β is an unknown vector containing fixed 

effects for population structure and genetic markers, u is an unknown vector of random 

additive effects from background QTL, X and Z are the known design matrices and e is the 

unobserved vector of random residuals, which can be implemented in software such as 

TASSEL (Bradbury et al., 2007). Association mapping has been successfully applied in 

numerous crops, such as maize (Kump et al., 2011), barley (Wang et al., 2012b), wheat 
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(Yu et al., 2011) and rice (Zhao et al., 2011), for traits such as disease resistance and, plant 

architecture. 

1.4.2 Candidate gene mining 

Advances in genomic resources have made identifying genes in a candidate genomic 

region determined to contain QTL more feasible. Sequence data provides knowledge of 

gene order and, once a QTL is located on a sequence, candidate genes can be identified 

(Price, 2006). QTL are commonly reported to the 1-LOD interval, which is the region 

where the statistical support for the QTL is within one order of magnitude of the peak 

statistic (Price, 2006). Methods to identify candidates from a gene list include identifying 

genes which have a related function to the QTL, for example involvement in relevant 

pathways, or genes which have polymorphisms in coding or regulatory regions (Abiola et 

al., 2003). Candidates can also be somewhat validated by in vitro functional studies, for 

example by gene specific knockout or mutational analysis and, perhaps more conclusively, 

by allele replacement and phenotype testing (Abiola et al., 2003). 

1.4.3 Marker-assisted selection 

Following identification of QTL that significantly contribute to an improved phenotype, 

the ultimate aim is to introgress genes or genomic regions of interest into a superior 

cultivar by repeatedly crossing until progeny can be selected which have acquired such 

desired regions (Moose and Mumm, 2008). This selection can be achieved by genotyping 

the progeny at the relevant molecular markers linked to QTL. The recombination 

frequency between loci is approximately 1% for each cM of genetic distance, meaning that 

recombination of a marker which is 5cM away from a QTL will occur in 5% of a 

population (Collard & Mackill, 2008). In order to increase the success of progeny 

selection, the markers flanking a QTL are commonly genotyped, as the probability of both 

markers segregating with the QTL in a double recombination is greatly reduced (Collard & 

Mackill, 2008). QTL for several traits have been successfully introgressed into cultivated 

species, known as pyramiding, leading to improvements in commercial varieties (Mithen et 

al., 2003; Sacco et al., 2013) . Marker genotyping has been a limitation to the success of 

marker-assisted selection (MAS) thus far, however developments of high-throughput 

methods at declining costs are likely to increase the rate of application (Collard & Mackill, 

2008).  
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1.5 Lettuce breeding resources 

1.5.1 Germplasm collections 

Selection for characteristics which have made lettuce a more favourable crop has narrowed 

the genepool available for breeding, which ultimately limits the potential for future crop 

improvement (Lebeda et al., 2009). Breeders are becoming increasingly aware of the value 

of genebanks as a source of natural genetic variation for crop improvement (McCouch et 

al., 2013). Traits such as disease resistance, drought tolerance, physiological properties and 

nutritional status possessed by wild relatives provide vast potential for crop improvement 

(Lebeda et al., 2007). Crossbreeding with the wild rice species Oryza nivara has produced 

tropical rice varieties which are protected from disease and feed most of Asia (McCouch et 

al., 2013). The economic benefits accumulated worldwide as a result of using wild crop 

relatives in breeding programmes has been estimated at $115 billion annually, due to yield 

increases (Pimentel et al., 1997). 

Interfertile members of the Lactuca subdivision, to which there are no barriers to gene 

flow, provide a source of diverse genetic variation accessible by classical breeding 

methods, avoiding the use of controversial genetic engineering approaches (Zohary, 1991; 

Koopman et al., 2001). Ability to thrive in adverse habitats such as wasteland, roadsides, 

rocky areas and fallow land means that Lactuca species such as L. serriola are highly 

successful weedy species, which are widely distributed in Africa, Europe, Asia and 

America (Zohary, 1991). A number of the characteristics leading to the success of Lactuca 

spp. as weeds, such as drought tolerance and disease resistance, are properties which could 

be beneficial to cultivated lettuce (Truco et al., 2013).  

Given the vast potential benefits of crop wild relatives, the ability to efficiently access such 

genetic resources is crucial for exploitation in breeding programmes. There are currently 

over 1,700 gene banks worldwide, containing seeds of cultivars, primitive landraces and 

wild crop relatives and over $18 million is thought to be spent annually in order to 

maintain the largest 11 international gene bank collections (McCouch et al., 2013). The 

International Lactuca Database (ILDB), held at the Centre for Genomic Resources, 

Wageningen, was founded in 2000 and comprises passport data for 11,643 Lactuca 

accessions (Lebeda et al., 2014), which are readily accessible for application to research 

(http://documents.plant.wur.nl/cgn/pgr/ildb/). Around 90% of the wild genetic resources for 

lettuce originate from Europe and consist of just three species; L. serriola, L. saligna and 

http://documents.plant.wur.nl/cgn/pgr/ildb/
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L. virosa (Lebeda et al., 2014). Increased sampling and maintenance of such databases 

may allow the discovery of valuable genetic variation, such as disease and insect resistance 

(Lebeda et al., 2014). 

1.5.2 Genetic and genomic resources 

Genetic maps are essential tools for molecular breeders, providing a physical roadmap of 

molecular markers that can be utilised to identify associations between a genotype and 

phenotype. The first genetic map produced for lettuce consisted of 53 markers, primarily 

RFLP loci, covering 404 cM and nine linkage groups, constructed from a population 

derived from a Crisphead x Butterhead cultivar cross (L. sativa cv. Calmar and L. sativa 

cv. Kordaat, respectively) and consisted of 66 F2 plants (Landry et al., 1987). This map 

was later developed to include both RFLP and RAPD markers, however this map did not 

coalesce into the expected nine linkage groups (Kesseli et al., 1994). Another intraspecific 

cross between a dwarf Crisphead line, dwarf-2, and a butterhead cultivar, Saffier, was 

utilised to develop a map spanning 987 cM, which was used alongside the Calmar x Kordat 

map described previously to link ten morphological traits including seed colour and 

anthocyanin expression to RAPD markers (Waycott et al., 1999).  

The low polymorphism frequency and large monomorphic genomic regions present 

between intraspecific crosses limits the ability to create a high density map without gaps 

(Kesseli et al., 1994), but this can be improved by using populations derived from diverse 

parental lines, likely to be more polymorphic. The first interspecific map of lettuce was 

developed from two different F2 L. sativa x L. saligna populations, creating an integrated 

map of 479 AFLP markers and 12 SSRs covering 854 cM and nine linkage groups, with a 

maximum marker spacing of 16 cM (Jeuken et al., 2001). The integration of seven maps 

developed from two intraspecific and five interspecific populations created a consensus 

map of 2,744 markers (consisting of AFLPs, RFLPs, SSRs and RAPDs), which covered 

1,505 cM with a mean distance of 0.7 cM assigned to nine linkage groups (Truco et al., 

2007).  

Advances in molecular marker discovery have since enabled the development of an ultra-

dense, high resolution molecular marker map, identified using a customised lettuce 

Affymetrix GeneChip consisting of 6.5 million probes designed from EST sequences 

covering 35,628 unigenes (Stoffel et al., 2012). This custom GeneChip was used to analyse 

polymorphism in a population of 213 F7:8 RILs developed from an interspecific cross 

between L. sativa cv. Salinas and L. serriola acc. US96UC23 (Truco et al., 2007). This has 
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become the core reference mapping population for lettuce, enabling the construction of a 

1,585 cM map with 13,943 loci and an average distance of 0.4 cM across nine linkage 

groups (Truco et al., 2013). This ultra-dense genetic map is publicly available as part of the 

Compositae Genome Project (CGP) database of resources, utilised worldwide.  

The CGP began as a collaboration in 1999 between researchers at the University of 

California, Davis (UC Davis); Oregon State University, Corvallis; Indiana University, 

Bloomington and the University of Massachusetts, Boston. The intention was to develop 

the genetic and genomic resources and tools for breeding of economically relevant 

members of the Compositae family and to aid in the understanding of genome evolution 

and diversification of this family (Michelmore et al., 2003). For lettuce, the project has 

delivered a comprehensive EST database for cultivated and wild accessions, transcriptome 

assemblies and genetic mapping resources (Table 1.3). The CGP, in collaboration with the 

Lettuce Genome Sequencing Project (LGSP; Michelmore lab at UC Davis and the Beijing 

Genomics Institute, Shenzen) and supported by the Lettuce Genome Sequencing 

Consortium (LGSC) and the International Lettuce Genomics Consortium (ILGC) 

comprised of global seed companies, have recently published a reference assembly of the 

lettuce genome (Reyes-Chin-Wo et al., 2017).  

The 2.7 Gb genome was initially sequenced at 72.5% coverage by whole genome shotgun 

sequencing and scaffold contiguity was later improved using an in vitro proximity ligation 

method, whereby chromatin is reconstituted in vitro from high molecular weight DNA, to 

generate a reference sequence with ~88% coverage (Putnam et al., 2016; Reyes-Chin-Wo 

et al., 2017). This dual approach was necessary due to the large size and highly repetitive 

nature of the genome, which is thought to have undergone a whole-genome triplication 

around 66 million years ago (Reyes-Chin-Wo et al., 2017). The final assembly published 

was 2.38 Gb, comprising 11,474 scaffolds with an N50 statistic of 1.8 Mb (meaning 50% 

of the scaffolds are equal to or longer than 1.8 Mb) and 38,919 annotated genes (Reyes-

Chin-Wo et al., 2017). The Lettuce Genome Resource (LGR) was developed as a tool for 

accessing the wealth of genetic and genomic data available, including the L. sativa 

reference genome assembly, a gene model database and whole genome BLAST tools, 

which are readily available to the public (http://lgr.genomecenter.ucdavis.edu/; Table 1.3).   

http://lgr.genomecenter.ucdavis.edu/)
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Table 1.3 Summary of the resources available for lettuce breeding and research 

Resource Details Link 

Sequencing 

data  

Genome assembly 

Access to seven genome versions through GBrowse, 

sequence annotation retrieval, gene model database, 

with GO term, protein and homolog search 

databases. Available to download from NCBI, 

Bioproject PRJNA173551. 

http://lgr.genomecenter.ucd

avis.edu/Private/Tools/GBr

owse.php 

 

Transcriptome assembly 

Lactuca sativa, 51,842 sequences. 

http://www.ncbi.nlm.nih.go

v/nuccore?term=lactuca 

sativa transcriptome 

assembly 

EST libraries 

For L. sativa, L. serriola, L. saligna, L. virosa and 

L. perennis. Can download ESTs, assemblies and 

details of BLAST to A. thaliana, information on 

how libraries were constructed and a contig viewer. 

http://cgpdb.ucdavis.edu/cg

pdb2/ 

 

Genetic 

mapping 

resources 

Mapping resources 

Genetic map and >350 RILs for the L. sativa cv. 

Salinas x L. serriola acc. US96UC23 RIL mapping 

population. 

http://chiplett.ucdavis.edu/p

ublic/Data/data.php 

SNP genotyping 

Affymetrix GeneChip with >6.5 million features, 

covering ~35,000 unigenes. 

Illumina GoldenGate custom oligo pool assays for 

SNP genotyping. 

http://chiplett.ucdavis.edu/p

ublic/Data/data.php 

 

http://compgenomics.ucdav

is.edu/compositae_SNP.ph

p 

Germplasm 

collections 

United States Department of Agriculture (USDA) 

>1,500 Lactuca accessions with worldwide origins.  

https://npgsweb.ars-

grin.gov/gringlobal/search.

aspx 

Centre for Genomic resources the Netherlands 

(CGN). The International Lactuca Database 

comprising 2,401 global Lactuca accessions. 

https://cgngenis.wur.nl 

https://www.ncbi.nlm.nih.gov/bioproject/173551
http://lgr.genomecenter.ucdavis.edu/Private/Tools/GBrowse.php
http://lgr.genomecenter.ucdavis.edu/Private/Tools/GBrowse.php
http://lgr.genomecenter.ucdavis.edu/Private/Tools/GBrowse.php
http://www.ncbi.nlm.nih.gov/nuccore?term=lactuca%20sativa%20transcriptome%20assembly
http://www.ncbi.nlm.nih.gov/nuccore?term=lactuca%20sativa%20transcriptome%20assembly
http://www.ncbi.nlm.nih.gov/nuccore?term=lactuca%20sativa%20transcriptome%20assembly
http://www.ncbi.nlm.nih.gov/nuccore?term=lactuca%20sativa%20transcriptome%20assembly
http://cgpdb.ucdavis.edu/cgpdb2/
http://cgpdb.ucdavis.edu/cgpdb2/
http://chiplett.ucdavis.edu/public/Data/data.php
http://chiplett.ucdavis.edu/public/Data/data.php
http://chiplett.ucdavis.edu/public/Data/data.php
http://chiplett.ucdavis.edu/public/Data/data.php
http://compgenomics.ucdavis.edu/compositae_SNP.php
http://compgenomics.ucdavis.edu/compositae_SNP.php
http://compgenomics.ucdavis.edu/compositae_SNP.php
https://npgsweb.ars-grin.gov/gringlobal/search.aspx
https://npgsweb.ars-grin.gov/gringlobal/search.aspx
https://npgsweb.ars-grin.gov/gringlobal/search.aspx
https://cgngenis.wur.nl/
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Resource Details Link 

COMPOSITdb 

Lettuce cultivar database containing 4,501 cultivars. 

http://compositdb.ucdavis.e

du/ 

 

Warwick Crop Centre Genetic Resources Unit 

Holds the UK lettuce collection with 1,483 Lactuca 

accessions. 

https://www2.warwick.ac.u

k/fac/sci/lifesci/wcc/gru/ 

Phenotype 

data  

Morphodb Phenotype Viewer and Ontology 

Browser.  

http://compgenomics.ucdav

is.edu/morphodb_index.ph

p 

Other tools  Genes2Growers website, providing information on 

molecular markers linked to disease resistance 

genes.   

http://scri.ucdavis.edu/ 

Genome assembly BLAST on CoGe. https://genomevolution.org/

coge/OrganismView.pl?oid

=36218 

SNP/indel discovery pipeline from ESTs. http://cgpdb.ucdavis.edu/S

NP_Discovery/ 

 

1.6 Targets for lettuce improvement 

Previously, the lettuce industry has been driven by producers and resultantly, lettuce 

breeding to date has largely focused on pre-harvest traits affecting crop performance, 

including disease and pest resistance, yield and uniformity in varying growing 

environments. This bias against improving post-harvest quality is reflected in the literature, 

with, for example, a combined search of “disease” and “lettuce breeding” yielding 85 hits 

to journal articles in the Web of Science database (https://www.webofknowledge.com/) 

and only 13 hits for “shelf life” and “lettuce breeding” (July 2017). However, factors 

including an increased awareness of the environmental impacts of agriculture and 

competition amongst producers and retailers in the current financial climate, forcing 

greater consideration of consumer satisfaction, are likely to result in an increased focus on 

post-harvest traits in crop development.  

http://compgenomics.ucdavis.edu/morphodb_index.php
http://compgenomics.ucdavis.edu/morphodb_index.php
http://compgenomics.ucdavis.edu/morphodb_index.php
http://scri.ucdavis.edu/
https://genomevolution.org/coge/OrganismView.pl?oid=36218
https://genomevolution.org/coge/OrganismView.pl?oid=36218
https://genomevolution.org/coge/OrganismView.pl?oid=36218
http://cgpdb.ucdavis.edu/SNP_Discovery/
http://cgpdb.ucdavis.edu/SNP_Discovery/
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1.6.1 Pre-harvest traits 

1.6.1.1 Disease and pest resistance 

Over the last 50+ years, breeding efforts have strived to produce disease-resistant cultivars 

with the aim of reducing agrochemical usage, due to expense, emerging pathogen 

resistances and concerns over damaging environmental effects (Michelmore & Wong, 

2008). The mode of pathogen infection is often described as a gene-for-gene interaction, 

with the host possessing resistance genes (R genes) which can detect effector molecules 

secreted by the pathogen, which have roles in manipulating host metabolism to 

accommodate the pathogen (Ilott et al., 1989; McHale et al., 2009). Detection activates 

plant defences leading to resistance; however the pathogen can rapidly mutate its effector 

protein in ways that it can still carry out its primary function but can avoid recognition, 

becoming virulent once again (McHale et al., 2009). Host resistance may also occur by the 

mutation of proteins essential for pathogen proliferation (McHale et al., 2009).This race-

specific resistance is usually conferred by a single gene, termed monogenic resistance, and 

is short-term, typically lasting only a few years before new pathogen races emerge (Jeuken 

& Lindhout, 2002). In this pathogen arms race, durable disease resistance may only be 

achieved by stacking multiple resistance genes. Mining EST databases of L. sativa and L. 

serriola comprising of approximately 43,000 unigenes identified 700 candidate genes 

associated with disease resistance and defence (McHale et al., 2009) and the sequencing of 

the lettuce genome has revealed classes of disease resistance genes which appear to have 

undergone significant expansions in comparison to 9 publicly available plant genomes 

(including Arabidopsis, tomato and poplar; Reyes-Chin-Wo et al., 2017), providing targets 

for breeding.   

The oomycete pathogen lettuce downy mildew (Bremia lactucae) is the most devastating 

disease of all lettuce types worldwide, able to infect at any developmental stage and 

causing yellow lesions which become necrotic following secondary pathogen infection 

(Simko et al., 2013). As an obligate biotroph B. lactucae can only survive on its host, 

entering directly through the leaf cuticle and obtaining nutrition via specialised feeding 

structures called haustoria (Michelmore & Wong, 2008). Parra et al. (2016) recently 

provided a comprehensive review of all the downy mildew resistance genes and factors 

with 51 identified, as well as 15 QTL for seedling, plant and field resistance. Early 

breeding programmes utilised known L. sativa resistant cultivars for breeding. While most 

L. sativa cultivars developed have displayed only short-term, monogenic resistance, the L. 
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sativa cultivars “Iceberg” and “Grand Rapids”, developed over 100 years ago, display 

quantitative resistance at young and mature adult stages (Simko et al., 2013). Two QTL for 

resistance were detected from a RIL population developed from an intraspecific cross 

between these resistant cultivars, with inheritance of the “Iceberg” allele increasing 

resistance (Simko et al., 2013; Table 1.5). Another L. sativa cultivar named “La Brillante”, 

thought to have been developed in the early 20th century, shows high levels of resistance 

found to be controlled by at least five QTL (Simko et al., 2015), suggesting these cultivars 

could be reintroduced into modern breeding programmes as a source of durable resistance. 

Wild Lactuca species have also been identified as good sources of resistance genes. L. 

serriola accessions were the first to be utilised in breeding programmes and the cultivar 

“Salinas”, was used extensively in research as a parent of the consensus UCD RIL 

mapping population, which was developed from cultivars initiated from an interspecific 

cross (Parra et al., 2016). L. saligna is the only Lactuca species to display complete 

resistance to all downy mildew races; a true non-host, so may be utilised for durable 

resistance breeding (Jeuken & Lindhout, 2002). One monogenic resistance gene and three 

QTL were identified from an F2 population of L. sativa cv. “Olof”, a butterhead, and L. 

saligna cross (Jeuken & Lindhout, 2002). Later investigation of a backcross inbred line 

(BIL) population, developed by repeatedly backcrossing a single F1 plant of this initial 

population to L. sativa (Jeuken & Lindhout, 2004), was used to map four more QTL for 

resistance (Jeuken et al., 2008; Table 1.5). Resistance was found to be caused by several 

sub-QTL (distinct QTL in close proximity) at different loci and was dependent on plant 

stage (Zhang et al., 2009; den Boer et al., 2013). Pairwise stacking of resistance loci 

revealed a complex genetic architecture underlying resistance, with both epistatic and 

additive interactions observed (den Boer et al., 2014), highlighting the challenges facing 

breeding for downy mildew resistance. 

Other economically significant fungal pathogens of lettuce include Fusarium oxysporum f. 

sp. Lactucae and Verticillium dahliae (Hayes et al., 2011; Gilardi et al., 2016). Resistance 

to V. dahlia race 1 has been identified in L. sativa cv. La Brillante, controlled by dominant 

locus Vr1, but less is understood about resistance to race 2 which could become prominent 

in the future (Hayes et al., 2011; Sandoya et al., 2017; Table 1.5). Lettuce dieback disease, 

caused by soil-borne viruses of the Tombusviridae family, is able to infect romaine, leaf 

and butterhead lettuce types, however modern iceberg cultivars are completely resistant 

(Grube et al., 2005). Resistance was mapped to a single locus, Tvr1, on linkage group two 

and later fine-mapping using an association analysis approach linked this locus to nine 
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molecular markers which can be utilised for marker-assisted breeding (MAB; Grube et al., 

2005; Simko et al., 2009). Populations of baby leaf lettuce, resistant to bacterial leaf spot 

caused by Xanthomonas pestris pv. Vitians, are publicly available as materials for breeding 

(Hayes et al., 2014b). The lettuce aphid Nasonovia ribisnigri (Mosley) is the most 

significant insect pest of lettuce, which can cause financial losses resulting from leaf 

damage and the incidence of foreign bodies due to insect contamination (Walley et al., 

2017). Investigations on a diverse panel of wild and cultivated lettuce accessions identified 

significant marker-trait associations for resistance to N. ribisnigri by GWAS, with L. 

virosa identified as a source of resistance alleles (Walley et al., 2017). Genetic variation in 

Lactuca species for susceptibility to insect pests has also been identified for leaf miners 

(Mou et al., 2004) and parasitic nematodes (de Carvalho Filho et al., 2011; Kaur & 

Mitkowski, 2011), which can therefore be utilised for resistance breeding. 

1.6.1.2 Heat tolerance 

As a cool season crop, lettuce production is sensitive to high temperatures; a problem 

which may be exacerbated by an increasingly variable climate (Mou, 2011). 

Thermoinhibition, the failure of seed germination at high temperatures, results in poor crop 

uniformity and reduced yields (Argyris et al., 2005). Exposure to plant hormones abscisic 

acid (ABA), ethylene and gibberellin can influence the success of lettuce seed germination 

at higher temperatures (Argyris et al., 2008) and ABA content has been shown to rapidly 

decrease at optimal germination temperatures in comparison to elevated temperatures 

(Argyris et al., 2011). Using the reference L. sativa cv. Salinas x L. serriola UC96US23 

RIL mapping population, a QTL denoted Htg6.1 for seed germination at high temperatures 

was identified in two field experiments, accounting for 25% of the phenotypic variation 

and with the wild parent allele found to increase germination temperature (Argyris et al., 

2005; Table 1.5). This QTL was later found to map to the same position as a temperature-

regulated gene, LsNCED4, which controls ABA biosynthesis (Argyris et al., 2011), 

providing a target for the improvement of thermotolerance by MAB. Utilising the same 

mapping population, QTL for seed longevity, which is typically only around five years for 

lettuce, were identified, although strong GxE interactions were observed, thus reducing the 

value of these QTL as breeding targets (Schwember & Bradford, 2010). Using a 

population derived from crossing a plant introduction (PI) showing high tolerance to 

thermoinhibition, a major QTL for high temperature germination (Htg9.1) was linked to an 

ethylene responsive transcription factor (LsERF1), found to be differentially expressed in 
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the tolerant PI seeds at high temperatures. This further supports the relationship between 

hormones and high temperature seed germination (Yoong et al., 2016). 

Further, tipburn is a physiological response to heat stress involving necrosis of the tips and 

margins of leaves which is associated with calcium deficiency and results in worldwide 

crop losses (Jenni & Hayes, 2009). Incidence of tipburn is intensified when crops are 

exposed to temperatures exceeding the optimal range for lettuce growth, which is between 

7-24°C (Jenni & Yan, 2009). Jenni et al. (2013) utilised a population developed from an 

intra-specific cross of two crisphead cultivars in which one of the parents, “Emperor”, 

displays high temperature tolerance and identified QTL for tipburn and several other heat-

induced phenotypes such as rib discolouration, premature bolting and ribbiness (Table 1.5). 

A major QTL for tipburn incidence was identified across five trials accounting for 38-70% 

of the phenotypic variation, providing a target for fine-mapping and marker development 

(Jenni et al., 2013).  

1.6.1.3 Resource-use efficiency 

Efficient utilisation of resources, such as water and nitrogen, is essential for sustainable 

crop production and of critical importance given that the anticipated unstable climate is 

likely to have a huge impact on natural resources (Lipper et al., 2014). Almost 80% of 

global freshwater is estimated to be used for agriculture, meaning that even small 

reductions to water use could lead to large overall savings (Famiglietti, 2014). Increasing 

concerns over the cost and environmental impact of fertiliser use resulting in reduced 

application combined with a reduced freshwater supply may synergistically lead to a 

reduction in crop yields, driving an increase in food prices (Kerbiriou et al., 2013; 

Famiglietti, 2014). Currently, high inputs of water and fertilisers and the selection for 

above-ground biomass in lettuce cultivation to avoid yield loss, have resulted in the 

development of cultivars with smaller root systems and higher shoot:root ratios, impacting 

on water and nutrient acquisition from soil (Johnson et al., 2000). Modern cultivars, when 

exposed to sub-optimal conditions such as temporary drought, can experience yield losses 

caused by reduced shoot growth (Kerbiriou et al., 2013). Wild lettuce, L. serriola, has a 

long taproot which could enable water exploitation from deeper soil zones and lead to an 

increased drought-tolerance. QTL for root architecture and water uptake from deep soil 

were mapped to the same position in the consensus mapping population (Johnson et al., 

2000; Table 1.5). Hartman et al. (2014) identified QTL for above-ground biomass and dry 

weight under drought, nutrient and salt stress in the same reference population, with wild 
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alleles usually contributing to increased yield under stress. An association analysis of 142 

lettuce cultivars utilising 11,170 SNPs identified significant marker-trait associations for 

nitrogen-use efficiency, shoot biomass and water and nitrogen capture from soil (Kerbiriou 

et al., 2016; Table 1.5). In each of these studies, QTL identified were not robust across 

environments, likely to reflect the heavy environmental component of this GxE interaction 

(Hartman et al., 2014; Kerbiriou et al., 2016) which poses risks for using this information 

in breeding programmes.  

1.6.2 Post-harvest traits 

1.6.2.1 Nutritional quality 

Whilst breeding efforts such as those of the Green Revolution have focused on food 

quantity in an attempt to mitigate the world’s mounting food crisis or for financial gain, 

quality and nutrient content is becoming a growing concern for food security. Even in 

developed cultures, where the availability and variety of food is considered plentiful, 

malnutrition persists and has been linked to the prevalence of chronic diseases such as 

cardiovascular disease, cancer, obesity and type 2 diabetes, placing an economic burden of 

$33 billion in the UK alone from 2005-2015 (WHO, 2004). Lack of fruit and vegetables in 

the diet has been ranked in the global top 20 risk factors for disability-adjusted life-years, a 

measure of the number of years of life lost to poor-health, disability or early death 

(Forouzanfar et al., 2015) and up to 8 million deaths in 2013 were estimated to have been 

preventable by an increase in fruit and vegetable consumption (Aune et al., 2017).  

1.6.2.1.1 Phytochemicals and health 

Aside from the macro- and micronutrients such as carbohydrates, proteins, lipids, vitamins 

and minerals which are essential for human survival, plants also synthesise a range of 

secondary metabolites, commonly known as phytochemicals or phytonutrients (Bourgaud 

et al., 2001). These low molecular weight compounds have no fundamental role in the 

primary metabolism of the plant, which includes processes such as respiration, 

photosynthesis, growth and development (Oksman-Caldentey & Inzé, 2004). Once 

considered as wasteful and unimportant by-products of these essential metabolic processes, 

they are now known to be crucial in governing how plants respond to their environment 

(Bennett & Wallsgrove, 1994). The remarkably diverse chemistry of phytochemicals is 

reflected by their wide range of use by plants, from attracting pollinators, to acting as 
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deterrents for herbivores and aiding in defence against pathogens (Verpoorte et al., 2002; 

Oksman-Caldentey and Inzé, 2004). 

There is mounting evidence for the importance of phytochemicals present in vegetables 

and fruits in human health. In a meta-analysis conducted by He et al., (2006), adults found 

to consume over five portions of fruit and vegetables a day were 26% less likely to have a 

stroke, whilst those who ate three portions had a 9% lower chance, suggesting a dose-

dependent health benefit. Coronary heart disease, the leading cause of death worldwide, 

was also found to be negatively correlated with fruit and vegetable consumption, with the 

risk of developing the disease found to reduce by 4% for each portion consumed daily 

(Dauchet et al., 2006). A more recent meta-analysis found the relative risks of coronary 

heart disease, stroke, cardiovascular disease and cancer were appreciably reduced in diets 

in which 800 g of fruits and vegetables (10 portions) were consumed per day in 

comparison to 200 g/day (Aune et al., 2017). Given that the average European consumes 

only 386 g/day (EUFIC, 2012), consumption would need to be doubled in order to reduce 

disease incidence and maximise potential health benefits. 

The key groups of phytochemicals identified in fruits and vegetables can be crudely 

subdivided into the nitrogen-containing alkaloids and nitrogen-deficient terpenoids which 

includes carotenoids and phenolics, including phenolic acids, flavonols, tannins and 

anthocyanins (Patra et al., 2013; Table 1.4). Despite diverse biochemistries, a common 

feature amongst phytochemicals is their antioxidant activity and, for this reason, it has 

been theorised that the antioxidant activity of fruits and vegetables is responsible for their 

health benefits. Antioxidants (AOs) are able to neutralise unstable reactive oxygen species 

(ROS), such as superoxide (O2
-), hydroxyl (OH-) and hydrogen peroxide (H2O2), by 

scavenging unpaired electrons and therefore preventing oxidative stress to cellular 

components (Kaur & Kapoor, 2001). ROS are a by-product of oxygen metabolism in the 

electron transport chain and enzymatic and non-enzymatic AOs are produced to curtail 

potential damage (Krishnaiah et al., 2007). However, accumulation beyond AO 

detoxification capacities can lead to oxidative stress, which not only causes immediate 

damage to fundamental cellular components such as DNA and proteins, but has been 

linked to aging and the incidence of chronic diseases (Pham-Huy et al., 2008). 

Environmental stresses such as cigarette smoke, pollutants, UV and ionising radiation can 

also promote ROS damage to the skin and respiratory system (Young & Woodside, 2001). 
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Table 1.4 Classes of non-vitamin phytochemicals 

Phytochemical 

group 

Compound Dietary source Health benefit(s) Reference(s) 

Alkaloids 
Capsacinoids Chilli peppers Anti-inflammatory and bladder cancer prevention  Yang et al., 2010; Choi et 

al., 2011 

Phenolics 

Anthocyanins Berries, tomatoes Prevention of obesity, diabetes, cardiovascular 

diseases and preservation of eye health 

 

Tsuda, 2012 

Catechins Tea, wine Prevention of obesity, anti-cancer and antioxidant 

properties 

 

Brown et al., 2011; Hara, 

2011 

Flavonols Apples, berries, broccoli, cherries, 

chocolate, kale, lettuce, onions, red wine, 

tomatoes, tea 

Anti-inflammatory, antioxidant and anti-cancer  

properties 

 

Lu et al., 2006; Raiola et 

al., 2014 

Phenolic acids 

(hydrobenzoic and 

hydroxycinnamic acids) 

Apples, blueberries, coffee, kiwis, lettuce, 

red fruits 

Prevention of obesity, tumour cell development 

and antioxidant properties 

Lee and Zhu, 2006; 

Maurya and 

Devasagayam, 2010; 

Mulabagal et al., 2010 

Tannins Apples, bananas, berries, dates, pears, 

black and red beans, chocolate, tea, and 

grains such as barley and sorghum 

Anti-cancer properties Chung et al., 1998 

Terpenoids 
Carotenoids Broccoli, carrots, lettuce, tomatoes, red 

peppers, spinach, squash, sweet potato 

Anti-cancer properties, antioxidant, control of 

inflammation and preservation of eye health 

Johnson, 2002; Raiola et 

al., 2014 
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Antioxidants consumed in our diet through food or by artificial supplementation are 

thought to support endogenous ROS metabolism, although this theory remains a 

controversial subject in the literature. A major contention is the bioavailability and 

bioaccessibility of compounds and whether they are actually absorbed and transported to 

tissues after consumption, or whether they are simply metabolised and excreted (Holst & 

Williamson, 2008). Numerous factors are thought to have an impact on bioavailability, 

including chemical form and properties of the food matrix, along with internal influences 

such as an individual’s metabolism, mucosal mass and rates of intestinal transit, making it 

difficult to categorically predict the efficacy of exogenously consumed AOs and likely 

resulting in large inter-individual variability (Espín et al., 2007). Several investigations 

have, however, supported that AO consumption is beneficial. Critically ill surgical patients 

randomly allocated to AO supplementation trials were less likely to suffer multiple organ 

failure and had a shortened period of mechanical ventilation in comparison to non-

supplemented patients (Nathens et al., 2002). A combination of vitamin E and C 

supplementation has also been shown to reduce the advancement of carotid atherosclerosis 

in male subjects over a three year study period (Salonen et al., 2000). AOs may act either 

by directly detoxifying ROS, or by influencing signalling pathways by stimulating minor 

prooxidative stress and consequently provoking the cell to elicit a natural oxidative stress 

response (Bjørklund & Chirumbolo, 2016). 

Conversely, there is also evidence that simply attributing the health benefits of 

phytochemicals to their AO activity may be an oversimplified theory and that other 

discrete mechanisms may be responsible. For example, phytochemicals may interact with 

cell-signalling mechanisms, indirectly altering ROS metabolism (Scalbert et al., 2005). 

Application of polyphenols catechin and quercetin to cultured endothelial cells led to a 

decrease in plasminogen activator inhibitor type 1 (PAI-1); a protein implicated in clot 

formation, through manipulation of mitogen-activated protein kinase (MAPK) signalling 

pathways (Pasten et al., 2007). Soy isoflavones have also been suggested to interact with 

oestrogen receptors, considered a possible cause of reduced bone loss in post-menopausal 

women (Morabito et al., 2002). Despite contentions over the mechanism, the wealth of 

research presenting positive effects of fruit and vegetable consumption is undeniable and it 

is clear further research is required to understand the fundamental mechanisms and impact 

on health. 

Past initiatives aiming to increase fruit and vegetable consumption, such as the National 

Cancer Institute’s 5-a-day campaign, have been generally ineffective. Whilst there was an 
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initial increase of ~3% more Americans consuming five portions of fruit and vegetables a 

day from when the programme was launched in 1991-1994 (Potter et al., 2000), no change 

was observed from 1994-2000 (Serdula et al., 2004). Reluctance to change dietary habits 

has been found to stem from a lack of understanding of the benefits of fruit and vegetable 

consumption, limited quality and high costs of produce and the perception of increased 

preparation and cooking times (Anderson et al., 1998). In western cultures, eating is often 

controlled by food reward as opposed to hunger, making it difficult to switch from the 

prevailing high fat, sugary diets, which are often addictive (Alsiö et al., 2012). Another 

factor influencing consumption is the cost of fresh products, with 44% of people 

questioned in a UK survey of over 13,000 stating that this was an important reason as to 

why they failed to consume the recommended 5-a-day (Martin, 2013). Although vitamins, 

minerals and other nutrients can be consumed as supplements, their efficacy is a topic of 

debate amongst nutritionists. Studies suggest that the same health benefits cannot be 

consistently obtained from taking phytochemical supplements, which may be due to the 

loss of bioactivity or that health benefits result from the synergistic effect of ingesting 

combinations of phytochemicals, as they are present in foods (Liu, 2003).  

This suggests that targeting the nutrient content in already regularly consumed vegetables 

will be the most successful way of increasing phytochemical consumption. Given its high 

consumption Worldwide in salads, sandwiches and as a popular meal garnish, targeting 

lettuce for biofortification may be an effective way of increasing nutrient exposure without 

the modification of eating behaviours. Though consisting of approximately 95% water, 

lettuce contains a source of carotenoids such as lutein, zeaxanthin and β-carotene and 

vitamins E and C (Kim et al., 2016). Consumption of lettuce was found to reduce the 

levels of cholesterol in rat livers by 40% and increase blood plasma antioxidant, vitamin C 

and vitamin E concentration (Nicolle et al., 2004a). Metabolite profiling of lettuce has 

identified a wide variety of phytochemicals; primarily polyphenolic compounds such as 

chicoric acid (dicaffeoyltartaric acid), chlorogenic acid (caffeoyl quinic acid), 

anthocyanins, quercetin and kaempferol derivatives largely contributing to their 

antioxidant potential, which have been recognised for their health benefits (Nicolle et al., 

2004b; Llorach et al., 2008). However, in an evaluation of the AO and phenolic content of 

some of the most widely consumed vegetables, iceberg and romaine lettuce types ranked 

amongst the lowest for nutrient content (Song et al., 2010), highlighting that there is much 

room for improvement. As lettuce is most commonly consumed raw, not only does this 

increase convenience and the likeliness of consumption due to reduced preparation times, 

but could also be beneficial given that cooking may interfere with the chemical properties 
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of phytochemicals, with chlorogenic acid suggested to be partially or wholly lost when 

cooked (Clifford, 2000).  

1.6.2.1.2 Enhancing nutritional quality of lettuce 

The nutritional quality of lettuce is strongly influenced by the environment. The 

concentration of polyphenolic metabolites and total antioxidant activity of lettuce has been 

shown to be affected by light exposure during cultivation. García-Macías and colleagues 

(2007) found that lollo rosso lettuce exposed to greater levels of UV radiation, due to the 

use of UV-transparent polytunnels, had increased levels of caffeic acid, quercetin and 

luteolin derivatives and a higher overall AO activity. The composition of UV radiation 

applied has also been shown to affect phytochemical concentration, with lettuce irradiated 

with UV-A having an 11% increase in anthocyanin concentration and radiation with UV-B 

increasing anthocyanins by 31% and carotenoids by 12%, in comparison to white light (Li 

& Kubota, 2009). Conversely, in the same investigation, exposure to far red wavelengths 

decreased anthocyanin concentration by 40%, carotenoids by 11% and chlorophyll by 14% 

(Li & Kubota, 2009). This suggests supplementary UV light could be applied to increase 

the nutritional value of lettuce. 

Exposing lettuce to mild stress has also been found to increase polyphenolic concentration 

and AO capacity. Significant increases in total polyphenolic compounds and AO potential 

were found in lettuce plants subjected to 10 minutes of heat shock at 40°C immediately 

after the stress was applied and effects continued for up to 3 days after application  (Oh et 

al., 2009). Similar effects were seen following the application of chilling at 4°C for 1 day, 

with a prolonged and heightened increase in both total polyphenolics and AO capacity over 

the subsequent 3 day period (Oh et al., 2009). The most notable increase in polyphenolics 

was seen following the application of high light intensity, with concentrations up to three 

times greater in stressed plants than in controls (Oh et al., 2009). A probable explanation 

for this phenomenon is the activation of stress responses, which result in the accumulation 

of AOs and polyphenolics to enable defence against oxidative stress-inducing ROS, 

formed following abiotic stress. The induction of phenylalanine ammonia-lyase (PAL) 

synthesis, a crucial enzyme for the biosynthesis of numerous protective polyphenolic 

compounds, has been indicated as a key coping mechanism following stress, however 

transcript abundance has been shown to be comparable amongst water stressed and control 

plants, suggesting that heightened translation may be the cause of increased PAL activity 

(Oh et al., 2009). Results have shown that the deliberate application of abiotic stresses, 
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such as heat and reduced water application, which are mild enough to have no adverse 

effect on growth, may successfully increase concentrations of beneficial phytonutrients in 

lettuce crops over a prolonged period (Oh et al., 2009). 

Although successes have been achieved in increasing the nutrient density of lettuce by 

modifying growing practices, these approaches are not always practical on a commercial-

scale without great changes to the crop production infrastructure. A more potentially 

achievable solution is to develop novel varieties of lettuce with improved nutrient density, 

which can be cultivated using existing practices. Nutrient density has been shown to vary 

depending on variety and cultivar (Nicolle et al., 2004b; Mou, 2005; Llorach et al., 2008), 

indicating a genetic basis for these traits which could be targeted by breeding programmes. 

There is evidence that throughout domestication breeders have selected against nutrient 

density, with wild lettuce containing significantly higher concentrations of phenolics, 

carotenoids and total antioxidants in comparison to cultivated lettuce, likely resulting from 

a preference for less bitter and sweeter tasting leaves (Mou, 2005). The rejection of bitter 

tastes is an important evolutionary adaptation leading to the avoidance of lethal toxins and 

the threshold for detection of bitterness is extremely low, with the sensation found to be 

more prolonged than for other tastes such as sour, salty or sweet (Drewnowski & Gomez-

Carneros, 2000). In a survey of 203 food crops, 66% were reported to have undergone 

changes in secondary metabolite composition, which was the most common domestication 

syndrome observed, leading to changes in bitterness, pigmentation and loss of toxicity 

(Meyer et al., 2012). A number of breeding programmes have therefore aimed to improve 

nutritional quality through exploitation of the natural genetic variation which can be 

observed in wild crop relatives (Fernie et al., 2006). Mithen et al. (2003) increased the 

glucoraphanin content of broccoli heads by up to 3-fold, achieved by crossing a cultivar 

with a wild species. This led to the development of a novel cultivar, now commercially 

available in the UK as Beneforté broccoli (Traka et al., 2013). Improvements to the total 

antioxidant and polyphenol content have been observed for tomato (Sacco et al., 2013) and 

strawberry fruits (Diamanti et al., 2012) have been achieved by breeding cultivars with 

wild species. 

A number of the key polyphenolics present in lettuce, such as quercetin, are known to have 

a bitter and astringent taste, resulting in uncomfortable drying of the oral cavity and 

causing dislike (Drewnowski & Gomez-Carneros, 2000). It is therefore crucial to consider 

flavour when breeding for improved nutrient content. Focusing on total AOs for the 

improvement of nutritional quality of lettuce may be a more attractive breeding strategy, as 
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although targeting specific phenolic biochemical pathways is easier, this is perhaps more 

likely to have a severe detrimental impact on product flavour. Subtly increasing the 

concentrations of a variety of different metabolites, as opposed to greatly increasing the 

concentration of a single metabolite, is more likely to ensure the end product remains 

palatable to the consumer. 

Investigations have revealed that epistatic (phenotypic effect results from multiple QTL) 

and GxE interactions, as well as plant architecture, can influence the nutritional quality of 

lettuce (Hayashi et al., 2012; Table 1.5), which may complicate improvement by molecular 

breeding. Alternatively, successes in improving nutrient density of lettuce have previously 

been reported using genetic modification. Guo et al. (2013) increased the vitamin C 

content of lettuce by over 3-fold by overexpressing 1-gulono-1,4-lactone dehydrogenase, 

an enzyme involved in the last committed step in vitamin C biosynthesis. Increases in total 

phenolics and AOs were also observed (Guo et al., 2013). Several studies have 

demonstrated an increase in vitamin E content of lettuce by targeting various enzymes 

involved in tocopherol biosynthesis (Cho et al., 2005; Lee et al., 2007; Li et al., 2011). Li 

et al. (2011) reported an 8-fold increase in tocopherol content in lettuce through 

engineering the overexpression of two enzymes, homogentisate phytyltransferase and γ-

tocopherol methyltransferase, the latter of which converts γ-tocopherol to the more potent 

AO form, α-tocopherol. Despite progress made using transgenic approaches, continued 

public resistance is likely to prevent commercialisation in the immediate future. 

1.6.2.2 Shelf life 

The desire to maintain a healthy and nutritious diet, despite increasingly busy modern 

lifestyles, has created a market for minimally processed foods. These include fresh fruits 

and vegetables which have been washed, peeled and sliced, minimising preparation time 

and increasing the ease of consumption, described as ‘value-added’ products (Dash et al., 

2013). Products such as bagged salads, which are pre-washed and ready-to-eat, are 

becoming increasingly popular due to the added convenience presented to the consumer. 

Production of bagged salads originated on a small-scale in San Francisco in the mid-1980’s 

before progressing to large-scale production towards the end of the decade (Stuart & 

Woroosz, 2011). Since a rapid growth in the 1990s, which saw an expansion of sales by 

51.5% in 1995 in the US alone, the market for prepared salads has been steadily increasing 

(Stuart, 2011). The UK prepared salad industry was valued at £823 million in 2008 and 
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growth of 15-20% per annum has been deemed necessary to satiate consumer demand 

(Atkinson et al., 2013).  

It is clear that as societal awareness of the importance of healthy eating has increased, so 

has the market for processed bagged salads, which remains as one of the strongest growing 

food sectors in the UK and internationally (Brug et al., 2008; Stuart, 2011). However, the 

additional level of handling required to process the leaves can cause damage, such as 

bruising and tearing, leading to discolouration and also providing additional attachment 

sites for bacteria, increasing the opportunity for microbial spoilage and accelerating leaf 

decomposition (Gil et al., 2009). Following harvest, leaves are often vacuum-cooled on 

site in an attempt to maintain post-harvest quality and transported to the processing factory 

for washing (Ozturk & Ozturk, 2009). Here, leaves are loaded onto conveyor belts to 

inspect for foreign bodies, before being submerged in water tanks and typically dried by 

spinning in centrifuge driers. At the packing line, leaves are weighed and deposited into 

film packets, usually reaching the supermarket shelves within three days of harvest. 

Damage to leaves despite careful optimisation of the harvest and processing chain presents 

a trade-off between convenience and product shelf life, which for bagged baby leaf salads 

is typically only 5-6 days (Wagstaff et al., 2010). An estimated 44,000 tonnes, equating to 

£270 million, of lettuce were wasted by the consumer in the UK in 2012, the highest value 

of all vegetables and salads, with the main reason being that the product could not be used 

before it perished because of its short shelf life (WRAP, 2012). In a report by Tesco 

supermarket, as much as 68% of the total salad produced was wasted, with 17% of losses 

seen in the field, 15% during processing, 1% thrown away by the retailer and 35% by the 

consumer (Tesco, 2014). Not only does this lead to substantial economic loss for the 

consumer and retailer, but it is also a hugely inefficient use of finite natural resources such 

as land, water and energy required for production.  

1.6.2.2.1 Factors governing the shelf life of lettuce 

The post-harvest shelf life of lettuce is defined as the length of time a product can be stored 

before it becomes unfit for consumption. Decline of visual appearance due to tearing, 

yellowing and browning, deterioration of the flavour profile caused by the development of 

fermentative metabolites by microbial contaminants and loss of leaf firmness, succulence 

and juiciness, altering texture and mouthfeel, are the main qualities determining end of 

shelf life of minimally processed vegetables (Tan, 2000; Kevers & Falkowski, 2007). The 

limit of product acceptance is subjective, but is largely based on appearance and freshness 
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at the point of purchase (Rico et al., 2007). Any damage to leaves during processing can 

accelerate physiological and biochemical decay and compromise the visual appearance of 

lettuce, which can result in immediate rejection by consumers and, for this reason, 

producers aim to maintain lettuce as close to pre-harvest quality as possible (Rico et al., 

2007). Post-harvest handling and processing can also expose leaves to microbial 

contamination, leading to spoilage (Rico et al., 2007). Fresh-cut products are susceptible to 

discolouration due to the rupturing of cells and tissues (Watada & Qi, 1999). Enzymatic 

browning occurs as a result of polyphenol oxidase (PPO), which catalyses o-hydroxylation 

of monophenols to o-diphenols (Chisari et al., 2010). Further oxidation of o-diphenols 

generates o-quinones, which rapidly polymerise to produce red, brown and black 

polyphenols that lead to leaf browning (Baur et al., 2004; Chisari et al., 2010). Cutting 

lettuce with a sharp knife as opposed to a regular culinary knife during preparations can 

reduce damage and lead to decreased browning (Watada & Qi, 1999).  

Aside from the aesthetics of the leaves, flavour is another factor governing quality, which 

is often overlooked by retailers though usually deteriorates before visual shelf life (Tan, 

2000). Although the appearance of a product is the main driver for initially buying 

minimally processed vegetables, taste is the determining factor leading to recurrent 

purchasing (Rico et al., 2007). Deterioration of flavour, termed end of flavour life, can 

result from microbial spoilage producing fermentative metabolites, such as ethanol and 

biochemical reactions, adjusting the flavour profile (Kader, 2008). A balance between 

sweetness and acidity is essential for favourable taste, with aroma, which is controlled by 

odorous volatile compounds, also playing a key role in flavour (Kader, 2008). Low 

astringency is important, determined by the concentration of flavonol polymers, though 

this property is subject to salivary flow rates and individual preference (Kader, 2008). Leaf 

texture is another important attribute for determining post-harvest quality and consumer 

acceptance, which is a trait comprised of firmness, succulence and juiciness (Tan, 2000). 

1.6.2.2.2 Improving the shelf life of lettuce 

In an effort to reduce waste by microbial spoilage, sanitising agents can be used during the 

washing process to remove bacteria attached to the leaf surface, though the value of these 

agents has been debated. Chlorine is the most commonly used sanitiser in the fruit and 

vegetable industry and has generally been found to reduce microbial contamination (Gil et 

al., 2009). Allende et al. (2008) compared the effectiveness of washing shredded iceberg 

lettuce in chlorine and six other commercial sanitisers and found that although washing 
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with sanitiser was initially more effective than just water alone in reducing microbial 

attachment, similar counts of microorganisms could be recovered from leaves following 

storage, suggesting washing may have limited benefits by the time the product is actually 

consumed. There are also safety concerns over the use of chlorine-based chemicals, due to 

the production of potentially carcinogenic, chlorinated organic compounds such as 

chloropicrin, haloacetic acids, haloketones and trihalomethanes (Fawell, 2000; Gil et al., 

2009). Alternative washing methods found to be effective for reducing microorganism 

contamination for lettuce include the use of ozone, hydrogen peroxide, UV light, 

electrochemical silver and atmospheric cold plasma (Selma et al., 2008; Gopal et al., 2010; 

Bachelli et al., 2013; Ziuzina et al., 2014), but these have not been applied on a 

commercial-scale. 

Modified atmosphere packaging (MAP) is another method used in an attempt to delay 

post-harvest leaf deterioration. In MAP, the internal atmosphere is altered to have an 

increased CO2 concentration (1% O2, 12% CO2), in an attempt to supress respiration, 

ripening and senescence, cut surface browning and microbial growth (Dash et al., 2013; 

Tudela et al., 2016). Storage of cut romaine lettuce in MAP was found to reduce browning, 

suggested to result from decreased activities of PAL and PPO, key enzymes in the 

biosynthesis of polyphenols also responsible for the accumulation of brown-pigmented 

phenolic acids (Luna et al., 2016). However, the effectiveness of MAP appears to be 

genotype-dependent, with its use found to extend the shelf life of certain cultivars and not 

others (Hayes & Liu, 2008; Hayes et al., 2014a), which is undesirable for baby leaf bags 

which are sold as a mixture of different leaves. A seemingly simple action retailers could 

take to reduce spoilage is the storage of salads at lower temperatures. Although shelf life 

can be greatly extended when produce is stored at 4°C, bagged salads are often stored at 

around 10°C in supermarkets due to the use of open refrigerator displays, used because 

consumers are more likely to purchase produce stored on an open shelf (Hall et al., 2013). 

Switching to closable refrigeration units may provide a substantial increase in shelf life and 

reduction of waste. 

As described, previous investigations on improving lettuce shelf life have largely focused 

on washing, packaging and storage, usually within the fresh-cut lettuce industry, but there 

has been little research on breeding for improved shelf life due to a poor understanding of 

the genetic basis of this complex trait. For baby leaf production, leaves that are better able 

to withstand the harvest and processing chain and suffer minimal damage are likely to have 

an increased shelf life. In an attempt to characterise physiological leaf changes which occur 



Chapter 1 

39 

over the course of baby leaf lettuce shelf life, Wagstaff et al. (2007) investigated cellular 

properties which are altered during the senescence of excised leaves. These traits included 

membrane integrity, cell sap osmolarity, changes to cellular infrastructure, cell wall 

strength and irreversible and reversible extensibility (plasticity and elasticity, respectively) 

and leaf respiration rates in lettuce types lollo rosso and cos. A number of changes to leaf 

physiology were observed, including fracturing of the plasma membrane leading to 

membrane leakage, plastid senescence, formation of plastoglobuli (storage structures 

protecting photosynthetic electron carriers from oxidative damage) and apparent 

plasmolysis of cells (Wagstaff et al., 2007). Signs of discolouration were noted, 

particularly in regions that had been previously damaged during processing. Although 

leaves had an increased percentage plasticity towards the end of shelf life, no major 

changes to cell wall structure were observed, which suggests more subtle changes to the 

cell wall were occurring and could perhaps be caused by differences in cell:cell adhesion 

(Wagstaff et al., 2007). Interestingly, nuclei were shown to retain their structure, with 

chromatin condensation not observed as known to occur during programmed cell death, 

indicating that the senescence of detached leaves is a distinct process to the senescence of 

leaves still attached to the plant (Wagstaff et al., 2007). 

Clarkson et al. (2003) measured leaf traits in contrasting baby leaf lollo rosso cultivars 

observed to be “good” and “poor” at withstanding processing and found leaves from the 

“good” variety had an increased osmolarity and reduced cell wall plasticity. Shelf life was 

found to be improved by up to 33% in leaves which had undergone mechanical touch 

stress pre-harvest and these had a reduced epidermal cell and leaf area and increased dry 

weight in comparison to non-stressed plants (Clarkson et al., 2003). This was hypothesised 

to be caused by an increase in the activity of a group of cell wall modifying enzymes, 

xyloglucan endotransglucosylases/hydrolases (XTHs), involved in the deposition of the 

hemicellulose xyloglucan and therefore contributing to the strength of the cell wall 

(Clarkson et al., 2003). By reducing XTH gene expression in lettuce using an RNA 

interference (RNAi) ‘knockdown’ approach, shelf life was increased by up to six days in 

the transgenic lines, which had a reduced leaf area, improved cell wall strength and a 

thickened membrane in comparison to wild type plants (Wagstaff et al., 2010). 

Interestingly, XTH gene expression has been found to be influenced by touch stress in 

Arabidopsis, with the expression of four XTH genes shown to be elevated in response to 

touch and three demonstrating a reduced expression (Lee et al., 2005). These studies 

highlight that leaf area and cell wall traits appear to be important influencers of shelf life 

and are therefore targets for breeding.  
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Several QTL for shelf life and related traits have been identified, suggesting there is a 

genetic basis to this trait, which could be manipulated through breeding (Table 1.5). Zhang 

et al. (2007) identified QTL for shelf life and associated physiological, biophysical and 

biochemical characteristics in the Salinas x L. serriola reference mapping population. Co-

locating QTL for shelf life, responsible for a high proportion of the phenotypic variation 

for this trait and measured in different growing environments, provide robust regions for 

MAB and the identification of candidate genes underlying shelf life (Zhang et al., 2007). 

Utilising an intra-specific linkage map for lettuce, QTL for post-harvest discolouration 

traits were identified, which is responsible for significant losses in the fresh-cut industry 

and can be directly applied in breeding programmes (Atkinson et al., 2013; Table 1.5). In 

investigations of another intra-specific RIL population, a large-effect QTL for the decay of 

fresh-cut lettuce was identified explaining up 74% of the phenotypic variation and could 

also be utilised for lettuce breeding (Hayes et al., 2014a). A summary of the QTL mapping 

studies conducted in lettuce for pre- and post-harvest traits can be observed in Table 1.5. 
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Table 1.5 Summary of the QTL mapping studies conducted in lettuce 

Trait(s) Description Population(s) Reference(s) 

Biotic stress    

Downy mildew QTL for downy mildew resistance L. saligna (CGN 5271) x L. sativa cv. “Olof” F2 population Jeuken & Lindhout, 2002 

 
QTL for downy mildew resistance and QTL fine-mapping 

reported 

Backcross inbred lines (BC4) developed by crossing lines of an L. 

saligna (CGN 5271) x L. sativa cv. “Olof” F2 population to the L. 

sativa parent  

Jeuken et al., 2008 

Zhang et al., 2009 

den Boer et al., 2013 

 QTL for downy mildew resistance L. sativa cvs. “Iceberg” x “Grand Rapids” RIL population Simko et al., 2013 

 QTL for downy mildew resistance L. sativa cvs. “Salinas 88” x “La Brillante” RIL population Simko et al., 2015 

Lettuce dieback QTL for lettuce dieback resistance L. sativa cvs. “Salinas” x “Iceberg” RIL population Grube et al., 2005 

 QTL for lettuce dieback resistance 
L. sativa cvs. “Salinas” x “Iceberg” RIL population for linkage 

mapping and a collection of cultivars for association analysis 
Simko et al., 2009 

Verticillium dahliae Identified a QTL for Verticillium dahliae resistance L. sativa cvs. “Salinas 88” x “La Brillante” RIL population Hayes et al., 2011 

Lettuce aphid 
Identified significant marker-trait associations for aphid 

resistance  

Diverse panel of 96 wild and cultivated lettuce accessions, 

representing all major leaf types and of worldwide origin 

Walley et al., 2017 

Abiotic stress    

Various 
Applied nutrient, drought, salt and competition stress and 

identified QTL for above ground dry weight 
L. sativa cv. Salinas and L. serriola acc. US96UC23 RIL population Hartman et al., 2014 

Drought stress 
QTL for root architecture and water acquisition after mild 

drought stress 
L. sativa cv. Salinas and L. serriola acc. US96UC23 F2 population Johnson et al., 2000 

Resource utilisation 
Identified significant marker-trait associations for water and 

nitrate capture below-ground and above-ground accumulation 
Collection of cultivars for association analysis Kerbiriou et al., 2016 
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Trait(s) Description Population(s) Reference(s) 

Heat stress 
QTL for tip burn incidence and severity and other 

temperature stress-related physiological disorders 
L. sativa cvs. “Emperor” x “El Dorado” RIL population Jenni et al., 2013 

Post-harvest     

Shelf life 

Identification of multiple QTL for shelf life and association 

physiological, biochemical and biophysical traits, trait data 

collected in two field trials in two geographic locations  

L. sativa cv. Salinas and L. serriola acc. US96UC23 RIL population Zhang et al., 2007 

 Identification of three QTL for shelf life from five field trials L. sativa cvs. “Salinas 88” x “La Brillante” RIL population (Hayes et al., 2014a) 

Discolouration 
Identified six QTL for discolouration traits in fresh-cut 

lettuce in two geographic locations 
L. sativa cvs. “Saladin” x “Iceberg” RIL population Atkinson et al., 2013 

Nutrition 
QTL for antioxidant and chlorophyll content detected at two 

different stages of  maturity and several production cycles 
L. sativa cvs. “Diplomat” x “Margarita” RIL population Hayashi et al., 2012 

 

Multiple QTL for antioxidant content, total phenolics and 

individual secondary metabolites, chlorophyll and 

carotenoids measured in two trials 

L. sativa cv. Salinas and L. serriola acc. US96UC23 RIL population Damerum et al., 2015 

Seed traits    

Seed germination/ 

longevity 

Identified QTL for seed germination under different 

temperature and light conditions 
L. sativa cvs. “Diplomat” x “Margarita” RIL population Hayashi et al., 2008 

QTL for germination under high and low temperature and 

hormone treatment, seedling quality  
L. sativa cv. Salinas and L. serriola acc. US96UC23 RIL population 

Argyris et al., 2005 

Argyris et al., 2008 

 
QTL for seed longevity following different storage 

conditions and after seed priming 
L. sativa cv. Salinas and L. serriola acc. US96UC23 RIL population 

Schwember & Bradford, 

2010a 
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Trait(s) Description Population(s) Reference(s) 

 

Identified nine significant marker-trait associations for 

horticultural traits such as leaf undulation, leaf and stem 

anthocyanin content and seed colour 

Diversity panel of homozygous accessions collected worldwide Kwon et al., 2013a 

General horticultural/ 

domestication traits 

QTL detected for 37 fitness-related traits including plant 

morphology, flowering time, seed output and numerous other 

domestication traits  

L. sativa cv. Salinas and L. serriola acc. US96UC23 RIL population Hartman et al., 2013 

 
QTL for plant height, fresh and dry weight and relative 

moisture content identified 

A first and second generation of backcrosses, with L. serriola 

backcrossed to L. sativa cv. Dynamite 
Uwimana et al., 2012 

 
QTL for 10 fitness-related traits including germination, 

biomass, flowering time and seed output 
L. sativa cv. Salinas and L. serriola acc. US96UC23 RIL population Hartman et al., 2012 

 QTL for leaf morphology and rubber content L. serriola F2 population Bell et al., 2015 
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1.7 PhD aims and objectives 

As outlined by this introduction, there are significant knowledge gaps which need to be 

addressed in order to improve lettuce as a crop, especially in our understanding of the 

genetic basis of important post-harvest traits. The aim of this thesis is to improve our 

genetic understanding of the nutritional quality and shelf life of lettuce and use this 

knowledge to develop tools for marker-assisted breeding. 

Previous research in the laboratory of Gail Taylor at the University of Southampton has 

worked to extensively phenotype the RIL population generated by researchers at UC Davis 

for AO potential, phenolic metabolites, total carotenoids and total chlorophyll; thought to 

be amongst the key phytochemical contributors to AO potential and thus the health 

benefits of lettuce. The first objective of this thesis will be to identify QTL for nutritional 

quality using a linkage mapping approach. The next objective will be to evaluate a novel 

lettuce variety, generated from a breeding programme utilising a RIL identified to have a 

high nutritional content, to determine whether attempts to develop a cultivar with improved 

nutritional quality have been successful.  

Previous work has also measured this population for shelf life, and the physiological, 

biophysical and biochemical traits thought to underpin this trait. Phenotype data will be re-

analysed for QTL using the updated, ultra-dense molecular marker map and the lettuce 

genome will be mined to identify candidate genes for MAB and to further elucidate the 

genetic basis of these traits. Moving on from the synthetic RIL population, the next step 

will aim to verify these gene candidates in a commercial population using a candidate gene 

association mapping approach. The most promising gene candidates will be assessed in 

functional investigations, whereby gene expression is knocked out using the CRISPR/Cas 

genome editing approach. Taken together, this thesis will work to further elucidate the 

genetic basis of two important, yet largely understudied, post-harvest traits; nutritional 

quality and shelf life.  
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2.1 Abstract 

A diet rich in phytonutrients from fruit and vegetables has been acknowledged to afford 

protection against a range of human diseases, but many of the most popular vegetables are 

low in phytonutrients. Wild relatives of crops may contain allelic variation for genes 

determining the concentrations of these beneficial phytonutrients and therefore 

understanding the genetic basis of this variation is important for breeding efforts to 

enhance nutritional quality. In this study, lettuce recombinant inbred lines (RILs), 

generated from a cross between wild and cultivated lettuce (Lactuca serriola and L. sativa, 

respectively), were analysed for antioxidant potential and important phytonutrients 

including carotenoids, chlorophyll, and phenolic compounds. When grown in two 

environments, 96 quantitative trait loci (QTL) were identified for these nutritional traits: 

four for antioxidant potential, two for carotenoid content, three for total chlorophyll 

content, and 87 for individual phenolic compounds (average two per compound). Most 

often, the L. serriola alleles conferred an increase in total antioxidants and metabolites. 

Candidate genes underlying these QTL were identified by BLASTn searches; in several 

cases these had functions suggesting involvement in phytonutrient biosynthetic pathways. 

Analysis of a QTL on linkage group 3, which accounted for >30% of the variation in 

antioxidant potential, revealed several candidate genes encoding multiple MYB 

transcription factors which regulate flavonoid biosynthesis and flavanone 3-hydroxylase, 

an enzyme involved in the biosynthesis of the flavonoids quercetin and kaempferol, which 

are known to have powerful antioxidant activity. Follow-up quantitative RT-PCR of these 

candidates revealed five out of ten genes investigated were significantly differentially 

expressed between the wild and cultivated parents, providing further evidence of their 

potential involvement in determining the contrasting phenotypes. These results offer 

exciting opportunities to improve the nutritional content and health benefits of lettuce 

through marker-assisted breeding. 

2.2 Introduction 

Dietary consumption of plant phytochemicals from fruits and vegetables has been linked to 

positive health effects (Okabe et al., 1997; Chatzi et al., 2007; Moon et al., 2007; Ueda et 

al., 2008; El Gharras, 2009). Antioxidants (AOs) may contribute to this benefit since they 

can scavenge free radicals, such as singlet oxygen and superoxide radicals, potentially 

reducing oxidative damage to cellular components (Halliwell, 2008; Maiani et al., 2009), 

although this role remains controversial and is not universally accepted (Martin et al., 
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2011). These and other phytochemicals also have important roles in plants in defence 

against pests, pathogens, and UV light, attraction of pollinators, and competitive 

interactions with other plants (reviewed by Hounsome et al., 2008). The largest group of 

phytonutrients is the phenolic compounds, including phenolic acids and flavonoids 

(anthocyanins, anthocyanidins, flavones, flavonols, flavanones, proanthocyanins, and 

isoflavones; El Gharras, 2009) and these have been shown to possess powerful AO activity 

in vitro (Kähkönen et al., 1999; Duthie et al., 2000; Stevenson & Hurst, 2007; Song et al., 

2010). Carotenoids; yellow, orange and red terpenoids, are another group of plant 

compounds with AO activity, acting as accessory pigments during photosynthesis to 

quench the excited state of chlorophyll, and also to provide colouration (Bartley & Scolnik, 

1995; Demmig-Adams & Adams III, 2002). Many carotenoids have pro-vitamin A activity 

due to the presence of vitamin A as part of their structure, making them an important 

nutrient in the human diet, reducing the risk of respiratory diseases and blindness (Ye et 

al., 2000). The value of the photosynthetic pigment chlorophyll, as an important 

phytochemical in foods has been underappreciated. Chlorophyll derivatives extracted from 

spinach have recently been shown to prevent DNA damage of human lymphocytes in vitro 

in a dose-dependent manner (Hsu et al., 2013), suggesting they are key contributors to the 

overall AO potential of foods.  

Although lettuce is not usually acknowledged as being a rich source of beneficial 

phytochemicals, it does contain phenolic compounds, vitamins C and E, and carotenoids 

(Nicolle et al., 2004b; Llorach et al., 2008). Lettuce consumption can improve cholesterol 

metabolism in rats and can stimulate the AO capacity of blood plasma in both humans and 

rats (Serafini et al., 2002; Nicolle et al., 2004a). Beneficial phenolic compounds in lettuce 

include chicoric acid (also called dicaffeoyltartaric acid), chlorogenic acid (also known as 

caffeoyl quinic acid), and the flavonoid quercetin (Ferreres et al., 1997; Nicolle et al., 

2004b; Mulabagal et al., 2010). Chicoric acid extracted from lettuce inhibits both lipid 

peroxidation and cyclo-oxygenase enzyme activity (Mulabagal et al., 2010), chlorogenic 

acid is effective at inhibiting the hypermethylation of DNA, which is characteristic of 

tumour cells (Lee & Zhu, 2006). Finally, quercetin has potential anti-cancer properties, 

arresting A549 lung cancer cell lines in vitro (Lu et al., 2006). Despite the effects of these 

phenolics in isolation, it has been suggested that eating whole foods rich in natural sources 

of these beneficial compounds is more effective than relying solely on dietary supplements 

(Rowland, 1999; Møller & Loft, 2004; Altunkaya & Gökmen, 2009). Thus there is 

increasing pressure to develop new and novel germplasm with enhanced nutritional quality 
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and to enable breeding programmes to use molecular markers effectively, with a clear 

understanding of the chemistry underlying nutritional traits. 

Extensive DNA polymorphism data is available for lettuce.  More than 35,000 lettuce 

genes have been analysed for single feature polymorphisms (SFPs) using a high density 

Affymetrix GeneChip® microarray (Stoffel et al., 2012) and SFPs have been mapped to 

create an ultra-dense, gene-based,  genetic linkage map for lettuce using a recombinant 

inbred line (RIL) population generated from a cross between Lactuca sativa (cultivated 

lettuce) and L. serriola (wild “prickly” lettuce; 

http://chiplett.ucdavis.edu/public/Data/data.php; Truco et al., 2013). This resource has 

been useful in determining the genetic basis for traits such as disease resistance and shelf 

life in lettuce (Zhang et al., 2007; Truco et al., 2007; McHale et al., 2009).We therefore 

used this extensively-characterized mapping population to investigate the genetic basis of 

AO potential. The aim of this study was to identify QTL determining AO potential, total 

carotenoid, chlorophyll and phenol content, and levels of individual metabolites, as well as 

to identify candidate genes underlying these QTL.  This provides underpinning information 

to develop molecular tools for breeding lettuce with enhanced nutritional qualities. 

Previously, QTL have been identified for AO capacity in tomato fruits (Rousseaux et al., 

2005), anthocyanin in raspberries (Kassim et al., 2009), carotenoid content in maize 

(Wong et al., 2004) and chlorophyll and AO potential in lettuce (Hayashi et al., 2012), but 

to our knowledge, none have linked these traits to underlying metabolic signatures and 

candidate genes. 

2.3 Materials and methods 

2.3.1 Plant material 

2.3.1.1 Recombinant Inbred Line (RIL) mapping population 

Sixty F9 Recombinant Inbred Lines (RILs), generated from a cross between cultivated 

lettuce (Lactuca sativa cv. Salinas) and wild lettuce (L. serriola accession UC96US23), 

along with representatives of the parental lines, were used as the mapping population in 

this study. The RILs investigated are a subset of a total population of 213 RILs developed 

and characterized by the Compositae Genome Project 

(http://chiplett.ucdavis.edu/public/Data/data.php), which were determined to be highly 

informative during previous investigations (Zhang et al., 2007).  Five L. sativa cultivars, 

denoted C1-C5, including two red types (C1; Daredevil and C2; SSC 3025) and three 

http://chiplett.ucdavis.edu/public/Data/data.php
http://chiplett.ucdavis.edu/public/Data/data.php
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green (C3; Frontrunner, C4; Thriller, C5; Carlsbad) were obtained from Shamrock Seeds 

Company (UK). 

2.3.2 Plant growth 

2.3.2.1 Glasshouse experiments 

Nine replicates of each of the RILs and parental lines were planted in May 2006 in a fully 

randomised blocked design (1-3 replicates per block and three blocks), with positions 

randomly selected using Minitab 14.0 (Minitab Inc., Philadelphia, PA, USA). Plants were 

grown in 70x70x80 mm pots containing blended peat, seed, and modular growing media, 

at pH 5.5 (Vapogro, Kekkilä and Avoncrop Ltd, UK). Initially four seeds were sown per 

pot and thinned following germination so that only one plant per pot remained to grow to 

maturity. Day temperatures ranged from 18ºC–27ºC and night temperatures averaged 18ºC, 

with day length approximately 16h. Pots were watered from below when required. 

Following five weeks growth, whole plants at the rosette stage were harvested and leaves 

were ground to a fine powder in liquid N2 before storage at -80ºC. 

2.3.2.2 Field experiment 

Lettuce seeds were planted in September 2009 within a commercial crop of lollo rosso 

lettuce on a farm in Azenha do Mar, Odemira, Portugal (37°47’28’’N, 8°79’18’’W). Nine 

biological replicates were planted across a fully randomised and blocked design (see 

Glasshouse experiments), spaced at 0.1 m intervals in 1.2 m x 35.0 m beds and each block 

was surrounded with two rows of Cos lettuce to minimise edge effects (Zhang et al., 2007). 

Plants were irrigated from above when required and all other conditions were as those for 

the surrounding commercial crop. Whole plants were harvested at the rosette stage  

after five weeks of growth and transported under refrigeration to the University of 

Southampton, UK, where leaves were snap frozen and stored at -80°C. 

2.3.3 Determination of antioxidant potential 

The Ferric Reducing Antioxidant Power assay (FRAP assay; Benzie & Strain, 1996; Payne 

et al., 2013) was used to estimate the total antioxidant potential of the RILs and RIL 

parents grown in the glasshouse experiments, according to the method revised by Payne et 

al. (2013). The FRAP assay has been shown to give qualitatively similar data to that of 

ORAC (Oxygen Radical Absorbance Capacity), which is often used to measure antioxidant 

activity in food quality research. To prepare samples for the assay, ground leaf material 

was taken from -80°C storage and centrifuged (5 min, 13,000rpm) in QiaShredder® tubes 

(QIAGEN, UK) to separate the aqueous fraction from the solid leaf material. The FRAP 
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assay was carried out in flat-bottom 96-well microtitre plates and compared to blank 

samples of water and internal standards (0.25 – 6 mM) of iron sulphate heptahydrate (FeII) 

were used to generate a standard curve. 10 μl samples of leaf extract, FeII standard or water 

were added to the wells of the plate. FRAP reagent was prepared fresh as required by 

combining 300 mM acetate buffer pH 3.6, 10 mM 2,4,6-tripyridyl-s-triazine in 40 mM HCl 

and 20 mM ferric chloride hexahydrate at a ratio of 10:1:1. 300 μl of FRAP reagent was 

added to the samples and after 2 minutes optical density (OD) at 620 nm was measured 

using a plate-reading spectrophotometer (Anthos Labtec Instruments). The antioxidant 

capacity of samples was calculated using the standard calibration curve, reported as FeII 

equivalents, mmol.g-1 fresh weight (FW). 

2.3.4 Extraction and quantification of chlorophyll and carotenoid content 

Three 1 cm diameter discs were taken from the fourth true leaf of each plant of the 

glasshouse grown RILs at point of harvest, avoiding major veins; one from the tip and one 

from either side of the mid-rib vein. Pigments were extracted from leaf discs by incubating 

in microfuge tubes containing 500 μl of dimethylformamide in the dark at 4°C for >48hrs. 

Absorbance of the extracts was measured at 647, 664, and 480 nm in a cuvette 

spectrophotometer (U-2000, Hitachi, Wokingham, UK). Chlorophyll a, b, total chlorophyll 

and carotenoid concentration (all µg.ml-1) were calculated (Wellburn, 1994). 

2.3.5 Determination of phenolic content 

Phenols were extracted as outlined by Llorach et al. (2004) with modifications. Briefly, 

leaf material ground in liquid N2 was freeze-dried and 0.1-0.2 g of lyophilised leaf material 

was re-suspended in 20 volumes of methanol: water: formic acid (25:24:3), vortexed 

rapidly and extracted in the dark at 4°C for 30 min under continuous agitation. Samples 

were centrifuged (10 min, 13,000rpm) and the supernatant was saved. The pellet was re-

suspended and re-extracted as described above, and the second supernatant was combined 

with the first. Extracts were kept in the dark at -20°C until further analysis. 

2.3.5.1 Total phenolic content 

The enzymatic assay for total phenolic content was as outlined by Stevanto et al. (2004), 

with modifications. 100 μl of the above supernatant was diluted tenfold with water and 

added to 900 μl of reaction buffer (0.1 M potassium phosphate buffer (pH 8.0), containing 

20 mM hydrogen peroxide, 30 mM 4-aminophenazone, and 100 U.ml-1 horseradish 

peroxidase). Following a 5 minute reaction period absorbance of each sample in triplicate 

was measured at 500 nm in spectrophotometric cuvettes. Aqueous solutions of catechin 
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(0.1-1 mM), previously utilised as a standard for measuring phenolic content in lettuce 

(Nicolle et al., 2004b), were utilised to generate a calibration curve from which total 

phenolic content of each sample was calculated as catechin equivalents, mg.ml-1 dry 

weight (DW). 

2.3.5.2 Identification and quantification of individual phenolics 

A known concentration of the flavonol morin was added as an internal standard to the 

extracted phenols. LC/MS/MS was conducted on a Thermo HPLC system, consisting of an 

Acela autosampler and an Acela 600 pump. 10 μl of each sample of total leaf phenol 

extract was injected onto a Phenomenex Synergi Hydro RP 80 A 150 x 2.0 mm 4 μm 

column. Phenols were separated in a two-eluent system, consisting of 0.1% (v/v) formic 

acid in ultrapure water (eluent A) and 0.1% (v/v) formic acid in methanol (eluent B). 

Eluents were pumped at a flow rate of 0.2 ml min-1 using the gradient: 0 min, 0% B; 30 

min, 50% B: 32 min, 100% B; 34 min, 100% B; 40 min, 0% B; 45 min, 0% B. Phenols 

were detected and identified by a combination of (1) UV absorbance using an Acela PDA 

with traces collected at 280, 330 and 520 nm, and (2) MS in negative ion mode using an 

LCQ fleet mass spectrophotometer fitted with an electrospray ionisation interface. The MS 

detector was tuned against morin and data was collected using two scan events: (1) full 

scan analysis in the m/z range 80 – 2000, and (2) data dependent MS/MS using a collision 

energy of 35%. Compounds were identified using their UV absorption characteristics and 

parent and daughter ion masses as described (Llorach et al., 2008). Relative quantification 

was achieved from the parent ion peak area, corrected according to the peak area of the 

morin internal standard (Appendix A.1). 

2.3.6 QTL analysis and identification of candidate genes 

A dense linkage map of the RIL mapping population based on genic single feature 

polymorphism (SFP) markers was already available for QTL analysis 

(http://chiplett.ucdavis.edu/public/Data/). A framework map consisting of 613 markers 

spaced approximately 3 cM apart across the 9 linkage groups (LGs) was used for the QTL 

analysis (Appendix A.2). QTL mapping was conducted using composite interval mapping 

(CIM) in Windows QTL Cartographer Ver. 2.5 (Wang et al., 2012a). Chromosome walk 

speed was set at 1 cM and the logarithm of odds (LOD) threshold for declaring a 

significant QTL (P<0.05) was estimated for each trait by permutation tests with 1000 

iterations (Churchill & Doerge, 1994). QTL were plotted using MapChart 2.2 (Voorrips, 

2002). Co-localising QTL were defined as two or more QTL with overlapping LOD 

intervals. Candidate genes within major QTL were identified in BLASTn searches based 
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on their similarity to genes annotated and reported in the literature as having roles which 

could influence the levels of secondary metabolites. To identify candidate genes 

underlying the traits analysed, contig sequences of L. sativa cv. Salinas and L. serriola 

UC96US23 containing the SFP markers flanking the 2-LOD confidence interval for QTL 

were identified (http://cgpdb.ucdavis.edu/cgpdb2/). Contig sequences were searched using 

the GBrowse tool accessible via the Lettuce Genome Resource 

(https://lgr.genomecenter.ucdavis.edu), to identify the larger genomic scaffolds in the QTL 

region. To identify gene models, genomic scaffolds were downloaded and the genes in the 

intervening region were identified in local BLASTn searches using BioEdit (Hall, 1999), 

against the publicly available and well annotated Arabidopsis thaliana genome and the 

more closely related Solanum lycopersicum genome (downloaded via 

http://www.plantgdb.org/). Gene sequences were searched via NCBI BLAST against the 

lettuce transcriptome shotgun assembly (Matvienko et al., 2013) to provide a Lactuca 

locus reference. A table including the top ten BLASTn hits for each of the ten candidate 

genes selected against the NCBI database can be viewed in Appendix A.3. 

Single nucleotide polymorphisms (SNPs) were identified in the predicted coding regions of 

genes under the LG 3 AO QTL by aligning sequencing reads of L. serriola (UC96US23) 

and four of the RILs determined to have within the top ten AO potential and four of the 

RILs in the bottom ten lowest AO potential (sequence data for all of the highest and lowest 

ranking RILs for AO potential were not available) to the L. sativa cv. Salinas reference 

genome sequence and where sequencing reads were available, identifying SNP haplotypes. 

cDNA sequences of candidate genes for L. sativa cv. Salinas and L. serriola were 

downloaded via GenBank, translated using the ExPASy tool (Gasteiger et al., 2003) and 

aligned using Clustal (Sievers et al., 2014) to identify non-synonymous amino acid 

substitutions and deletions. 

2.3.7 Quantitative RT-PCR 

Real time qPCR was conducted to evaluate the expression of 10 candidate genes selected 

from the genomic regions underlying the LG 3 AO QTL for the wild and cultivated parents 

of the mapping population. Three biological replicates of each parent from the field trial 

were analysed in duplicate for the candidates, along with two reference genes ACT and 

40S. RNA was extracted following a modified version of the CTAB protocol (Chang et al., 

1993). CTAB extraction buffer containing 2% (w/v) CTAB 

(hexadecyltrimethylammonium bromide), 2% (w/v) PVP (polyvinylpyrrolidinone), 100 

mM Tris-HCl (pH 8.0), 25 mM EDTA and 2 M NaCl was incubated at 65°C and 800 μl of 

http://www.plantgdb.org/
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buffer was added to approximately 300 mg of ground leaf tissue, along with 50 μl of 2-ME 

(2% β-mercaptoethanol). Samples were incubated at 65°C for 5 minutes, before adding 

800 μl of 24:1 Chloroform : Isoamyl alcohol, mixing and centrifuging for 10 minutes at 

13,200rpm, after which the aqueous phase was transferred to a fresh microcentrifuge tube. 

The Chloroform : Isoamyl alcohol step was then repeated and 180 μl of 10 M LiCl was 

added to the aqueous phase, before precipitating at 4°C for 18 hours. Extracts were 

centrifuged at 4°C for 15 minutes at 13,200rpm and the supernatant was discarded, before 

dissolving the pellet in 700 μl of pre-warmed SSTE buffer containing 1M NaCl, 0.5% 

(w/v) SDS, 10 mM Tris-HCl (pH 8.0) and 1mM EDTA for 5 minutes at 60°C. 700 μl of 

Chloroform : Isoamyl alcohol was then added, extracts were centrifuged at 13,200rpm for 

10 minutes at 18°C and the aqueous phase was added to an equal volume of 100% ethanol 

and stored at -20°C for 30 minutes. The extract was then centrifuged at 4°C for 20 minutes 

at 13,200rpm and the RNA pellet was washed in 1ml of ice-cold 70% ethanol and allowed 

to dry, before dissolving in 50 μl DEPC-treated water (Sigma Aldrich, UK). Total RNA 

quality and concentration was estimated using a nanodrop (NanoDrop 1000 

Spectrophotometer, Thermo Scientific), and to ensure A260/A280 ratio was ~2. 

First strand cDNA was synthesised from 1 μg of total RNA by reverse transcription using 

the SuperScript III 1st Strand qPCR SuperMix (Life Technologies, UK), according to the 

manufacturer’s guidelines. Concentration was estimated using a nanodrop and cDNA was 

diluted to 150ng.μl-1 in DEPC-treated water for qPCR. Primer3 (Untergasser et al., 2012) 

was used to generate oligos for the expression of the ten gene candidates (Integrated DNA 

Technologies, UK), using the following parameters: GC content 40-60%, melting 

temperature 55-62°C, 16-25 bp (Appendix A.4). Where possible, primers were designed to 

span exon:exon junctions, estimated by aligning Lactuca transcriptome sequences for each 

gene to the annotated Arabidopsis homologue. Five reference genes were tested for 

expression stability (Actin; ACT, Elongation Initiation Factor gamma subunit; EIF2A, 

TAP42-interacting protein of 41 kDa; TIP41, UBC21, and eukaryotic small ribosomal 

subunit; 40S; Borowski et al., 2014) using NormFinder (Andersen et al., 2004) and ACT 

and 40S were selected for use in investigations.  

The qPCR reaction was performed using the PowerUp SYBR Green Master Mix (Life 

Technologies), with ~150 ng of cDNA and 3-5 pmol of each forwards and reverse primers 

in a 10 μl final reaction volume on a StepOnePlus Real-Time PCR System (Applied 

Biosystems, UK), under the following settings: 50°C for 2 minutes, 95°C for 2 minutes and 

40 cycles of 5 seconds denaturation at 95°C, annealing for 10 seconds at 58°C and 
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extension for 15 seconds at 72°C. Melting curve analysis was conducted immediately after 

the qPCR reaction from 60-95°C in 0.3°C increments to confirm the absence of primer 

dimers, DNA contaminants and secondary products. Three biological replicates of each 

parent were tested in duplicate for each gene target and two reference genes, along with 

duplicates of no template controls for each primer set.  

PCR efficiency (E) was calculated for each individual reaction using LineRegPCR 

(available from: linregpcr.nl/) and an average efficiency for each primer set per plate was 

used in calculations (Ramakers et al., 2003). Relative expression was determined using the 

equation: R = (EB + 1)Cq(B) / EA + 1)Cq(A), with E denoting primer efficiency for A; the target 

gene and B; reference gene and Cq denoting quantification cycle, described by Bernth 

Jensen et al. (2010), normalised to the geometric means of reference genes ACT and 40S 

(Vandesompele et al., 2002). 

2.3.8 Statistical analysis 

For the phenotype data, two sample t-testing and one-way analysis of variance (ANOVA) 

with post hoc Tukey’s testing were conducted on raw phenotype data using Minitab 16 

(Minitab Ltd.) and mean data were evaluated via Pearson’s correlation coefficient analysis 

using SigmaPlot (Systat Software Inc.), after normalising by log-transformation when 

required. Differential expression between the wild and cultivated parents determined by 

quantitative RT-PCR was identified by two sample t-tests in R version 3.2.2 (R Core 

Development Team, 2008). 

2.4 Results 

2.4.1 Phenotyping the RIL mapping population 

2.4.1.1 Antioxidant potential 

The antioxidant potential of L. serriola acc. UC96US23, the wild parent of the RILs, was 

over 3-fold greater than that of L. sativa cv. Salinas, the cultivated parent (38.68±7.72 vs. 

9.83±0.53 mmol, respectively; one-way ANOVA, F3,32=11.38, P<0.001). No significant 

differences were observed between the RIL with the highest antioxidant potential 

(59.17±11.69 mmol) and L. serriola, nor the RIL with the lowest antioxidant potential 

(11.19±0.96 mmol) and L. sativa; however there was evidence of transgressive segregation 

in that some RILs had a higher AO potential than the L. serriola  parent (Figure 2.1A).  
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2.4.1.2 Total carotenoid and chlorophyll content 

Both chlorophyll and carotenoid content were higher in the wild parent than in the 

cultivated one (one-way ANOVA, F3,31=58.63, P<0.01and F3,31=27.09, P<0.001, 

respectively). Although carotenoid content was similar between L. sativa (20.52±2.79 

mg.m-2) and the lowest scoring RIL (22.30±1.12 mg.m-2), the RIL scoring the greatest 

value for these traits (35.28±1.20 mg.m-2) was significantly higher than L. serriola 

(29.69±1.34 mg.m-2; Figure 2.1B; F3,31=27.09, P<0.001), again suggesting the presence of 

transgressive segregation. Similarly, chlorophyll content was significantly higher in the 

RIL with the highest value than L. serriola (222.12±16.69 vs. 184.07±13.25 mg.m-2; 

Figure 2.1C; F3,31=58.63, P<0.01). 
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Figure 2.1 Phenotyping the RIL population 

Analysis of antioxidant-related phenotypes in the parental lines (L. sativa and L. serriola), 

highest RIL (Max RIL) and lowest RIL (low Min RIL). Letters indicate significant 

differences. (A) total antioxidant potential (one-way ANOVA; F3,32 = 11.38, P≤0.001), (B) 

total carotenoids (F3,31 = 27.09, P≤0.001) and (C) total chlorophyll (F3,31 = 58.63, P≤0.01) 

Bars represent the mean ± standard error. 

 

2.4.1.3 Phenolic profile 

Clear differences in total phenolic content were detected between wild and cultivated 

lettuce (38.76±4.65 vs. 22.25±1.25 catechin equivalent, mg.g-1 dry weight, respectively; 
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two-sample t-test, t(8)=-3.43, P≤0.01). Individual phenolic compounds were further 

quantified by LC/MS/MS. Visual inspection of the LC-MS profiles revealed clear 

qualitative and quantitative differences in phenolic composition for the two parent lines 

(Figure 2.2). Metabolites such as caffeoyl tartaric acid (CTA), 5-p-coumaroylquinic acid 

(5-CoQA), caffeoyl quinic acid (CQA), di-pCT, kaempferol glucuronide (K-

3Gc),quercetin-3-glucoronide (Q-3Gc), quercetin-3-malonylglucoside (Q-3MG) and 

kaempferol-3-malonylglucoside (K-3MG; peaks 1-3, 6 and 8-11 respectively, on Figure 

2.2) were present at greater concentrations in L. serriola than L. sativa, whilst 

concentrations of dicaffeoyl tartaric acid (DCTA; chicoric acid) and dicaffeoyl quinic acid 

(DCQA; peaks 5 and 7 respectively, Figure 2.2) were comparable and caffeoyl malic acid 

(peak 4, Figure 2.2) was the only phenolic compound noticeably present at greater 

abundance in L. sativa.  

A total of 23 individual metabolites were detected from the leaf samples of the RILs grown 

in the glasshouse environment. These consisted of two caffeoyl tartaric acid isoforms 

(CTA1 and CTA2), two di-caffeoyl tartaric acid isoforms (DCTA and mDCTA), caffeoyl 

malic acid (CMA), three caffeoyl quinic acid isoforms (CQA1, CQA2, CQA3), two di-

caffeoylquinic acid isoforms (DCQA and 3,5- DCQA), two 5-coumaroylquinic acid 

isoforms (5-CoQA1 and 5-CoQA2), five quercetin derivatives (Q-3G, Q-3Gc, Q-3MG, Q-

3MG-7Gc and Q-3MG-7G), two luteolin derivatives (L-7G and L-7Gc), two kaempferol 

derivatives (K-3Gc and K-3MG) and two unknown compounds, denoted 331 and 347 

based on their m/z ratios (Appendix A.1). The above phenolics were also identified in the 

field grown RILs, excluding 5-CoQA2.  

Relative quantities of each phenolic compound were estimated by comparison of the 

relative peak area to that of an internal standard. The top four most abundant metabolites 

were consistent amongst the field and glasshouse environments with chicoric acid (DCTA) 

found to be the most abundant in the RILs, comprising >30% of the total phenolic 

compounds in both the field and glasshouse grown RILs. Quercetin 3-malonylglucoside 

(Q-3MG) was identified as the second most abundant in both the field and glasshouse trials 

(18% and 16%, respectively). This was followed by CQA1 (11%) and Q-3Gc (10%) in the 

glasshouse grown RILs and Q-3Gc (10%) and CQA1 (9%) from the field.  

Relative concentrations of the most abundant metabolites detected in lettuce were 

compared against L. serriola and L. sativa and for the top four RILs measured to have the 

highest (denoted HAO lines 1-4) and four RILs with the lowest (LAO lines 1-4) AO 

potential (Figure 2.3). DCTA concentration was significantly higher in the wild parent in 
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comparison to the cultivated parent (one-way ANOVA, F3,44=26.26, P<0.001) and this was 

also seen for CTA (F3,44=26.26, P<0.001). Transgressive segregation of metabolites was 

often observed with concentrations usually higher in the HAO line than in the cultivated 

parent, seen for Q-3MG (F3,44=6.43, P<0.01), CQA (F3,44=12.34, P<0.001), Q-3G 

(F3,44=13.97, P<0.001), CTA, DCQA (F3,44=17.39, P<0.001), L-7G (F3,44=10.31, P<0.01) 

and K-3MG (F3,44=6.33, P<0.01), though there were no differences of relative CMA 

concentration amongst any of the lines (F3,44=2.27, P>0.05). In most cases, the HAO line 

also had greater metabolite concentrations than the LAO, excluding for CMA. There were 

no differences in relative metabolite concentration between L. sativa and the LAO line 

excluding DCQA and no differences were observed between L. serriola and the HAO line. 

 

 

Figure 2.2 Comparison of the phenolic profiles of L. serriola and L. sativa 

LC-MS profiles of the RIL parents, Lactuca serriola and L. sativa. Figure shows the 

relative maxima of absorbance of samples against retention time in (minutes), also 

displayed above each peak. Peaks: (1) caffeoyl tartaric acid; (2) 5-CoQA (5-p-

coumaroylquinic acid); (3) caffeoyl quinic acid; (4) caffeoyl malic acid; (5) dicaffeoyl 

tartaric acid; (6) di-pCT; (7) dicaffeoyl quinic acid; (8) kaempferol glucuronide; (9) 

quercetin-3-glucuronide; (10) quercetin-3-malonylglucoside; (11) kaempferol-3-

malonylglucoside. Multiple peaks for the same compound indicate isoforms. 
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Figure 2.3 Comparison of relative phenolic concentrations amongst L. serriola, L. 

sativa and the high and low antioxidant RILs 

Relative concentration of phenolics DCTA, Q-3MG, CQA, Q-3G, CTA, DCQA, L-7G, 

CMA and K-3MG for the parents and the four RILs measured to have the highest (HAO) 

and lowest (LAO) antioxidant status. Bars represent the mean ± standard error, with letters 

indicating significant differences (one-way ANOVA; see text for details). 

 

2.4.1.4 AO potential is correlated with shelf life and various metabolites 

Pearson’s correlation coefficient analysis of mean trait data revealed several significant 

correlations. AO potential was found to be positively correlated with shelf life (P<0.05, 

Table 2.1), measured in the same RIL subset by Zhang et al. (2007). Total chlorophyll and 

carotenoids were strongly positively correlated with each other (P<0.001) but negatively 

correlated with AO potential (P<0.01). Relative abundances of Q-3MG-7Gc, K-3MG, the 

CQA isoforms 2 and 3 and 5-CoQA2 were all found to be positively correlated with AO 

potential measured for the glasshouse grown RILs. Shelf life was positively correlated with 

the flavonoids Q-3MG-7Gc and K-3MG (P<0.05) and negatively correlated with total 

carotenoids (P<0.05). AO potential was not found to significantly correlate with total 

phenolics and 5-CoQA2 was the only metabolite to significantly positively correlate with 

phenolic content (P<0.01
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Table 2.1 Pearson's correlation coefficient analysis of traits measured from the RIL population 

Correlation of mean trait values measured in the glasshouse trial, with shelf life data taken from previous investigations on the same RIL subset, taken from 

Zhang et al., (2007). *** P < 0.001; ** P < 0.01 level and * P < 0.05 level. AO; antioxidant potential, CHL; total chlorophyll content, CAR; total carotenoid 

content. Correlations for all traits measured can be seen in Appendix A.5 

Trait Shelf life AO Phenolics CHL CAR Q-3MG-7Gc K-3MG CQA2 CQA3 5-CoQA2 

Shelf life 1                   

AO 0.304* 1                 

Phenolics -0.115 0.199 1               

CHL  -0.254 -0.414** -0.298 1             

CAR -0.275* -0.402** -0.277 0.987 1           

Q-3MG-7Gc 0.417* 0.434* 0.309 -0.181 -0.181 1         

K-3MG 0.433* 0.409* 0.042 0 0.002 0.648*** 1       

CQA2 0.184 0.461** 0.157 -0.062 -0.062 0.505** 0.209 1     

CQA3 0.264 0.439* 0.354 -0.14 -0.14 0.634*** 0.396* 0.911*** 1   

5-CoQA2 0.005 0.384* 0.471** -0.162 -0.165 0.504** 0.475** 0.416* 0.49** 1 
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2.4.1.5 Relationship between antioxidant potential and total phenolics 

Antioxidant potential and total phenolics of the four RILs measured to have the highest 

antioxidant potential (HAO lines) and the four with the lowest (LAO lines) were re-

assessed in a subsequent trial alongside five commercial varieties. Generally, AO potential 

increased with total phenolics, with the HAO and LAO lines typically clustering (Figure 

2.4). The two red cultivars C1 and C2 showed superior AO and phenolic status, but all 

other cultivars (C3-C5) clustered with the majority of the low antioxidant lines (Figure 

2.4). The interaction between AO potential and phenolic content was not as expected for 

HAO2 and LAO4, with HAO2 clustering with the LAO lines 1-3 and LAO4 with the other 

HAO lines (Figure 2.4). 

 

 

Figure 2.4 Relationship between antioxidant potential and total phenolics 

Linear regression between antioxidant potential and total phenolics of the four RILs 

determined to have the highest AO potential (HAO 1-4) and four with the lowest AO 

potential (LAO 1-4), along with five L. sativa cultivars (C 1-5). 

 

2.4.2 QTL analysis 

A linkage map composed of 613 SFP markers distributed over the nine chromosomal 

linkage groups (http://chiplett.ucdavis.edu/public/Data/) was utilised for QTL analysis. A 

total of 38 QTL from 24 traits were detected for the field trial and 62 QTL from 30 traits 
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for the glasshouse trial, with QTL distributed across all nine LGs (Appendix A.6, 

Appendix A.7). 

2.4.2.1 Antioxidant potential 

Four significant QTL were detected for antioxidant potential measured in the glasshouse 

grown RILs, on LGs 3, 4, 7 and 9, accounting for 30%, 12%, 16% and 9% of the 

phenotypic variation (PV), respectively. For the QTL on LGs 3, 4 and 7 the alleles 

inherited from L. serriola resulted in an increase in the trait value whereas for the fourth 

QTL allele inheritance from L. sativa caused an increase in the trait. 

2.4.2.2 Total carotenoid and chlorophyll content 

Two QTL for total chlorophyll were detected on LGs 3 and 7, with allele inheritance from 

L. sativa and L. serriola, respectively, explaining 25% and 16% of the PV. Both of these 

QTL co-located with those for AO potential from FRAP. An additional QTL for 

chlorophyll a was detected on LG 9, explaining 12% of the variation for this trait and with 

allele inheritance from L. sativa, but in contrast to the previous QTL, this did not co-locate 

with AO potential. 

2.4.2.3 Phenolic compounds 

In both the field and glasshouse studies a single QTL for total phenolic content was 

identified. Each explained over 30% of the PV but were found on different LGs (8 and 4, 

respectively). QTL were identified for 18 out of the 23 metabolites detected in the field 

grown RILs (excluding CTA1, CQA1, unknown metabolite 347, 5-CoQA1 and 5-CoQA2) 

and explained between 10% and 33% of the PV. QTL were detected for 19 of the 23 

phenolic compounds measured in the glasshouse grown RILs (with the exception of Q-

3MG-7Gc, the two uncharacterised metabolites and 5-CoQA1). Individual QTL explained 

between 8% and 47% of the PV. 

2.4.2.4 QTL hotspots 

Almost every LG harboured regions of co-locating QTL (where LOD intervals 

overlapped), here defined as ‘QTL hotspots’, some of which were for the same trait 

measured in the two different growing environments (Appendix A.6). QTL for four 

phenolic compounds, DCTA, CTA1 and CTA2 in the glasshouse grown RILs and K-3MG 

in the field grown RILs were found to co-locate on LG 1. QTL for the quercetin metabolite 

Q-3Gc on LG 2 was found to co-locate with 3,5-DCQA and mDCTA from the glasshouse 

grown RILs. A similar cluster of QTL was identified on LG 5, with a Q-3G measured from 
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the glasshouse grown RILs co-locating with CMA and CTA1 measured from the field 

grown RILs. QTL for CTA1 measured from the field and glasshouse trials were found to 

co-locate on LGs 5 and 6 and a QTL for total phenolics measured from the field trial co-

located with 5-CoQA. 

LG 3 contained the highest number of QTL (19 detected) and also a QTL hotspot of 

several individual compounds, which mapped to the centre of the LG within a 13 cM 

range. This included two kaempferol derivatives, from the glasshouse trial (K-3Gc) and the 

field trial (K-3MG), and a quercetin derivative from the glasshouse trial (Q-3MG). This 

region also corresponded to the large effect AO potential QTL plus QTL for total 

chlorophyll and carotenoids (Appendix A.6). This suggests that this region of the genome 

may be worthy of further investigation and development of molecular markers for 

breeding.  

Each of the four QTL detected for AO potential measured in the glasshouse grown RILs 

were found to co-locate with other traits. In two instances, QTL for antioxidant potential 

(on LGs 3 and 7) were found to co-locate with QTL for total chlorophyll and carotenoids 

(Appendix A.6). On LG 4, the QTL for antioxidant potential co-located with another for 

kaempferol derivative K-3MG also measured from the glasshouse grown RILs. On LGs 3 

and 9, QTL for antioxidant potential co-located with QTL for Q-3MG, from the field and 

glasshouse trials, respectively. A QTL for Q-3MG-7Gc measured from the glasshouse 

RILs was also found to co-localise with the QTL for AO potential on LG 9 (Appendix 

A.6). 

2.4.3 Identification of candidate genes 

For the large effect AO QTL on LG 3, candidate genes in the genomic region were 

identified in the lettuce reference genome sequence and their putative functions inferred, 

based on sequence similarity to the annotated genomes of Arabidopsis thaliana and 

Solanum lycopersicum. A total of 285 genes were identified from approximately 50 Mbp 

of the genome corresponding to the QTL region. Several genes acting in the 

phenylpropanoid pathway and known to directly influence secondary metabolism were 

identified within this QTL (Table 2.2). A gene which acts in the flavonoid biosynthetic 

pathway, flavanone 3-hydroxylase (F3H), was found within this region, which encodes a 

key enzyme in the synthesis of flavonoids quercetin and kaempferol (Owens et al., 2008). 

Two other enzymes acting in the phenylpropanoid pathway were identified (Figure 2.5); 

caffeoyl-CoA O-methyltransferase (CCoAOMT) which is involved in lignin biosynthesis 
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(Ageorges et al., 2006) and ferulate-5-hydroxylase (F5H), which is also involved in lignin 

biosynthesis but has recently been implicated in inducing the biosynthesis of anthocyanins 

under photooxidative stress in Arabidopsis (Maruta et al., 2014). Two MYB transcription 

factors, one of which is PRODUCTION OF ANTHOCYANIN PIGMENT 2 (PAP2) and a 

closely related R2R3 class MYB transcription factor MYB114, both known to regulate the 

conversion of flavonol precursors (dihydrokaempferol and dihydroquercetin) to 

anthocyanin precursors (anthocyanidins) in the flavonoid biosynthetic pathway, were also 

located in this region (Allan et al., 2008; Zuluaga et al., 2008; Table 2.2, Figure 2.5). PAP2 

was positioned within the estimated AO QTL peak and three distinct copies of MYB114, 

each spaced >20 kbp apart were in this region. 

Genes encoding zeaxanthin epoxidase and geranylgeranyl pyrophosphate synthase, two 

genes involved in carotenoid biosynthesis (Burke et al., 1999; Baroli et al., 2003), were 

also detected in this region (Table 2.2). Other notable candidates include a gene encoding 

ascorbate peroxidase (APX), involved in reactive oxygen species metabolism (Shulaev et 

al., 2005), a xyloglucan endotransglucosylase/hydrolase (XTH) involved in cell wall 

modification (Cominelli et al., 2008) and another MYB transcription factor (MYB44), 

found to delay leaf senescence when overexpressed in A. thaliana (Jaradat et al., 2013). 

Candidate gene analysis therefore revealed several genes which warrant further functional 

investigation. 

For each of the 285 candidate genes identified within the AO QTL on LG 3, inheritance of 

SNPs in coding regions for a selection of eight RILs measured to have amongst the highest 

and lowest AO potential was determined by aligning genomic reads of L. serriola 

(UC96US23) with those of the RILs (Figure 2.6). SNP haplotype of the RILs was 

generally as expected, with the high AO RILs inheriting the wild parent SNP allele and 

low AO RILs having the cultivated parent allele and this was particularly pronounced in 

the region corresponding to the peak of QTL, which contained PAP2 and MYB114. 
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Table 2.2 Candidate genes identified within the AO QTL on LG 3 

A. thaliana 

accession 

Lactuca  

accession a 
Functional description Reference 

At1g66390 Letassy_X1_8017 

Serrassy_T_P2_17469 

 

Production of anthocyanin pigment 2 

(PAP2) protein 

R2R3 class of MYB transcription 

factors, involved in anthocyanin 

biosynthesis 

Zuluaga et 

al., 2008 

AT1G66380 

 

Letassy_X1_6767 

Serrassy_T_P2_17850 

MYB114 R2R3 class of MYB 

transcription factors closely related to the 

production of anthocyanin pigment type 

MYBs involved in anthocyanin 

biosynthesis 

Allan et 

al., 2008 

At3g51240 Letassy_X1_4796 

Serrassy_T_P2_12444 

Flavanone 3-hydroxylase, enzyme 

involved in flavonoid biosynthesis 

Owens et 

al., 2008 

At4g36220 Letassy_X1_2126 

Serrassy_T_P2_6166 

Ferulate-5-hydroxylase, enzyme 

involved in lignin and anthocyanin 

biosynthesis 

Maruta et 

al., 2014 

AT4G34050 Letassy_X1_23118 

Serrassy_T_P2_7154 

Caffeoyl-CoA O-methyltransferase, 

enzyme involved in lignin biosynthesis 

Ageorges 

et al., 2006 

AT4G36810 Letassy_X1_21865 

Serrassy_T_P2_6921 

Geranylgeranyl pyrophosphate synthase, 

enzyme involved in terpenoid (includes 

carotenoids) biosynthesis 

Burke et 

al., 1999 

At5g67030 Letassy_X1_1094 

Serrassy_T_P2_6429 

Zeaxanthin epoxidase precursor, enzyme 

involved in zeaxanthin (common 

carotenoid) biosynthesis 

Baroli et 

al., 2003 

AT5G65730 Letassy_X1_23118 

Serrassy_T_P2_7154 

Xyloglucan 

endotransglucosylase/hydrolase 7, 

regulated by MYB41 and has a putative 

role in cell expansion 

Cominelli 

et al., 2008 

AT5G67300 Letassy_X1_21649 

Serrassy_T_P2_5693 

MYB44 R2R3 class of MYB 

transcription factor found to have 

multiple roles in ABA signalling and leaf 

senescence 

Jaradat et 

al., 2013 

AT4G35000 

 

Letassy_X1_9546 

Serrassy_T_P2_46272 

Ascorbate peroxidase, enzyme involved 

in reactive oxygen species metabolism in 

leaf peroxisomes  

Shulaev et 

al., 2005 
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Figure 2.5 Candidates genes involved in the phenylpropanoid pathway 

A summary of the phenylpropanoid pathway detailing roles of the candidate genes 

identified within the LG 3 QTL region. Genes encoding three enzymes were identified: 

F3H; Flavanone 3-hydroxylase, CCoAOMT; caffeoyl-CoA O-methyltransferase and F5H; 

ferulate-5-hydroxylase, coloured in blue and two MYB family transcription factors: PAP2; 

PRODUCTION OF ANTHOCYANIN PIGMENT 2 and MYB114, coloured in red. 

Differences in concentration of K-3MG and Q-3MG in wild and cultivated lettuce are 

shown. Letters indicate where significant differences were observed, as measured by two-

sample t-test (t(5) = 4.03, P≤0.01, and t(5) = 3.58, P≤0.05, respectively). 
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Figure 2.6 SNP genotyping of gene candidate under the LG 3 QTL 

For the AO QTL hotspot on LG 3 (a) SNP allele inheritance of the selected high 

antioxidant (HAO) RILs (columns 1-4) and low antioxidant (LAO) RILs (columns 5-8) 

was determined (b). Wild parent SNP allele inheritance is denoted in blue, inheritance of 

the cultivated parent allele is in grey and white boxes show where there is either missing 

sequencing data or no target SNPs present. Each row indicates one of the 285 candidate 

genes identified within the QTL region, highlighting the positions of the candidates 

described in Table 2.2. Position of the QTL hotspot is denoted by *, with the scale bar to 

the left of the LG image showing genetic distance in centimorgans. 
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2.4.4 Analysis of candidate genes 

For the ten candidates selected (Table 2.2), relative gene expression for both cultivated and 

wild parents was determined by quantitative RT-PCR, in an attempt to identify differential 

expression. Five out of the 10 candidate genes were found to be differentially expressed 

between the parents (Figure 2.7), including PAP2 (A, P<0.05), MYB114 (B, P<0.05), F3H 

(C, P<0.01), F5H (D, P<0.05) and GGPS (E, P<0.01) and are proposed as the best 

candidate genes from the ten originally selected. With the exception of MYB114, all were 

more highly expressed in the wild parent. Three of these genes, PAP2, MYB114 and 

GGPS, were located within the estimated QTL peak.  

Comparison of the L. sativa cv. Salinas and L. serriola transcriptome sequences revealed a 

number of non-synonymous amino acid changes in MYB114, including a seven amino 

acid deletion in the cultivated parent protein sequence (A, Appendix A.8). Despite 

expression differences, only MYB114, F3H and F5H had amino acid changes which could 

alter protein structure, suggesting modification at the translation level or epigenetic factors 

are the cause for the observed differences in expression. The cultivated F3H protein had 

one amino acid difference from valine to isoleucine in comparison to the wild protein (B, 

Appendix A.8) and F5H had three non-synonymous differences (C, Appendix A.8). The L. 

sativa APX protein had four amino acid differences from L. serriola (D, Appendix A.8). 
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Figure 2.7 Comparing candidate gene expression in wild and cultivated lettuce 

Quantitative RT-PCR expression analysis of gene candidates detected within the AO QTL 

on LG 3. PAP2 (A), MYB114 (B), F3H (C), F5H (D) and GGPS (E) were determined to 

be differentially expressed between wild (L. serriola) and cultivated (L. sativa) lettuce, 

with level of significance denoted as * (P<0.05), ** (P<0.01). Bars represent mean ± 

standard error. Five remaining candidates were not differentially expressed, can be viewed 

in Appendix A.9. 

 

2.5 Discussion 

2.5.1 Understanding antioxidant potential in lettuce 

Our investigations of AO potential of a lettuce recombinant inbred line (RIL) population 

showed that phenolics, carotenoids and chlorophyll were important contributors to this 

quantitative trait, with evidence of transgressive segregation, perhaps indicating  the 
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complementary action of alleles inherited from both parents (Rieseberg et al., 1999). Such 

lines offer exciting prospects for the development of lettuce with enhanced nutritional 

value. Transgressive segregants for fresh weight of tomatoes (DeVicente & Tanksley, 

1993), milling quality in rice (Dong et al., 2004), aluminium tolerance in sorghum 

(Caniato et al., 2007) and grain yield in durum wheat (Singh et al., 2014)  have been 

proposed as potential sources for the improvement of these quantitative traits.  

The phenolic composition of both wild and cultivated lettuce contrasted both qualitatively 

and quantitatively, with relative abundances differing amongst the RIL parents and with 

wild lettuce containing higher overall concentration of phenolic compounds. The greatest 

differences were observed for derivatives of caffeoyl tartaric acid (CTA), caffeoyl quinic 

acid (CQA), quercetin-3-glucuronide (Q-3GC) and quercetin-3-malonylglucoside (Q-

3MG; peaks 1, 3, 9 and 10, Fig. 2.2), which were present in trace amounts or at greatly 

reduced levels in the cultivated  parent. These dramatic differences are likely to 

significantly compromise the nutritional quality of the cultivated lettuce in comparison to 

its wild counterpart, subsequently impacting on associated health benefits following 

consumption. Metabolites such as CQA are lost or broken down when cooked (Clifford, 

2000), making lettuce an important source of these phenolics in the diet given that it is 

consumed raw and so even slight changes in metabolite abundance will have a major 

impact on health. Di-caffeoyltartaric acid (DCTA; chicoric acid) was the most abundant 

phenolic in the RILs, consistent with other investigations measuring the phenolic 

composition of lettuce cultivars (Nicolle et al., 2004b; Llorach et al., 2008), with lettuce 

recognised as being one of the main European dietary sources of chicoric acid (Clifford, 

2000). Kaempferol derivatives were the least abundant phenolics detected, which are 

usually measured in trace amounts in comparison to other flavonols such as quercetin 

(Hertog et al., 1992), a derivative of which (Q-3MG) was the second most abundant 

phenolic in both the field and glasshouse grown RILs.  

Differences in phenolic concentrations were also observed amongst the RILs according to 

AO status. Increased concentrations of the most abundant phenolics such as chichoric acid, 

quercetin derivatives Q-3MG and Q-3G, CQA, CTA, DCQA, L-7G and K-3MG were 

observed in the high antioxidant lines, though out of these metabolites only CQA and K-

3MG were found to be significantly positively correlated with AO potential. The lack of 

significant correlation between AO potential and total phenolics (Table 2.1), despite the 

positive relationship observed for the extreme high and low AO RILs (Fig 2.4), is likely to 

reflect the wide genetic background of the RIL population. 
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2.5.2 QTL for antioxidant potential co-locate with numerous metabolites 

For the first time to our knowledge, we have linked genomic regions in lettuce underlying 

antioxidant (AO) status to candidate genes, using genomic resources developed for lettuce 

(Truco et al., 2013). In the present investigation, two QTL for total carotenoid content 

were identified on LGs 3 and 7, which based on current literature are the only QTL so far 

determined for carotenoid content in a leafy vegetable. Although QTL for chlorophyll have 

previously been determined to vary depending on growing environment (Hayashi et al., 

2012), QTL for chlorophyll content on LGs 3, 7 and 9 measured from the glasshouse trial 

confirm those previously identified from a UK field trial (Zhang et al., 2007), providing 

strong evidence for consistency in these QTL. The four QTL identified for AO potential 

mapped to LGs 3, 4, 7 and 9, with the largest effect QTL on LG 3 (LOD score 8.7) 

accounting for almost a third (30.2%) of the PV for this trait, thus a large-effect QTL. 

Alleles inherited from L. serriola increased AO potential for all QTL excluding alleles at 

the QTL on LG 7, which was inherited from L. sativa in the majority of RILs with a higher 

AO potential. This was to be expected given that the wild parent was measured to possess 

an overall greater AO potential than cultivated lettuce.  

It is perhaps unsurprising that QTL for total chlorophyll and carotenoids were found to co-

locate on LGs 3 and 7, given their coordinated synthesis and intimate relationship in the 

chloroplasts as part of photosynthetic complexes (Vishnevetsky et al., 1999; Meier et al., 

2011) and as the biosynthetic pathways are commonly linked through the precursor 

geranylgeranyl pyrophosphate (GGPP; Qin et al., 2007). A gene encoding GGPP was one 

of the candidates identified in the LG 3 hotspot region (Table 2.2) which was found to be 

more highly expressed in the wild parent and could explain the co-location of QTL for 

chlorophyll and carotenoids observed. The co-locating QTL on LG 7 for total chlorophyll 

and carotenoids explained 16-18% and possession of the L. serriola allele was found to 

increase trait values, which was expected as the wild parent had significantly increased 

concentrations of both pigments in comparison with L. sativa. QTL for total chlorophyll 

and carotenoids on LG 3 had effects in the opposite direction as would be predicted with 

respect to the phenotype and measured gene expression, with the L. sativa allele increasing 

trait value. Trans arrangement of positive alleles has previously been linked with 

transgressive segregation of traits from an inter-specific cross of tomato (DeVicente & 

Tanksley, 1993); a phenomenon which was observed for both chlorophyll and carotenoids 

in the present investigation of lettuce. Co-location of QTL for total chlorophyll and 

carotenoids on LGs 3 and 7 with total AO potential supports the findings of Hayashi et al. 
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(2012). Despite this, although chlorophyll and carotenoid were positively correlated with 

each other, they were measured to be negatively correlated with AO potential in the 

present investigation. The large effect QTL for AO on LG 3 (30.2% variation explained) 

also co-located with a QTL for Q-3MG, which explained 17.8% of the PV. QTL for AO on 

LG 9 (16.2 % variation explained) also co-located with Q-3MG (16.8% variation 

explained), as well as the quercetin metabolite Q-3MG-7G (14.8% variation explained). As 

quercetin metabolites act as powerful antioxidants (Dueñas et al., 2011), it is therefore 

likely that fluctuations can notably affect total AO potential, suggesting that we have 

identified an important metabolic trait underpinning AO potential in this lettuce mapping 

population. 

On each linkage group there was evidence of co-location of QTL for metabolites and in 

some cases, QTL for the same trait mapped to the same position in both environments. For 

example, QTL consistent across environments included caffeoyl tartaric acid (CTA1) and 

on another linkage group, QTL for CTA1 and chicoric acid (DCTA) measured from the 

field trial co-located with a QTL for the kaempferol derivative K-3MG (kaempferol-3-

malonylglucoside) measured from the glasshouse (Appendix A.6). Total phenolics 

measured from the field grown RILs co-located with 5-CoQA2 (5-p-coumaryl quinic acid 

isomer 2) measured from the glasshouse, which has a key role in the phenylpropanoid 

pathway for secondary metabolism biosynthesis (Fraser & Chapple, 2011). It has been 

known for some time that genes with a related function often cluster into operons in 

bacteria and there is growing evidence for the clustering of genes encoding secondary 

metabolites in plants (Chu et al., 2011). For example, metabolic gene clusters for terpenoid 

biosynthesis have now been found in oat and Arabidopsis and more recently in the wild 

legume Lotus japonicas (Krokida et al., 2013), which may explain the many instances of 

QTL for different metabolites co-locating to the same region. QTL which have a consistent 

effect across different growing environments are considered more stable, thus are valued 

for use in breeding (El-Soda et al., 2014), but this wasn’t observed for all traits. Given that 

only a subset of the total RIL population was used for this study, the ability to detect small 

effect QTL was likely to be limited as population size has been demonstrated to limit the 

sensitivity of QTL detection (Li et al., 2006). Another possible explanation is that 

significant genotype x environment (GxE) interactions are occurring, which is perhaps 

unsurprising given that environmental factors are known to have an impact on secondary 

metabolism (Ramakrishna & Ravishankar, 2011). Indeed, significant GxE interactions 

have been detected for AO and CHL QTL (Hayashi et al., 2012), however similar analyses 
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of data collected from the glasshouse and field environments in present investigations 

would not be appropriate due to differences in experimental design.  

Interestingly, a cluster of QTL co-located to the centre of LG 3 for dry weight following 

nutrient limitation and drought recovery using this population (Hartman et al., 2014), 

indicating a  potential link between abiotic stress and AO potential, though direct 

comparisons of QTL were not possible due to differences in linkage maps utilised. Future 

work to analyse phenotype data using compatible mapping resources could reveal co-

locations of QTL for abiotic stress tolerance and nutritional quality to the same genomic 

position; highlighting a strong target for marker-assisted breeding. 

2.5.3 Identifying candidate genes for antioxidant potential 

Using the Lettuce Genome Resource, along with the previously sequenced genomes of A. 

thaliana and S. lycopersicum, several promising gene candidates explaining variation in 

AO potential in the lettuce RILs were identified on LG 3, including two MYB transcription 

factors (PAP2 and MYB114) thought to regulate anthocyanin biosynthesis (Table 2.2). 

Expression analysis revealed that both PAP2 and MYB114 genes were differentially 

expressed (Fig 2.7), with expression increasing and decreasing, in the wild and cultivated 

parents, respectively. Anthocyanins are a subclass of flavonoids synthesised from 

dihydroflavonols known to be one of the major compounds controlling plant colour, 

particularly fruits and this is largely regulated by the MYB transcription factors (Allan et 

al., 2008). The presence of anthocyanins in the red lettuce cultivars investigated (C1 and 

C2, Fig 2.4) is likely to have resulted in a higher AO and phenolic content compared to the 

green cultivars and the high AO RILs, the latter of which are green-leaved, with no 

anthocyanin metabolites detected in this population. Mulabagal et al. (2010) investigated 

the phenolic contents of red and green lettuce types and although one anthocyanin was 

identified in red lettuce (cyanidin-3-O-(6’’-malonyl-b-glucopyranoside)), none were 

detected in green types, which is also supported by phenolic composition analysis by 

Llorach et al. (2008). Enhancing the expression of PAP1 and the highly similar PAP2 

(93% identity of the R2R3 domain) using activation-tagging in Arabidopsis resulted in 

increased expression of phenylpropanoid biosynthesis genes, including phenylalanine 

ammonia lyase, the enzyme which initiates the phenylpropanoid pathway and chalcone 

synthase, the first enzyme acting in flavonoid biosynthesis (Borevitz et al., 2000), which 

could explain how the increased expression of PAP2 observed could contribute to AO 

status, despite the lack of anthocyanins detected. MYB114 also has a role in regulating 

anthocyanin biosynthesis that is similar to PAP2, through interaction with bHLH proteins, 
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in a mechanism which is highly conserved throughout the plant kingdom (Zimmermann et 

al., 2004). Given that effects of MYB114 overexpression are dependent on overexpression 

of a corresponding basic helix-loop-helix (bHLH) transcription factor, this could explain 

how L. sativa had reduced phenolic content and AO status compared to L. serriola, despite 

exhibiting increased expression of MYB114. Synchronised increases in the expression of 

MYB and bHLH transcription factors may result in the red leaf phenotype observed in 

commercial lettuce types. 

Another promising gene candidate identified within this region was flavanone 3-

hydroxylase (F3H), which was more highly expressed in wild relative to cultivated lettuce. 

F3H is involved in the conversion of naringenin to the dihydroflavonols 

dihydrokaempferol and dihydroquercetin (Fig 2.5), which are the precursors for 

kaempferol and quercetin, respectively (Owens et al., 2008). Both kaempferol and 

quercetin were present in higher concentrations in the wild parent than the cultivated 

parent (Fig 2.5), likely to result from an increased abundance of dihydroflavnols caused by 

increased levels of F3H and consistent with the former having a greater AO potential. 

Dihydroquercetin is essential not only as a precursor for quercetin metabolites, but also for 

flavonoids such as catechin and the proanthocyadins (Dixon et al., 2004), which may also 

contribute to AO potential. Derivatives of quercetin (Q-3MG-7Gc) and kaempferol (K-

3MG) were found to be strongly positively correlated in the present investigation (Table 

2.1), indicating tightly coordinated regulation of the biosynthesis of these flavonoids. 

Ferulate-5-hydroxylase (F5H), an enzyme acting in the phenylpropanoid biosynthesis 

pathway (Maruta et al., 2014), was also found to be more abundant in wild lettuce. 

Knocking out F5H in Arabidopsis has revealed a range of phenotypes, affecting lignin 

biosynthesis, UV protection and response to wounding (Huang et al., 2009). F5H mutants 

had increased expression of MYB4 (Huang et al., 2009); a negative regulator of chalcone 

synthase (Zhao et al., 2007), thus reducing flavonoid biosynthesis which is consistent with 

the reduced levels of flavonoids detected in cultivated lettuce in the present investigation. 

2.5.4 Sustainable intensification and breeding for increased antioxidant potential 

Enhanced food security requires that we achieve ‘more from less’ and that yield 

enhancements in future crops must be complemented by higher nutritional value (Agri-tech 

Strategy, www.gov.co.uk). Many crop breeding programmes are now dedicated to 

developing enhanced crop nutrition where wild progenitors of crops may be exploited for 

higher concentrations of target phytonutrients relative to those observed in their 
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commercial counterparts (Mithen et al., 2003; McCouch et al., 2013). Indeed, such an 

approach has been successfully deployed for many food crops including tomatoes 

(Rousseaux et al., 2005), berries (Wang & Lewers, 2007; Milivojevic et al., 2011) carrots 

(Grassmann et al., 2007)  and potatoes (Brown et al., 2012).  This can be a powerful 

approach: broccoli florets from cultivated varieties were found to have between 3-10 

μmol.g-1 of health-benefitting glucosinolates, whilst wild species can contain 50-100 

μmol.g-1 (Mithen et al., 2003). 

Here, the AO potential of cultivated lettuce (L. sativa cv. Salinas) was significantly lower 

than that of the wild progenitor (L. serriola), with notable differences in phenolic 

composition. Past artificial selection of lettuce for improved yield traits, is likely to be 

linked to indirect selection against characteristics such as AO status since phenolics are 

known to have a bitter taste (Drewnowski & Gomez-Carneros, 2000). During evolution we 

have learned to reject bitter tastes and with >50 bitter taste receptors characterised, 

aversion is likely to have been crucial to survival (Drewnowski & Gomez-Carneros, 2000). 

A RIL (HAO3) which had comparable levels of antioxidants to the red varieties but a 

reduced phenolic content was identified in the present investigation (Fig 2.4), which could 

be utilised in future breeding programmes.  

Co-incidentally, improving leaf nutritional quality may also afford greater plant protection 

from pests and diseases, given that many secondary metabolites have roles in defence 

against herbivore and pathogen attack (Bennett & Wallsgrove, 1994) with mechanical 

wounding resulting in the accumulation of phenolic compounds in lettuce (Kang & 

Saltveit, 2002). Microbial spoilage in particular has been shown to reduce the shelf life of 

lettuce (Allende et al., 2004). Tomatoes genetically engineered to overexpress 

anthocyanins had an increased shelf life in comparison to wild type cultivated tomatoes, 

with the transgenic tomatoes demonstrating reduced susceptibility to the fungal pathogen 

Botrytis cinerea (Martin et al., 2013). Leaf AO potential and derivatives of the phenolics 

quercetin and kaempferol  measured in present investigations were found to positively 

correlate with shelf life, measured on the same RIL subset by Zhang and colleagues 

(Zhang et al., 2007), further supporting a link between phytochemicals and shelf life. A 

gene encoding a Xyloglucan endotransglucosylase/hydrolase (XTH) involved in cell wall 

loosening and located within the same QTL has also been linked with shelf life, with the 

down-regulation of a XTH previously shown to increase the shelf life of lettuce (Wagstaff 

et al., 2007), though the XTH identified in the region underlying the QTL hotspot on LG 3 

was not determined to be differentially expressed in the wild and cultivated parents 
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(Appendix A.9). Clearly further investigations are required to dissect the link between 

nutritional quality and shelf life in lettuce.  

Improving the phytonutrient content  of widely consumed yet relatively nutritionally poor 

vegetables, such as lettuce, is an important target for plant breeding and here we identified   

several candidates controlling flavonoid biosynthesis within the large-effect QTL for AO 

potential; a number of which were shown to be differentially expressed between wild and 

cultivated lettuce. The QTL region underpinning these traits is a strong target for future 

breeding and on-going research is focusing on introgressing this genomic region into 

commercial lettuce breeding lines. At the same time, further proof of functionality through 

genome editing and other molecular routes is also underway. Taken together, this study 

provides the first detailed insight into lettuce phytonutrient traits and how they may be 

deployed in the future for an enhanced food plant, consumed widely and of global 

significance. 
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Chapter 3 Molecular breeding to improve the 

nutritional quality of lettuce 

3.1 Abstract 

Previous investigations revealed a large-effect quantitative trait loci (QTL) for lettuce 

antioxidant (AO) potential which mapped alongside QTL for other nutritional traits on 

linkage group (LG) 3, with wild parent allele inheritance improving nutritional quality. In 

an attempt to introgress wild alleles into commercial breeding material for the 

improvement of nutritional quality, a recombinant inbred line (RIL) displaying high 

antioxidant potential was incorporated into a commercial breeding programme in which a 

backcross breeding strategy was employed. Initial examination of the AO content 

identified a novel green leaf variety, identified as SSC3227, with improved nutritional 

quality in comparison to the parent lines. High resolution melt (HRM) analysis was 

utilised, emerging as a rapid and inexpensive single nucleotide polymorphism (SNP) 

genotyping technology, in an attempt to genotype line SSC3227 and determine whether 

inheritance of the wild RIL parent alleles, resulting from QTL introgression, were 

responsible for the observed improvements in AO potential. SNPs within four candidate 

genes previously identified within this QTL (Chapter 2) were analysed by HRM, which 

suggested partial QTL introgression and this was later confirmed through Sanger 

sequencing. SSC3227 was subsequently trialled more extensively on a commercial farm in 

Portugal, where performance was assessed against currently marketed red and green leaf 

cultivars for nutritional quality, shelf life and taste by sensory panel analysis. Line 

SSC3227 demonstrated a 50% higher AO content in comparison to the standard Batavia 

green leaf cultivar commonly used in baby leaf salad mixes, with a comparable shelf life 

and no impacts on product flavour. Analyses have therefore identified a novel baby leaf 

variety which may be utilised for the development of baby leaf cultivars with improved 

nutritional quality. 

3.2 Introduction 

An ultimate goal of QTL mapping is to identify molecular markers which can predict 

superior trait phenotypes and can be used in marker-assisted selection (MAS), to accelerate 

the breeding of improved cultivars. This eliminates the need to laboriously screen for traits, 

whilst allowing selections to be made early at the seedling stage, thus enabling faster 
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rejection of redundant breeding material (Collard and Mackill, 2008). Previous 

investigations identified a large effect QTL for AO potential which accounted for more 

than 30% of the phenotypic variation for this trait and mapped alongside QTL for several 

phytonutrients (quercetin, kaempferol, carotenoids and chlorophyll) within LG 3, which 

may be developed for MAS in lettuce (Chapter 2). Inheritance of wild parent alleles at this 

locus increased AO content and wild lettuce was determined to have a nutritional quality 

superior to modern green cultivars. RIL 112 (termed the high antioxidant (HAO) line), 

demonstrated a transgressive phenotype, with a higher AO potential than either parent. 

This RIL could be exploited as breeding material, particularly for the improvement of 

green leaf varieties which have previously been measured to have a lower AO status in 

comparison to red leaf types (Chapter 2). However, wild lettuce harbours a number of 

undesirable features, including leaf and stem spines which make it unpalatable, along with 

low vigour and rapid bolting (de Vries, 1997). Although commercial varieties may have a 

reduced nutritional quality, they have a number of adaptations, such as stable yields, which 

are essential for overall crop success. 

3.2.1 Backcross breeding for crop development 

In backcross (BC) breeding, breeding material harbouring a superior phenotype for the trait 

of interest (known as the donor parent; DP) is first crossed with an elite cultivar (the 

recurrent parent; RP; Ødegård et al., 2009). The progeny of this initial cross (F1) are then 

repeatedly backcrossed with the elite RP, with the aim of introgressing only the selected 

genomic region into the elite cultivar (Hospital, 2005a). Marker-assisted backcross 

breeding involves utilising molecular markers linked to the trait of interest, in order to 

more efficiently identify progeny which have inherited the desired trait at an early 

developmental stage (Ji et al., 2014). To introgress a QTL from a DP to a RP, molecular 

markers flanking the QTL region can be selected for genotyping the progeny to identify 

successful genotypic recombinations (Jiang, 2013). Marker-assisted breeding (MAB) can 

have great advantages over conventional breeding when the desired phenotype under 

investigation is expressed late in development or is difficult, time-consuming or expensive 

to measure (Jiang, 2013).  

Ideally, only the genomic region containing the QTL will be introgressed into offspring to 

reduce linkage drag; a phenomenon whereby genes negatively influencing crop 

performance are co-inherited with the loci under selection (Collard & Mackill, 2008). This 

can have particularly negative effects when the DP is of wild origin. For example, when 
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attempting to transfer lettuce aphid (N. ribisnigri) resistance genes from L. virosa  to 

cultivated lettuce, an agronomically undesirable phenotype described as ‘compact growth 

and rapid aging’ was observed, caused by closely linked genes (Jansen, 1996). Selection 

for molecular markers tightly linked to the trait removed linkage drag by minimising the 

size of the genome introgression. Several BC selections are required to minimise the 

amount of unwanted donor DNA present in the progeny (Collard and Mackill, 2008). The 

proportion of the RP genome recovered increases with each BC generation as depicted in 

Figure 3.1, so that after six generations of backcrossing to the RP (BC6), ~99% of the RP 

genome should be recovered in the progeny (Semagn et al., 2006). QTL introgression by 

BC breeding has been utilised for the improvement of disease resistance in barley 

(Toojinda et al., 1998) and cowpea (Dinesh et al., 2016), fruit shape in melon (Díaz et al., 

2014), yield in rice (Swamy et al., 2014), drought tolerance in chickpea (Varshney et al., 

2013) and pest resistance in peanut (Burow et al., 2014). 

 

Figure 3.1 Backcross breeding 

The Donor Parent (DP) is crossed with the elite Recurrent Parent (RP; Rampage) to create 

an F1 population, which is then repeatedly backcrossed with the RP. Proportion of DP 

allele inheritance decreases with each backcross generation, from 50% (F1), 25% (BC1), 

12.5% (BC2), 6.25% (BC3) and 3.125% (BC4).  
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3.2.2 High-throughput SNP genotyping technologies 

Previously, the speed, cost and general low-throughput of marker genotyping has delayed 

the progression of MAS application. In recent years there has been a shift in the type of 

molecular marker most commonly utilised, from those such as simple sequence repeats 

(SSRs), amplified fragment length polymorphisms (AFLPs) and restriction fragment length 

polymorphisms (RFLPs), to SNPs, largely due to advances in high-throughput genotyping 

platforms and the abundance of SNPs in the genome (Gupta et al., 2008). Commercial 

sequencing-based SNP microarrays such as the GoldenGate and BeadArray assays 

(Illumina) and GeneChip (Affymetrix), provide high-throughput, good quality, genome-

wide SNP analysis (Thomson, 2014). Kwon et al. (2012) developed a custom lettuce 

GoldenGate array for genotyping 384 SNPs in diverse germplasm, which was employed in 

a genome-wide association analysis, identifying nine significant marker-trait associations 

for horticultural traits (Kwon et al., 2013). Further, five custom oligo pool assays designed 

from expressed sequence tags (ESTs) using the GoldenGate platform as well as a 6.5 

million feature AffyMetrix GeneChip array are available to the public for genotyping 

lettuce as part of the Compositae Genome Project (Table 1.3).  

With the reduction in next generation sequencing (NGS) costs, methods such as amplicon 

sequencing, whereby short reads containing the SNP of interest are sequenced relatively 

inexpensively using platforms such as Illumina, may begin to overtake microarray 

technologies which are still costly to design (Yang et al., 2016). PCR-based platforms, 

such as TaqMan (Applied Biosystems) and KASP (KBioscience and LGC) are lower-

throughput than SNP microarrays but are more flexible in design (Semagn et al., 2014; 

Thomson, 2014). Both technologies utilise allele-specific fluorescent probes, which can be 

visualised after PCR amplification to determine the SNP genotype (Engle et al., 2006; 

Semagn et al., 2014). However, both technologies require allele-specific primer design and 

use dye chemistries which can be purchased from specific manufacturers only (Long et al., 

2017).  

High resolution melt (HRM) analysis is another PCR-based genotyping technology 

emerging as a simple and rapid method for SNP genotyping (Figure 3.2). Ordinary primer 

oligonucleotides are designed to amplify the region encompassing the SNP (<200 bp) and 

PCR is conducted followed by melt curve analysis using a PCR mix containing an 

intercalating double-stranded DNA binding dye (Simko, 2016). Melting the double-

stranded PCR amplicon releases the dye causing a reduction in fluorescence, with single 
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base pair changes leading to a measurable shift in melting temperature allowing 

discrimination of SNP alleles (Simko, 2016). Simko et al. (2009) were able to distinguish 

haplotypes of a SNP linked to a dominant resistance gene for lettuce dieback disease using 

the HRM approach, which is being utilised in MAB programme. HRM has been identified 

as a successful tool for the MAB of disease resistance in rice (Luo et al., 2017), apricot 

(Passaro et al., 2017) and alfalfa (Zhang et al., 2014a) and skin and flesh colour and starch 

content of potato, an autotertraploid (de Koeyer et al., 2010). 

 

Figure 3.2 An overview of high resolution melt analysis 

DNA incorporating a SNP is amplified by PCR using a mix containing a double-stranded 

DNA-binding fluorescent dye. Denaturation of the double-stranded DNA amplicon results 

in rapid disassociation of the fluorescent dye at the melting temperature. Amplicons which 

differ in nucleotide sequence (due to the presence of a SNP) will melt at different 

temperatures, which can be detecting by melt curve analysis to discriminate between 

alleles. Figure taken from Simko (2016). 
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The aim of this Chapter was to assess a breeding line previously developed by commercial 

collaborators, Shamrock Seeds Company, Inc. (now VILMORIN, France), in an effort to 

introgress the large-effect QTL for AO from RIL 112 into commercial material using a 

backcross breeding approach. This line was assessed for AO potential alongside current 

cultivars to determine whether nutrient quality had been improved in the backcross 

progeny. Secondly, progress was made towards developing HRM molecular marker 

genotyping technology to identify whether the AO QTL had been successfully introgressed 

into the novel breeding line. Investigations have identified novel breeding material 

containing a partial QTL introgression with improved nutritional quality which can be 

utilised in commercial breeding programmes.  

3.3 Materials and methods 

3.3.1 Plant materials, growth and phenotyping 

Previous investigations identified RIL 112, from the RIL mapping population derived from 

a cross between L. sativa cv. Salinas and L. serriola UC96US23, which demonstrated high 

AO and pigment concentration (Chapter 2, Figure 2.1). This RIL was incorporated into a 

commercial breeding programme led by Shamrock Seeds Company, Inc. (SSC; now 

VILMORIN NORTH AMERICA, a subsidiary of VILMORIN, France), where it was 

crossed with Rampage, a lollo rosso cultivar developed by SSC which was popularly 

grown at the time the breeding programme was initiated, using a backcross strategy (Table 

3.1). As a common strategy used to promote disease resistance by SSC, RIL 112 was 

initially crossed with a Cos variety (SSC2183) which demonstrated broad disease 

resistance to the lettuce pathogen Bremia lactucae Regal, to generate the starting material 

for breeding, termed the F0 population. The offspring of this progeny were then crossed to 

Rampage, to generate the F1 population. The F1 population was backcrossed with Rampage 

to generate the BC generation 1 population (BC1), which was repeatedly crossed to 

Rampage up to BC population 5 (BC5). A sample of seeds were retained from the BC1, 

BC3 and BC4 generations and two independent populations of a BC5 generation (BC5A and 

BC5B; Table 3.1). Material from the BC4 population was repeatedly selfed to generate the 

line designated SSC3227. Due to incomplete breeding records, the exact pedigree of the 

line SSC3227 is undetermined, but is known to have originated from seed of the BC4 

generation.  
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Table 3.1 Pedigree information of RIL112 and Rampage crosses 

Name Pedigree 

BC1 [RIL 112 x SSC2183] x Rampage x Rampage 

BC3 [RIL 112 x SSC2183] x Rampage x Rampage x Rampage x Rampage 

BC4 [RIL 112 x SSC2183] x Rampage x Rampage x Rampage x Rampage x 

Rampage 

BC5A [RIL 112 x SSC2183] x Rampage x Rampage x Rampage x Rampage x 

Rampage x Rampage - A 

BC5B [RIL 112 x SSC2183] x Rampage x Rampage x Rampage x Rampage x 

Rampage x Rampage - B 

SSC3227 A sample of seed was taken from the BC4 population and commercially bulked 

to develop the line identified as SSC3227. 

x indicates a crossing event 

 

3.3.1.1 Glasshouse trial 

Twelve biological replicates of each cross (Table 3.1), RIL 112 and Rampage (BC parents) 

and L. sativa cv. Salinas and L. serriola UC96US23 (RIL population parents) were grown 

under glass in a randomised block design (Figure 3.3). Seedlings were planted in a block of 

10 x 12 pots (8 cm x 8 cm) placed 5 cm apart, surrounded by a row of Rampage as guard 

plants to minimise edge effects. Approximately 5-10 seeds per line were planted in each 

pot of a 1:1 mix of vermiculite (2.0-5.0 mm, Sinclair, UK) and Levington F2 plus sand 

(Levington, UK). Lines were thinned to one plant per pot at the three leaf stage (10-14 

days). Temperature was maintained at 16 to 25°C, with 16 hours of light (supplemented if 

necessary) and watered by bench flooding and draining twice daily, before harvesting after 

28 days (within the commercially harvestable age). The youngest emerging leaf was 

sampled for DNA extraction for genotyping analysis and the rest of the plant was collected 

for antioxidant and gene expression analysis, with leaf extracts snap-frozen in liquid 

nitrogen and stored at -80°C until analysis. Leaf material collected for AO analysis was 

ground to a find powder in liquid nitrogen using a pestle and mortar and AO potential was 
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determined using the Ferric Reducing Ability of Plasma (FRAP) assay, as described in 

section 2.3.3. 

3.3.1.2 Field trial 

Performance of line SSC3227 was compared in a field trial in May 2016 on a commercial 

farm in Azenha do Mar, Odemira, Portugal (37°47’28’’N, 8°79’18’’W) against a red and 

green leaf variety (termed variety, as not cultivated commercially) of undetermined leaf 

type also developed from independent RIL crosses (lines SSC3100 and SSC3180, 

respectively) and two marketed baby leaf cultivars (termed cultivar, as cultivated 

commercially) in production by Vitacress Salads Ltd. in 2016; a green leaf Batavia 

(Celinet) and a red Cos (Deronda; Figure 3.4C). Each of the five lines were mechanically 

drilled at commercial density of approximately 900 seeds per m2 in a randomised order in a 

two block design, with each block comprising five consecutive 25 m x 1.8 m beds and 

surrounded by commercial crop (Figure 3.4A). Plants were maintained with commercial 

conditions until harvest after five weeks at the 5-6 leaf stage.  
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Figure 3.3 Glasshouse trial randomised planting design 

Twelve replicates of each of the six backcross lines (BCgen1-5b, replicates 1-12 and SSC3227, replicates 1-12), the backcross parents (RIL112.1-12 and 

Rampage.1-12) and the RIL parents (Lsativa.1-12 and Lserriola.1-12) were planted in a randomised design, surrounded by a row of guard plants (Rampage) 

shown in grey.
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Figure 3.4 Commercial field trial 

Overview of the field plot (A), with five beds split into two separate blocks (A and B) and 

the five lines planted in a random order within each block, surrounded by commercial crop. 

Schematic of the samples collected before harvest (B), with 18 samples taken at regular 

intervals from each row (only one of five rows shown). Example leaf of each variety 

trialled (C), from left to right: Celinet, Deronda, SSC3100, SSC3180 and SSC3227. 
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3.3.1.3 Phenotyping 

Samples were collected on the day before commercial harvest (34 days) for measurement 

of AO status (before harvest), leaf area and shelf life. A total of 18 samples were taken 

from each 25 x 1.8 m plot  in each block at 4 m intervals, excluding the 10 cm perimeter 

surrounding each bed, which were considered as edge plants (Figure 3.4B). Due to poor 

establishment, no samples were available for cultivar Celinet in Block B. The first 

emerging leaf (leaf 1), was removed for immediate leaf area measurement, the third 

emerging leaf (leaf 3), was snap-frozen in liquid nitrogen and transported on dry ice back 

to the UK for before harvest AO analysis and the rest of the plant (2-4 leaves) was 

packaged into polythene zip-lock bags and transported to the UK at 4°C for laboratory 

processing and shelf life measurement.  

To measure leaf area, single leaves (leaf 1) were imaged using a digital camera (Canon 

EOS 500D, Canon, UK) on a scaled background for reference and images were imported 

into ImageJ (Image Processing and Analysis in Java; Schneider et al., 2012), for leaf area 

measurement using the wand tool. After imaging for leaf area, epidermal imprints of the 

first true leaf of five replicates were taken from the left of the mid-vein (abaxial surface), 

10 mm from the leaf tip, using the method described by Zhang et al. (2007). Briefly, a 

section of the leaf (approximately 1 cm2) was painted with colourless nail varnish (No. 17, 

Boots, UK) on the abaxial surface (Figure 3.5). Once dry (~10 minutes), clear sticky tape 

was pressed firmly onto the surface and peeled away carefully to remove an imprint of the 

epidermis. Imprints were imaged using a Zeiss AxioPlan 2 microscope (Zeiss, USA) at 

x200 magnification, using MetaMorph Microscopy Automation & Image Analysis 

Software (Molecular Devices, UK) and imported into ImageJ (Schneider et al., 2012) for 

analysis. Epidermal cell area (ECA) and epidermal cell perimeter (ECP) of ten whole cells 

chosen at random (excluding those bordering stomata) were measured using the ImageJ 

wand tool, for each replicate. Epidermal cell number (ECN) per leaf was calculated by 

dividing whole leaf area to average ECA. Stomatal density (SD) was calculated from the 

epidermal imprints by counting the number of whole stomata per mm2 of the image. 

Stomatal index (SI) was calculated using the following equation: SI (%) = [number of 

stomata]/[total number of cells + number of stomata] X 100, with total number of cells 

measured as all those which do not cross the bottom and right borders of the image. 
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Figure 3.5 Epidermal imprint of the abaxial leaf surface  
A nail polish imprint was generated to visualise the abaxial leaf surface at x200 

magnification, with a scale bar in the bottom right corner of the image denoting 100 µm. 

 

To measure shelf life, leaves were submerged in 3 L of distilled H2O for 10 seconds using 

a rotating motion and dried in a salad spinner (Oxo Good Grips Salad Spinner, Oxo, UK) 

for 1 minute, before storage in polythene zip-lock bags at 8 °C, to mimic supermarket 

storage temperatures. Bags were visually assessed at the same time daily and scored for 

decomposition on a scale of 1-5, with 5 defining no visible damage to any leaves, 4 slight 

imperfection of one leaf, 3 small imperfection of one or more leaves, 2 obvious damage to 

one or more leaves and 1 signs of decay of one or more leaves. The end of shelf life was 

determined as the day bags dropped below a threshold score of 3. Antioxidant potential 

was measured via the FRAP assay, as described in section 2.3.3. 

Block A was harvested commercially on the 19th of May 2016, packaged into crates, 

vacuum-cooled and stored at 4°C, before lorry transportation at 4°C to the UK, arriving on 

the 23rd of May. Crates were immediately distributed to the processing factory, where 

individual lines were washed and packed into 100 g sealed film bags (Figure 3.6). Samples 

of the five lines were subjected to blind sensory analysis by two trained anonymous panels 

at Vitacress Salads Ltd. (St Mary Bourne), using the companies standard procedures for 

assessing new varieties, one day after processing (shelf life day 1) and four days after 
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processing (shelf life day 4). Participants were employees of Vitacress, who had received 

sensory assessment training and were experienced in panel testing. The first panel assessed 

material at shelf life at day 1 and consisted of 10 volunteers and the second assessed 

material at shelf life day 4 and consisted of 14 volunteers. Approximately 200 g of leaves 

from each variety were presented and participants scored appearance, aroma, flavour, 

texture, mouthfeel/aftertaste and gave an overall score representing their overall 

impression of the product on a scale of 1-6, with 1 being inedible, 2 poor, 3 not quite 

acceptable, 4 satisfactory, 5 good and 6 very good (see Appendix B.1). The AO potential 

of each of the five genotypes was measured on samples collected at day 1 of shelf life (1 

day after factory processing, 5 days after commercial harvest), day 4 of shelf life (4 days 

after processing, 8 days after harvest) and day 9 of shelf life (9 days after processing, 13 

days after harvest). Three leaf bunches from two independent bags were taken at random 

and snap-frozen in liquid nitrogen before storage at -80°C until FRAP analyses.  

 

Figure 3.6 Commercial harvest, factory processing and sensory panel analysis 

Image of Block A at the Portugal field site, surrounded by commercial lettuce crop (A). 

Leaves were harvested (B) and packed into crates for transportation to the UK (C). At the 

processing factory, leaves were loaded onto conveyor belts (D, E) and inspected for 

foreign bodies using light sensors, submerged into wash tanks containing spring water (F), 

weighed using multi-head shoots (G) and packaged into 100 g bags (H). Leaves were 

subjected to sensory panel analysis at Vitacress Salads Ltd. headquarters (I and J).  
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3.3.2 High resolution melt analysis 

3.3.2.1 DNA extraction 

DNA of the 12 replicates of BC1 and SSC3227 was extracted from young leaf material 

collected from the glasshouse trial and young and mature leaf tissue for RIL 112 and 

Rampage from the same trial according to Doyle and Doyle (1987), with modifications. 

Whole leaves were ground in liquid nitrogen and incubated at 65°C for one hour in 750 μl 

CTAB buffer (2% w/v CTAB, 100 mM Tris (pH 8.0), 1.4 M NaCl, 20 mM EDTA), before 

adding 500 μl of 24:1 chloroform:isoamyl alcohol, mixing, and centrifuging for 10 minutes 

at 13,000rpm. The volume of the upper aqueous phase was estimated, to which 0.08 

volumes cold 7.5 M ammonium acetate and 0.54 volumes cold isopropanol were added 

and samples were incubated at -20°C for 1-2 hours. Samples were then spun at 13,000rpm 

for 10 minutes to pellet DNA, before two consecutive washes in ice-cold 70% and 95% 

ethanol, respectively, after which DNA was dissolved in TE buffer (10 mM Tris (pH 8.0), 

1 mM EDTA). DNA concentration was estimated using a NanoDrop 1000 (Thermofisher 

Scientific, UK) and diluted to a working concentration of ~100 ng.μl-1. DNA extraction 

from seed was performed for line SSC2183 using the same protocol described. Extracted 

DNA had a low 260/230 nm ratio (<1) and was measured at a much lower concentration 

compared to what was expected from leaf tissue (~50-fold lower) according to nanodrop 

readings, which could indicate carbohydrate or polyphenolic contamination (Sahu et al., 

2012).  

3.3.2.2 Marker selection and primer design 

Five candidate genes within the large-effect QTL for total AO potential on linkage group 3 

were determined to be differentially expressed between wild and cultivated lettuce (see 

Chapter 2). Putative SNPs were predicted in these genes by aligning the gene coding 

sequence (CDS) from the Lactuca sativa and L. serriola transcriptome assemblies 

(available at NCBI) using CLUSTAL omega (Sievers et al., 2014; see Appendix B.2 for 

transcript alignments). Where possible, two SNPs per gene within the CDS were selected 

for genotyping analysis, with C/T, C/A, G/T or G/A SNPs preferentially chosen, expected 

to have the largest change in melting temperature (∆ Tm; >0.5-1°C ∆ Tm), followed by C/G 

(0.2-0.5°C ∆ Tm). A/T SNPs were avoided when possible (<0.2°C ∆ Tm). Primers were 

designed to generate an amplicon of 75-200 bp and the optimal annealing temperatures for 

each primer pair (see Appendix B.3 for primer sequences) were determined by gradient 

PCR (data not shown).  
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To confirm the presence of SNPs between RIL 112 and Rampage, gene regions expected 

to contain polymorphisms according to transcript alignments were sequenced on an 

ABI3730xI DNA Analyzer at the Department of Zoology sequencing facility, University 

of Oxford (http://www.zoo.ox.ac.uk/). Amplicons to be sequenced were generated by PCR 

using GoTaq Green MasterMix (Promega, UK) and 0.5 µM of the relevant primer pair, 

along with 100 ng of DNA template and dH2O were mixed in a 15 μl reaction on the 

following PCR program: 3 minutes at 95°C, 35 cycles of 95°C for 30 seconds, 55°C for 60 

seconds and 72°C for 90 seconds, followed by 7 minutes at 72°C. Amplicons were 

sequenced in forwards and reverse orientation, prepared using BigDye Terminator v3.1 

(ThermoFisher Scientific, UK). To remove unincorporated primers and nucleotides from 

the PCR reaction, ~0.5 U of FastAP Thermosensitive Alkaline Phosphatase (ThermoFisher 

Scientific, UK) and ~4U of Exonuclease I (ThermoFisher Scientific, UK) were added to 7 

μl of PCR product and the reaction mix was incubated at 37°C for 45 minutes, before 

enzymes were deactivated for 15 minutes at 80 °C. A 10 μl sequencing reaction comprised 

of 1 μl of cleaned PCR product, 0.5 μl of BigDye reagent, supplied 2X buffer, 0.5 µM of 

the appropriate forwards or reverse primer and dH2O were run on the following PCR 

programme: 5 minutes at 95°C, 35 cycles of 95°C for 30 seconds, 50°C for 10 seconds and 

60°C for 2 minutes. The sequencing reaction was cleaned by ethanol precipitation, 

involving two independent washes first with 100% and then 70% ethanol. This was 

followed by 30 minute centrifugation at 2,500rpm and sent to the sequencing facility as 

dried DNA pellets.  

Sequencing identified SNPs in four candidate genes (APX, F3H, F5H and PAP2) and one 

SNP in each of these genes were investigated in HRM analysis. The HRM amplicons were 

sequenced for line SSC2183 using the described protocol to ensure no other SNPs were 

present in this region (Appendix B.4). Sequencing confirmed no other SNPs were present 

for the APX, F5H and PAP2 amplicons under investigation, however the last 18bp of the 

F3H amplicon could not be sequenced after multiple attempts, likely due to poor PCR 

amplification caused by the low quality starting DNA template. Given that sequencing of 

20 L. sativa cultivars revealed no polymorphism in F3H (Appendix B.4E) and that for all 

the other sequence data line SSC2183 had the Rampage allele for all polymorphisms 

identified, it was deemed unlikely that there are any other undetected SNPs in this 18 bp 

region.  

Both the PCR and melt curve for HRM analyses were generated in a single reaction using 

the StepOnePlus Real-Time PCR system (ThermoFisher Scientific, UK). To generate the 

http://www.zoo.ox.ac.uk/contact
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amplicons for melt analysis, a PCR program of 95°C for 3 minutes, then 40 cycles of 95°C 

for 5 seconds, 52-58°C for 10 seconds (depending on optimal primer annealing 

temperature) and 20 seconds at 72°C was used. During the melt stage, temperature was 

gradually increased from 60-95°C by 0.3°C every 15 seconds and fluorescence was 

continuously recorded during this time to generate a melt curve. Melt curves were analysed 

using the High ReSolution Melt Software v3.1 (ThermoFisher Scientific, UK), which was 

used to produce all melt curves and difference plots. Controls of RIL 112, Rampage and a 

“heterozygous” sample, simulated from an equal concentration of RIL 112 and Rampage 

DNA (measured using a Nanodrop 1000) were utilised to generate control melt curves for 

each predicted variant, run in triplicate on each plate, with four replicates of each replicate 

line under investigation. Sequencing of twelve SSC3227 lines was performed as described 

for RIL 112 and Rampage. SNP position within chromosome 3 was identified using the 

lettuce genome version 8.1, available through the lettuce genome resource 

(http://lgr.genomecenter.ucdavis.edu/).  

3.3.3 Statistical analysis 

To compare mean trait values across the different genotypes, one-way analysis of variance 

(ANOVA) was conducted in Minitab 18 (Minitab 18 Statistical Software, 2017), with 

Tukey pairwise comparisons used for post-hoc testing. Data for each trait were first 

checked for normality and homogeneity of variances using the software and Box-Cox 

transformation was applied to normalise data before conducting one-way ANOVA. To 

analyse the sensory panel data, the non-parametric Kruskal-Wallis test was applied in 

Minitab. 

3.4 Results 

3.4.1 Assessing backcrosses for antioxidant potential 

Analysis of the AO content of each available BC generation, line SSC3227 and the 

backcross population parents, was performed in a preliminary trial to identify trait 

variation, indicative of possible QTL introgression. As previously observed, the RIL 

population parents Salinas and L. serriola differed significantly for AO potential, with the 

wild parent measured to have a 4-fold increase in AOs compared to the cultivated parent 

(86.61±5.40 mmol and 20.19±2.80 mmol, respectively). However, no significant 

differences were observed between Rampage (75.97 ± 2.95 mmol), RIL 112 (80.53±2.60 
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mmol) or L. serriola (F9, 339= 29.95, P<0.001; Figure 3.7). AO potential was significantly 

higher in Rampage, a mixed red and green leaf type, in comparison to the green leaf 

cultivar Salinas. Despite observing no differences in the AO potential of the parent lines 

RIL 112 and Rampage, BC5A and line SSC3227 (derived from the BC4 generation) 

demonstrated transgressive segregation with ~25% higher trait values (121.04±11.41 mmol 

and 116.70±11.28 mmol, respectively; Figure 3.7) in comparison to the parents, although 

this increase was only significant between BC5A and Rampage (F9, 339= 29.95, P<0.001; 

Figure 3.7). 

 

 

Figure 3.7 Assessing the antioxidant potential of the backcross generations 

Phenotyping the backcross generations for antioxidant potential by the FRAP assay. Bars 

represent mean ± standard error (n=12). Letter above each bar distinguishes lines which are 

significantly different according to one-way ANOVA and Tukey’s post-hoc testing (see 

text for details). 

 

3.4.2 Genotyping by high resolution melt analysis 

To determine whether line SSC3227 had inherited RIL 112 alleles for the large-effect QTL 

for AO potential and phytochemical traits identified on LG 3, SNP genotyping was 

conducted using the HRM technique. Four genes within the QTL region were selected for 

genotyping. Putative SNPs were selected by aligning the RIL parent transcripts for each 

gene and selected gene regions demonstrating polymorphism were sequenced in RIL 112 

and Rampage to identify SNPs present between the backcross parents (Figure 3.8). One 

SNP per gene was selected for HRM genotyping in Ascorbate peroxidase (APX; Figure 

3.8A), Flavanone 3-hydroxylase (F3H; Figure 3.8B), ferulate-5-hydroxylase (F5H; Figure 

3.8C), and two SNPs within the same amplicon in production of anthocyanin pigment 2 
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(PAP2; Figure 3.8D). The DNA of 12 replicates of SSC3227 (grown in the glasshouse 

trial, see 3.3.1.1) was amplified using the four HRM primer sets and subjected to HRM 

analyses (Figure 3.8, Appendix B.3).  

SNP alleles within the APX amplicon were clearly distinguishable by HRM for the 

controls, RIL 112, Rampage and the synthetic heterozygote (generated by mixing RIL 112 

and Rampage DNA) according to the melt curves and difference plots (Figure 3.9A i and 

ii, respectively). A 0.82°C increase in melting temperature observed for amplicons with the 

homozygous Rampage allele (G; 79.05 °C) in comparison to the homozygous RIL 112 

allele (A; 78.23 °C) and the heterozygote sample was determined to have an intermediate 

melting temperature (78.4 °C; Figure 3.9A). The twelve SSC3227 lines tested were 

genotyped as an unclassified variant, V1, though the melt curve and difference plots 

closely resembled those generated for the Rampage allele (Figure 3.9A iii and iv). For 

F3H, the homozygous RIL 112 (G) and Rampage (T) alleles demonstrated a 0.83°C 

change in melting temperature (∆Tm), however only a 0.03°C  ∆Tm was observed between 

the Rampage and heterozygote alleles (Figure 3.9B). The majority of the SSC3227 samples 

(10/12) were identified as an unclassified variant (V1), while one line was identified as 

Rampage and one as another unclassified variant, V2 (Figure 3.9B). For F5H, only a slight 

∆Tm of 0.25°C was observed between the homozygous RIL 112 (C; 81.65 °C) and 

Rampage (T; 81.4 °C) alleles and the heterozygote had an intermediate melting 

temperature (81.56°C ; Figure 3.9C). Most SSC3227 lines (9/12) were identified to be 

heterozygous and two were defined as an unclassified variant (V1) which closely 

resembled the heterozygous allele according to the melt profile (Figure 3.9C). For the 

PAP2 amplicon which contained two SNPs, a >0.1°C ∆Tm was detected between the RIL 

112 (C and A; 77.1 °C) and Rampage (G and T; 77.11°C) alleles, which demonstrated 

highly similar melt profiles (Figure 3.9D i and iii, respectively). Most SSC3227 lines 

(7/12) were genotyped as homozygous for the Rampage allele, three lines as homozygous 

for the RIL 112 allele and two lines as unclassified variants (V1 and V2), which most 

closely resembled the Rampage melt profiles (Figure 3.9D). 

As nearly all samples of SSC3227were identified as unclassified variants for APX and 

F3H SNPs and mixed results were observed for F5H and PAP2 SNPs, the 12 lines were 

sequenced to confirm the SNP genotype within the four genes. The sequencing results 

identified a number of discrepancies with the HRM data (summarised in Figure 3.10A-B). 

Firstly, all lines sequenced had the homozygous Rampage allele for the SNP within exon 7 

of APX (Figure 3.10B), positioned at approximately 97.23 Mbp on chromosome 3 (Figure 
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3.10C). The F3H SNP, within exon 1 of the gene at ~99.65 Mbp, was identified to be 

heterozygous (Figure 3.10B) as was the SNP within exon 1 of F5H, at ~100.14 Mbp. For 

the two SNPs within PAP2, located upstream at ~116 Mbp, all of the lines tested were 

identified as homozygous for the Rampage allele. Taken together, results suggested there 

had been a recombination between RIL 112 and Rampage within the large effect QTL on 

chromosome 3 and wild RIL alleles for genes F3H and F5H were identified in SSC3227.      
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Figure 3.8 SNPs examined by HRM analysis 

Alignment of the RIL 112 and Rampage sequences determined by Sanger sequencing. 

SNPs in red boxes were analysed by HRM analysis, with primers indicated by a red line 

below the sequence, for genes APX (A), F3H (B), F5H (C) and PAP2 (D). 
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Figure 3.9 HRM genotyping of SSC3227 

Melt curve and difference plots for the controls (i and ii, respectively) plus all SSC3227 

lines (iii and iv) shown, for APX (A), F3H (B), F5H (C) and PAP2 (D). The table below 

each box outlining allele inheritance and average melting temperature for each SSC3227 

line tested (SSC.1-SSC.12) and the controls, RIL112, Rampage (RAM) and the 

heterozygote (HET). 
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Figure 3.10 Sequencing SNPs within the LG 3 AO QTL 

Genotyping results by HRM analyses (A) and Sanger sequencing (B) for 12 lines of 

SSC3227. Boxes are coloured according to SNP allele for each of the SNPs under 

investigation, with genotype details shown at the top of each figure. C shows a schematic 

of chromosome (LG) 3, with approximate position indicated by a scale at the top of the 

image (in Mbp) and the relative position of the genomic scaffolds from which APX (1592), 

F3H (242), F5H (101) and PAP2 (2275) were identified. Scaffold and gene orientation is 

indicated by the arrow direction. Boxes below demonstrate each of the four genes, with 

exons indicated in red and the dash below each gene demonstrating approximate SNP 

position. 

 

3.4.3 Evaluating line SSC3227 in a commercial field trial 

The performance of line SSC3227 in comparison to two currently grown cultivars (a green 

Batavia and red cos) and two other breeding lines (a red and green leaf variety) was 

evaluated in a commercial trial on a salad production farm in the Beja district of Portugal. 

Lines were phenotyped for AO potential, shelf life, leaf area and leaf physiology. Analyses 

of shelf life revealed no significant differences between line SSC3227 (14.35±1.04 days) 

and the two cultivars Celinet (15.76±1.58 days) and Deronda (15.04±1.39 days) or line 

SSC3180 (15.25±1.04 days), however the red line SSC3100 (10.17±0.83 days) had a 

significantly shorter shelf life than all genotypes tested (F4, 94 = 2.62, P<0.05; Figure 
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3.11A). The leaf area of line SSC3227 (32.16±1.50 cm2) was significantly higher than all 

other lines tested, which was on average 40% higher in comparison to Celinet (20.20±0.84 

cm2), Deronda (19.15±0.82 cm2) and SSC3100 (18.81±0.83 cm2) and almost double the 

leaf size of line SSC3180 (16.41±0.76 cm2, F4, 114 = 2.62, P<0.001; Figure 3.11B). Line 

SSC3227 had a significantly higher epidermal cell area (1563.51±72.90 μm2) than Deronda 

(962.54±34.21 μm2), SSC3100 (1235.06±58.63 μm2) and SSC3180 (943.03±50.88 μm2; F4, 

455= 21.44, P<0.001; Figure 3.11C). No significant differences between lines were 

observed for epidermal cell number (F4, 41 = 1.43, P>0.05; Figure 3.11D) or stomatal 

density (F4, 114 = 2.62, P>0.05; Figure 3.11E), however the stomatal index was observed to 

differ significantly amongst the lines, with the red line SSC3100 measured to have the 

highest stomatal index (20.93±0.39 %) and the red cultivar Deronda having the lowest 

(15.11±0.61 %). The stomatal index of SSC3227 (19.36±0.97 %) was comparable to 

Celinet (16.90±0.71 %), SSC3180 (16.75±0.46 %) and SSC3100 and significantly higher 

than Deronda (F4, 41 = 11.41, P<0.001; Figure 3.11F). 

The AO potential of the five genotypes was assessed before and after commercial harvest 

at day 1, day 4 and day 9 of shelf life, with shelf life counted as the number of days after 

commercial processing. Before commercial harvest, AO potential of Deronda 

(323.54±22.96 mmol Fe2+ eq.g-1 FW) was significantly higher than line SSC3227 

(224.68±26.83 mmol Fe2+ eq.g-1 FW) with no differences observed between SSC3227 and 

SSC3100 (278.57±15.63 mmol Fe2+ eq.g-1 FW) or SSC3180 (251.20±24.41 mmol Fe2+ 

eq.g-1 FW, F4, 163 = 18.25, P<0.001; Figure 3.12). Line SSC3227 had a ~50% higher AO 

potential in comparison to the standard green baby leaf cultivar Celinet (113.81±19.74 

mmol Fe2+ eq.g-1 FW; Figure 3.12). On day 1 of shelf life, the only significant difference in 

AO potential was observed between Celinet and the other four genotypes (F4, 25 = 10.44, 

P<0.001) and the same trend was observed for day 4 (F4, 25 =15.79, P<0.001) and days 9 of 

shelf life (F4, 25 =9.74, P<0.001; Figure 3.12). No significant differences in the before 

commercial harvest or post-harvest samples were observed for Celinet (F4,46 =0.31, 

P=0.817), Deronda (F4, 46 =0.80, P=0.498), SSC3100 (F4,46 =1.33, P=0.275), SSC3180 

(F4,49 =0.44, P=0.724) or SSC3227 (F4,47 =0.20, P=0.895).  

  



Chapter 3 

101 

 

Figure 3.11 Phenotype analysis of the commercial field trial 

Phenotyping for shelf life (A), leaf area (B), epidermal cell area (C), epidermal cell number 

(D), stomatal density (E) and stomatal index (F) measured for samples collected before 

commercial harvest. Bars represent mean ± standard error, with different letters above each 

bar demonstrating significant differences identified by one-way ANOVA (see text for 

details).   
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Figure 3.12 Antioxidant potential measured throughout product shelf life 

Phenotyping antioxidant potential before commercial harvest and 1, 4 and 9 days post-processing. Bars represent mean ± standard error, with different letters 

above each bar demonstrating significant differences by one-way ANOVA (tested within each time point, see text for details). 
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The quality of each crop was assessed, following the company’s standard procedures for 

evaluating new varieties, in a sensory panel test on days 1 and 4 of shelf life (Figure 3.13). 

At shelf life day 1, the panel scored the appearance of SSC3227 to be significantly lower 

than Deronda, with average scores of ~3/5 and ~4.5/5, respectively (Kruskal-Wallis test, 

H=20.48, P<0.001; Figure 3.13). Flavour was scored higher in the green varieties Celinet 

and SSC3227 than for red types, with average scores of ~4.5/5 and ~3.5/5, respectively 

(Kruskal-Wallis test, H=12.48, P<0.01), but no significant differences were observed for 

aroma scores (Kruskal-Wallis test, H=1.14, P=0.887; Figure 3.13). The texture of the two 

existing commercial varieties, Celinet and Deronda, was preferred, scoring an average of 

~4/5 (H=10.03, P<0.05). Overall, the existing commercial varieties Celinet and Deronda 

had a higher average score of ~4/5 compared to SSC3100 (~3.5/5), SSC3180 (~3/5) and 

SSC3227 (~3/5; Kruskal-Wallis test, H=14.26, P<0.01; Figure 3.13). By day 4 of shelf life, 

the appearance of Deronda (~4/5) was still scored significantly higher than the green 

genotypes Celinet (~3/5) or SSC3227 (~3/5; Kruskal-Wallis test, H=14.75, P<0.01), but no 

significant differences were observed for aroma (H=3.86, P=0.425), flavour (H=0.86, 

P=0.930), texture (H=2.09, P=0.720) or in the overall scores (Kruskal-Wallis test, H=3.39, 

P=0.495; Figure 3.13).  
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Figure 3.13 Sensory panel analysis 

Assessment of appearance, aroma, flavour, texture and overall impression of leaves on day 

1 (A) and day 4 (B) of shelf life. Asterisks represent significant difference within each 

sensory quality scored, with a P value threshold of 0.001 (***), 0.01 (**) or 0.05 (*). 

 

3.5 Discussion 

Following the identification of RIL 112 from the L. sativa cv. Salinas x L. serriola 

UC96US93 consensus mapping population, which demonstrated a transgressive phenotype 

for AO status (Chapter 2), this line was incorporated into a commercial breeding 
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programme led by Shamrock Seeds Company, Inc. Crosses were made between RIL 112 

and an elite cultivar titled Rampage, a mixed red and green leaf lollo rosso variety. 

Employing a backcross strategy, offspring were crossed to the cultivar parent after an 

initial crossing of the RIL and cultivar for up to five backcross generations, with seeds 

retained from the BC1, BC3, BC4 and BC5 populations. From this programme, a line was 

developed titled SSC3227, originating from the BC4 backcross generation and having 

undergone generations of selfing and bulking of seed. The aim of this breeding programme 

was to introgress a large-effect QTL explaining ~30% of the phenotypic variation for AO 

potential, with inheritance of wild alleles increasing overall AOs, from the RIL donor into 

an elite cultivar.  

3.5.1 Line SSC3227 demonstrates higher AO potential than existing green cultivars 

An initial glasshouse screening revealed that line SSC3227 demonstrated a ~25% higher 

antioxidant potential than the backcross parents (Figure 3.7). HRM genotyping was 

employed to determine whether wild RIL alleles for the large-effect AO QTL had been 

introgressed into line SSC3227, which could be responsible for the observed increase in 

AO content. SNPs for genotyping were selected within four previously identified candidate 

genes for AO status located within the QTL (Chapter 2), instead of utilising markers 

bordering the QTL, which prevents the possibility for recombination between the marker 

and QTL (Collard et al., 2005).   

All samples of SSC3227 examined were heterozygous for SNPs within two candidate 

genes identified in part of the QTL region; F3H and F5H. These SNPs were located 

approximately 0.49 Mbp from one another, at 99.65 and 100.14 Mbp, respectively (Figure 

3.10). After the fusion of RIL 112 and Rampage haploid cells during sexual reproduction, 

the heterozygous F1 hybrid was crossed to Rampage and 50% of the BC1 progeny are 

expected to be heterozygous. In traditional marker-assisted backcross programmes 

‘foreground selection’ is usually performed at each backcross stage, whereby markers 

within the desirable genes or QTL being targeted for introgression from the donor parent 

are genotyped in each backcross generation, to ensure heterozygosity is maintained (Ji et 

al., 2014). Following six generations of backcrossing, in which ~99% of the recurrent 

genome should have been recovered, the backcross progeny heterozygous for the desired 

donor parent allele are selfed until the donor parent allele becomes homozygous through 

genetic recombination during meiosis (Collard et al., 2005). Despite no attempts to 

perform foreground selection at any BC generation, SSC3227 (equivalent to BC4 

generation) had maintained heterozygosity for part of the QTL region, including the 
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candidate genes F3H and F5H. Although by BC4, only ~96% of the donor parent genome 

is expected to remain in the progeny, this can be inflated when small population sizes are 

used (Frisch & Melchinger, 2005), which may have been the case in the present 

investigation, however pedigree information was not available to draw conclusions. For the 

SNPs investigated within two other candidate genes, APX and PAP2, located ~2.42 Mbp 

downstream and 15.86 Mbp upstream, respectively, all lines were homozygous for the 

Rampage alleles. This suggests that there has been meiotic recombination downstream of 

F3H and upstream of F5H, restoring Rampage alleles for APX and PAP2 (either at the BC 

stage or when SSC3227 was selfed). Genotyping of this chromosome region using 

molecular markers spaced throughout the QTL and bordering the QTL region would reveal 

how much of the QTL region has been introgressed. Further development of line SSC3227 

will require selfing to generate lines which are homozygous for the partial QTL 

introgression. Background selection must also be performed, in which neutral markers 

positioned throughout the genome are genotyped to assess how much of the donor parent 

genome is remaining in the progeny, which should be minimised to reduce the transfer of 

undesirable wild alleles by linkage drag (Hospital, 2005b). 

For line SSC3227 to be utilised as breeding material for improving nutritional quality, it 

must perform favourably under different environmental conditions, in terms of yield, shelf 

life and palatability. Importantly, SSC3227 demonstrated no difference in shelf life 

compared to the standard cultivars Celinet and Deronda. The significantly higher leaf area 

observed for line SSC3227 may have impacted on the product appearance score, due to 

being larger than the usual baby leaf size, which was determined to be significantly lower 

than both Celinet and Deronda cultivars in sensory analyses on day 1 of shelf life. 

Interestingly, the red cultivar Deronda scored highest for appearance but lower than 

Celinet or SSC3227 for flavour at day 1 of shelf life. This may be due to the increased 

bitter flavour associated with red leaf types, as polyphenols such as the red pigmented 

anthocyanin have been identified as having a bitter taste (Soares et al., 2013). When 

manipulating nutritional quality, it is important from a commercial aspect that there is no 

detrimental impact on product flavour. Although the red cultivar Deronda had a 

significantly higher AO potential than SSC3227 before harvest, no significant difference 

was observed from day 1 of shelf life onwards. Perhaps most notably, AOs were ~50% 

higher in line SSC3227 in comparison to the green cultivar Celinet before harvest and 

throughout the shelf life of the product and despite this, no differences were observed in 

the flavour of Celinet or SSC3227.  These results suggest that a higher nutritional quality 

can be achieved without impacting on product flavour. 
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Although phenolic content, AO potential and ascorbic acid concentration of lettuce has 

been observed to decrease over the course of shelf life (Serea et al., 2014; Santos et al., 

2014), no difference in AO potential was observed throughout product storage of green or 

red types in the present study. However it should be noted that sample bags which had 

undergone commercial processing and packaging were stored in the post-processing 

factory unit, which is maintained at 4 °C. This is cooler than would be expected on the 

supermarket shelves, which are usually maintained at ~10°C and may explain the minimal 

change in AO potential over the shelf life period. Indeed, lower storage temperatures have 

been found to preserve the total AO activity and phenolic and ascorbic acid concentrations 

of lettuce (Serea et al., 2014). 

Taken together, line SSC3227 demonstrated a substantially higher AO content than the 

standard green cultivar with a comparable shelf life and flavour and could be used as a 

novel source of genetic variation for improving the quality of green baby leaf lettuce. The 

increase in AO content observed may be attributed to inheritance of wild parent alleles, as 

SSC3227 was heterozygous for wild alleles within two candidate genes for AO potential 

(F3H and F5H). If this is the case, developing a line which is homozygous for the wild 

alleles, by selfing SSC3227, could improve AO potential even further. Functional 

investigations of candidate genes F3H and F5H by gene knockout may further validate the 

roles of these candidate genes in determining AO content. Shortening the growing period 

(typically 4-6 weeks) for line SSC3227 may reduce overall leaf size and improve product 

appearance, which is critical for consumer satisfaction. Additionally, before line SSC3227 

can be incorporated into further breeding programmes, advanced field trials must be 

carried out in different growing seasons and environments and disease resistance must be 

assessed.  

3.5.2 HRM analysis as a genotyping tool for marker-assisted breeding 

HRM analysis was used in the present investigation as a rapid and low-cost method of SNP 

genotyping. SNPs within APX and F3H could not be genotyped by HRM, with most 

SSC3227 lines identifying as an unclassified variant and therefore sequencing was required 

to identify the SNP alleles. HRM genotyping was accurate for ~75% of the lines tested for 

the SNP within F5H and ~58% of the time for SNPs within PAP2. Factors such as 

different starting template quality and concentration, which ultimately impact on amplicon 

quantity, is a possible explanation as to why HRM could successfully genotype some 

samples for SNPs F5H and PAP2 but not others. DNA sample concentration has been 

suggested to influence melt curve classification and should be highly similar amongst all 
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samples tested (Chatzidimopoulos et al., 2014; Simko, 2016). Although attempts were 

made to normalise the DNA concentration of each sample before PCR, dilutions were 

calculated based on absorbance measurements using a Nanodrop, which can be inaccurate 

in the presence of polyphenol contamination, degraded DNA or RNA (Sedlackova et al., 

2013). The melt profiles for the APX amplicon closely resembled that of Rampage, but 

with a higher peak amplitude, which may have resulted in the SNP being incorrectly 

genotyped as an unknown variant in all of these lines by the HRM analysis software. Due 

to the increased amounts of DNA required for the control samples for initial assay 

optimisation, DNA was extracted from a mixture of mature and young leaf tissues, 

whereas DNA from the SSC3227 lines tested were extracted exclusively from young leaf 

tissue. It is generally accepted that DNA extraction of young leaf tissues yields better 

quality DNA, due to reduced chances of polyphenol contamination, which accumulate with 

the age of the leaf (Moreira & Oliveira, 2011). Increased contamination is likely to have a 

negative impact on the PCR reaction and may have occurred at a higher rate in the control 

DNA samples due to the age of the leaf tissue extract, leading to failure to correctly detect 

the SNP genotype.  

Determining DNA concentration by measuring sample fluorescence in the presence of a 

double-stranded DNA binding dye (Sedlackova et al., 2013) may be a more precise 

method for determining sample DNA concentration and should be employed when 

accurate estimation of DNA concentration is crucial for downstream applications. There is 

also a possibility that the unknown variant which ~83.3% of the samples investigated were 

genotyped as for the SNP in F3H, was in fact the true heterozygote allele, as RIL 112 and 

Rampage DNA were mixed in order to simulate a heterozygous allele, which again relies 

on accurate estimation of DNA concentration. Li et al. (2010) demonstrated that the ratio 

of DNA concentration of two mixed samples can vastly affect the melt curve profile 

(Figure 3.14). Additionally, for a number of SNPs investigated, the ∆Tm for the RIL 112, 

Rampage and heterozygote alleles was <0.5°C, despite selecting SNPs expected to have a 

maximum ∆Tm up to 1°C, which is likely to have impacted on the ability to distinguish 

amongst genotypes. The use of software designed to predict the melt profile of short 

dsDNA amplicons such as uMelt (Dwight et al., 2011) could aid in experimental design by 

allowing preferential selection of amplicons predicted to have the largest ∆Tm.  
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Figure 3.14 Simulating a heterozygous genotype for HRM analyses 

Comparison of change in fluorescence (difference plot) for the “heterozygote” allele of a 

mutant and wild type sample, generated by mixing different ratios (1:1, 1:2, 1:3 and 1:5 

concentrations) of mutant:wild type (MUT:WT) DNA. Plots show decreasing 

∆fluorescence with an increase in MUT:WT DNA template. Figure taken from Li et al. 

(2010). 

 

One of the main hurdles to MAB is the cost of molecular marker development. This has 

been estimated at ~£60,000 for the commercial application of a single marker and therefore 

in the short-term, phenotyping progeny of selective crosses may often be a more attractive 

option to breeders, particularly for traits which are relatively straight forward to phenotype 

such as disease resistance (Collard et al., 2005). However for some post-harvest traits, such 

as nutritional quality, which are often laborious to phenotype, incorporation of MAS 

strategies into breeding programmes may accelerate novel cultivar development. HRM 

demonstrates promise for the application to MAB, given that it is relatively low cost (>£1 

per sample in the present investigation) and only requires standard primer design, reagents 

and molecular biology laboratory equipment (Simko, 2016). However, it has a number of 

limitations which are out of the control of the experimenter. These include the heavy 

dependence on real-time PCR instrument sensitivity and accuracy (for example, in the 

ability to precisely detect very small changes in melting temperature) and on the reliability 

of melt curve analysis software for correct calling of genotypes (Wittwer, 2009). 

Differences in the ability of different dsDNA-binding dyes to identify certain genotypes, 

such as heterozygote alleles, have also been observed (Wittwer, 2009). Development of 

improved dye chemistries, which demonstrate equal detection capabilities for all SNP 

alleles under investigation, is essential (Simko, 2016). Future large-scale application of the 

technology, particularly in commercial MAB programmes, will therefore require the 

refinement some of these sensitivities. 
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Chapter 4 Candidate gene association mapping in a 

commercial lettuce panel 

4.1 Abstract 

The popularity of pre-washed baby leaf salads has risen, however the additional level of 

processing involved in generating this convenient health food can cause damage which 

ultimately reduces the shelf life of the product. This leads to a large amount of wasted 

resources for the farmers and producers and also negatively impacts on consumer 

satisfaction. Despite its significance, the genetic basis of shelf life is poorly understood. 

Previously, a recombinant inbred line population was phenotyped for shelf life and the 

physiological and biophysical properties which may govern this trait, in two trials on 

commercial farms in Portugal and the UK. In the present investigations, phenotype data 

was analysed using the dense molecular mapping resource available for lettuce, identifying 

quantitative trait loci (QTL) for shelf life and associated traits by linkage mapping. 

Analyses revealed several large-effect QTL for shelf life, explaining large amounts (up to 

42%) of the phenotypic variation and instances where QTL from the two environments co-

localised to the same position. Using the recently published lettuce genome, genes 

underlying QTL were detected and their putative roles inferred, in order to identify 

candidate genes underpinning the shelf life of baby leaf lettuce. Several genes were 

identified which could contribute to shelf life, including cell wall modifying enzymes and 

hormone-inducible transcription factors, implicated in the senescence response. To 

investigate the possible involvement of these candidate genes in determining shelf life, a 

panel of 200 baby leaf lettuce cultivars and breeding lines representing a diverse range of 

leaf types were assessed for phenotypes previously associated with shelf life. A selection 

of 92 lines demonstrating extreme phenotypes for shelf life were genotyped for 243 SNPs 

identified within a selection of 218 candidate genes and 45 neutral SNPs distributed on 

each chromosome throughout the genome. A candidate gene association approach was 

undertaken, identifying several significant marker-trait associations for shelf life-

associated traits including cell wall strength and leaf thickness, explaining ~9.5-25.8% of 

the variation in these traits. Results have defined some of the key physiological 

characteristics contributing to the baby leaf lettuce shelf life ideotype and identified 

important targets and potential markers for future marker-assisted breeding. 
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4.2 Introduction 

Over the last 50 years, breeding for lettuce improvement has largely focused on increasing 

disease resistance, along with improving palatability and yield, whilst producing novel 

cultivars which are visually appealing; often overlooking post-harvest shelf life. Extending 

shelf life is becoming of increasing concern to not only the consumer, but the producer and 

the retailer, due to the large amounts of waste which have been reported. It has been 

estimated that in the first 6 months of 2013, the UK food industry wasted 68% of bagged 

salads, of which 35% were discarded by customers after purchase due to poor quality and 

deterioration, using data collected by Tesco supermarket and industry-wide figures 

(Johnston, 2013).This clearly impacts not only on consumer satisfaction, but means that 

vast amounts of food are being squandered in the midst of a global food crisis. And of 

paramount significance to the producer; land, water and energy are also being wasted in 

this process. This translates into shocking impacts on our planet. Food waste has been 

ranked as the third highest greenhouse gas emitter, equating to 3.3 Gtonnes of CO2 

annually and doubling the total USA transportation emissions in 2010 (FAO, 2013). 

Linkage analysis has typically been used to elucidate the complexity of quantitative traits, 

utilising pre-constructed mapping populations. These are often recombinant inbred lines 

(RILs), developed via inbreeding following a selective cross between two highly variable 

parents, enabling the development of large eternal populations and permitting an endless 

number of trials (Zhu et al., 2008). One goal of QTL mapping is to identify genomic 

regions containing alleles favouring the quantitative traits of interests, which can be 

introgressed into existing cultivars, facilitated by marker-assisted selection (MAS). Aside 

from the applied benefits of MAS for breeding, QTL data can also be further explored to 

expose the genetic basis of quantitative traits, by functional investigations. Candidate 

genes are genes with functions that could plausibly directly or indirectly influence the trait 

of interest. Access to sequenced and annotated genomes can allow the identification of 

genes within a QTL region, followed by selection of candidates based on the knowledge of 

gene function (Bargsten et al., 2014), however this approach requires a prior understanding 

of the genotype-phenotype relationship, which is not always clear. 

4.2.1 Uncovering the genetic regulators of shelf life 

Research on the shelf life of lettuce to date has suggested that leaves with stronger cell 

walls with low plasticity (irreversible extensibility), composed of a greater number of 
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smaller cells, with a high solute potential, increased cuticle wax composition and leaf 

thickness and a reduced overall leaf area and chlorophyll content have the greatest shelf 

life (Clarkson et al., 2003; Zhang et al., 2007; Wagstaff et al., 2007, 2010). The majority 

of these properties are quantitative, with vastly complex and interlinking gene regulatory 

networks, meaning that characterisation of shelf life at the genetic level is a highly 

challenging task. Potential gene candidates include those involved in cell wall structure 

and functioning, leaf architecture via the division and expansion of cells, membrane 

transporters which control cell osmolarity, those affecting leaf surface properties such as 

wax composition and regulators of leaf senescence, summarised below.  

4.2.1.1 Cell wall structure  

Plant cell walls are complex and dynamic structures which govern fundamental leaf 

qualities such as texture, flexibility and overall strength (Farrokhi et al., 2006). The cell 

wall not only influences adhesion and cell signalling via plasmodesmata and pores within 

the wall, but is also involved in defence against pathogens and other environmental stresses 

(Doblin et al., 2010).The primary cell wall is principally derived from polysaccharides, 

accounting for up to ~90% of the total mass, including cellulose and hemicelluloses 

xyloglucan, mannans, xylans and (1→3)-β-glucans (Popper et al., 2011). Cellulose 

microfibrils embedded into a complex matrix of polysaccharides and pectins are cross-

linked with proteins, such as extensins, arabinogalactan proteins, proline-rich proteins, 

glycine-rich proteins and expansins, which make up ~10% of the primary wall and have a 

variety of roles including protection against environmental stresses and influencing wall 

loosening during growth (Jamet et al., 2006; Doblin et al., 2010). Overexpression of the 

expansin EXP10 in Arabidopsis resulted in plants with larger leaves containing larger 

cells, consistent with the theory that expansins function in cell expansion through cell wall 

loosening (Cho & Cosgrove, 2000). A host of enzymes are involved in polysaccharide 

synthesis, classified into type I polysaccharide synthases, type II glucosyltransferases, the 

cellulose and cellulose-like synthases, glucan synthase-like and glycosyltransferases, along 

with the polysaccharide remodelling enzymes, such as arabinofuranohydrolases and the 

xyloglucan endotransglucosylase /hydrolases (XTHs), activated during the usual growth 

and development of plant cell walls (Farrokhi et al., 2006).  

4.2.1.2 Cell division and expansion  

The manipulation of cell division and expansion during plant development ultimately 

governs leaf architecture. Leaves are established from primordia; bundles of cells that can 

be observed as swellings adjacent to the shoot apical meristem (SAM; Powell & Lenhard, 
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2012). In the initial stages of development, these cells proliferate to a relatively small size 

and following this, cell expansion occurs, increasing the average cell size (Gonzalez et al., 

2012). Factors such as the size of the SAM and number of cells recruited to the 

primordium are conceivably expected to influence final leaf size, along with the rate of cell 

division (Gonzalez et al., 2012). The cell cycle is strictly temporally regulated by a host of 

transcription factors and proteins, controlling the key stages of DNA synthesis (S-phase) 

and mitosis (M-phase), which are separated by two gap phases (G1 and G2; Figure 4.1). 

Transition through the cell cycle is primarily controlled through the activity of cyclin-

dependent kinases, which are protein kinases that bind to cyclin proteins and become 

activated following phosphorylation (Scofield et al., 2014). Coordinated phosphorylation-

mediated activation and ubiquitin-mediated degradation of cyclins modulates and drives 

the cell cycle, respectively, and manipulation of these processes during early leaf 

development has been shown to affect the overall physiology of the leaf (Scofield et al., 

2014). Overexpression of the anaphase-promoting complex/cyclosome (APC/C) protein, 

involved in the destruction of A- and B- cyclins, has been shown to increase the rate of cell 

division resulting in transgenic Arabidopsis plants with enlarged leaves with bigger cells 

(Eloy et al., 2011). Overexpression of a different subunit of the APC/C complex led to 

similar observations in Nicotiana tabacum, with plants also having an increased rate of cell 

division (Rojas et al., 2009). The GROWTH-REGULATING FACTOR and TEOSINTE 

BRANCHED1/CYCLOIDEA/PCF (TCP) families of transcription factors also have much 

support from the literature for having roles in the switch from cell division to cell growth 

(Gonzalez et al., 2012). 

 

Figure 4.1 The plant cell cycle 

Activation of cyclin-dependant kinase A (CDKA) following the binding of cyclin D 

(CYCD) leads to the phosphorylation of the retinoblastoma-related (RBR) proteins and the 

progression from gap phase 1 (G1) into the DNA synthesis phase (S), which is inhibited by 

kip-related proteins (KRP) proteins. The S phase is regulated by cyclin A-CDKA complex 

and cyclin B-CDKB complexes are required for the transition to the mitosis (M) phase. 

Taken from Scofield et al. (2014). 
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Phytohormones such as auxin, gibberellic acids (GA) and brassinosteroids are also key 

regulators of leaf size. Auxin has been implicated to have roles in both cell division and 

expansion. The SMALL AUXIN UP RNA (SAUR) genes are the largest family of auxin 

response genes, now characterised as cell expansion regulators (Spartz et al., 2012). 

Targeted silencing of SAUR19-24, a closely related subgroup of SAUR proteins localised 

to the plasma membrane, resulted in Arabidopsis plants with reduced leaf size and 

shortened hypocotyl length (Spartz et al., 2012). Repression of AUXIN BINDING 

PROTEIN 1 (ABP1) affected cell division rate and resulted in reduced cell expansion in 

Arabidopsis, suggesting a role in co-ordinating these processes (Braun et al., 2008). 

Increasing GA content in leaves by overexpressing GA-20-oxidase increased leaf size of 

Arabisopsis plants (Coles et al., 1999), thought to result from greater degradation of 

DELLA proteins, which suppress leaf expansion and reduce leaf growth (Gonzalez et al., 

2012). Brassinosteroids are thought to promote epidermal cell expansion through 

interactions with basic Helix-Loop-Helix (bHLH) transcription factors, known to also be 

controlled by gibberellic acids and environmental cues such as temperature and light 

(Hepworth & Lenhard, 2014). Dwarf phenotypes with small, rounded leaves have been 

observed in Arabidopsis mutants unreceptive to brassinosteroids, whereas mutants with 

heightened sensitivity have larger, elongated leaves (Zhiponova et al., 2013). The dwarf 

phenotype can be explained by a decrease in cell size and number, suggesting 

brassinosteroids have control over both cell proliferation and division and this is thought to 

be achieved through control of cyclin-dependent kinase activity (Zhiponova et al., 2013).  

4.2.1.3 Leaf senescence 

The end of shelf life of bagged baby leaves is often characterised by a phenotype 

resembling leaf senescence, including blackening, yellowing and waterlogging (Wagstaff 

et al., 2007). Senescence of leaves whilst they are still attached to the plant is a highly 

coordinated process, involving arrest of photosynthesis, chloroplast degeneration, loss of 

chlorophyll, leaf protein breakdown and amino acid remobilisation (Buchanan-Wollaston, 

1997). As well as being a normal developmental stage in the life cycle of a plant, leaf 

senescence can also be initiated by nutrient deficiency, hormone levels, abiotic stresses and 

disease infection (Buchanan-Wollaston, 1997). A transcriptome study of Arabidopsis by 

Buchanan-Wollaston et al. (2005) identified a number of genes which show an increase in 

expression during senescence and are thus implicated in the control of the senescence 

process, termed senescence-associated genes (SAGs), which are possible targets for in vivo 

functional investigations. The largest number of upregulated genes were those involved in 
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the degradation and remobilisation of macromolecules, transport, transcription factors and 

secondary metabolism (Buchanan-Wollaston et al., 2005).  

Though symptoms are similar, Wagstaff et al. (2007) reported key differences between 

developmental senescence and the senescence of excised baby leaf lettuce. Most notably, 

was the absence of DNA laddering which occurs at the later stages of developmental 

senescence during programmed cell death, suggesting the death of bagged excised leaves 

begins as a regulated process but then becomes disorganised (Wagstaff et al., 2007). Given 

that bagged leaves are in an enclosed atmosphere, with no organ sink for the recycling of 

nutrients, it is perhaps unsurprising that death occurs in a distinct way to developmental 

senescence. Several investigations have aimed to characterise the effects of manipulating 

SAGs on the senescence of detached leaves in vivo (Table 4.1). Transgenic lettuce 

overexpressing isopententyl phospotransferase, a gene involved in the synthesis of the 

hormone cytokinin, under a senescence-specific promoter, was found to have a reduced 

senescence phenotype and improved chlorophyll retention compared to control lines, with 

no other defects in the fresh weight of leaves or roots detected (McCabe et al., 2001). 

Overexpression of knotted1, a maize homeobox gene, also using a senescence-specific 

promoter was found to decrease relative chlorophyll loss and increase cytokinin levels, 

ultimately resulting in delayed leaf senescence of detached leaves (Ori et al., 1999). Auxin 

levels have also been implicated to affect senescence, with senescing A. thaliana leaves 

found to have reduced levels of the auxin indole acetic acid (IAA), suggested to result from 

an increased expression of auxin-conjugating enzymes (Kim et al., 2011).  

Overexpression of YUCCA6, a member of the YUCCA family of flavin monoxygenases 

which are involved in a rate limiting step in auxin biosynthesis, postponed chlorophyll 

degradation and delayed dark-induced senescence of detached leaves (Kim et al., 2011). 

Silencing of  phospholipase Dα, a phospholipid hydrolysing enzyme involved in 

membrane degradation, demonstrated reduced ion linkage, higher content of chlorophyll 

and with reduced yellowing, resulting in an overall delay in senescence of detached A. 

thaliana leaves, but effects were only observed when leaves were exposed to ethylene and 

abscisic acid and comparable periods of senescence were observed between transgenic 

wild type plants during light and dark-storage (Fan et al., 1997). This suggests hormone-

mediated senescence is an intricate process controlled by distinct signalling pathways.  

The roles of several transcription regulators in leaf senescence have also been 

experimentally validated (Table 4.1). Overexpression of the C-repeat/dehydration 

responsive element binding factor 2 (CBF2) transcription factor in A. thaliana has been 
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shown to delay senescence of detached leaves, influencing the expression of 286 genes, 30 

of which were known stress-related genes and several were transcription factors (Sharabi-

Schwager et al., 2010). Antisense silencing of deoxyhypusine synthase, involved in the 

synthesis of the amino acid hypusine, resulted in delayed senescence of attached and 

detached leaves (Wang et al., 2003). RNAi knockdown of a nuclear-localised CCCH-type 

zinc finger protein, OsDOS, in Oryza sativa elevated the jasmonic acid pathway and led to 

accelerated senescence of detached leaves, suggesting OsDOS is involved in the negative 

regulation of senescence (Kong et al., 2006). Through investigations of A. thaliana 

mutants, an F-box protein titled ORE9 was found to have accelerated post-harvest leaf 

senescence, by influencing the ubiquitin-dependent degradation of proteins which act to 

delay senescence (Woo et al., 2001). 
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Table 4.1 Effects of manipulating gene expression on detached leaf senescence 

Organism Gene and function description Reference 

Arabidopsis 

thaliana 

Silencing of phospholipase Dα, involved in membrane 

degradation, delayed senescence only when exposed to 

hormones ethylene and ascorbic acid 

Fan et al., 1997 

Nicotiana 

tabacum 

Overexpression of knotted1, a maize homeobox gene, 

via senescence-specific promoter delayed post-harvest 

senescence 

Ori et al., 1999 

Lactuca sativa Overexpression of isopententyl phospotransferase, 

involved in cytokinin biosynthesis, via  senescence-

specific promoter delayed post-harvest senescence 

McCabe et al., 2001b 

Lactuca sativa RNAi knockdown of XTH genes delayed post-harvest 

senescence  

Wagstaff et al., 2010 

Oryza sativa RNAi knockdown of OsDOS, encoding a CCCH-type 

zinc finger protein, accelerated post-harvest senescence 

Kong et al., 2006 

Arabidopsis 

thaliana 

Overexpression of YUCCA6, involved in auxin 

biosynthesis, delayed post-harvest senescence  

Kim et al., 2011 

Arabidopsis 

thaliana 

Overexpression of SAG101, an acyl hydrolase, 

accelerated post-harvest senescence 

He and Gan, 2002 

Arabidopsis 

thaliana 

Antisense silencing of deoxyhypusine synthase, 

involved in amino acid biosynthesis, delayed post-

harvest senescence 

Wang et al., 2003 

Arabidopsis 

thaliana 

Overexpression of WRKY53 transcription factor 

accelerated senescence and RNAi knockdown delayed 

senescence 

Miao et al., 2004 

Arabidopsis 

thaliana 

RNAi knockdown of CBF2 transcription factor delayed 

post-harvest senescence 

Sharabi-Schwager et 

al., 2010 

Arabidopsis 

thaliana 

Mutant investigations revealed that ORE9, an F-box 

protein acts to accelerate senescence of detached leaves  

Woo et al., 2001 
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4.2.2 Increasing the resolution of quantitative trait mapping 

The development of the dense molecular map and genomic resources now available for 

lettuce enables finer and more precise mapping of quantitative traits and the identification 

of candidate genes underpinning these traits. However, because of limited genetic variation 

and recombination in the experimental populations, QTL are typically resolved to 10-20 

cM intervals, which can contain up to thousands of genes  which cannot all be feasibly 

investigated (Zhu et al., 2008). Increasing population size and marker density can only go 

so far to improving the mapping resolution. Association mapping is an alternative 

approach in which mapping populations are developed from existing populations, 

exploiting all ancestral recombination events (Jourdan et al., 2015). Increased 

recombination within this population allows QTL detection at a greater resolution, 

enabling finer genetic dissection of quantitative traits, however population structure can 

result in a high false positive discovery rate of QTL and must be corrected for in the 

association analysis model (Zhu et al., 2008; Sterken et al., 2012).  

An approach which can be used to rationalise high numbers of candidate genes is candidate 

gene association mapping. As an alternative to scanning the whole genome, markers within 

genes predicted to influence the trait of interest are used for association analysis and 

selected polymorphisms such as single nucleotide (SNPs) are chosen based upon having an 

effect on the protein product or gene expression (Ehrenreich et al., 2009; Patnala et al., 

2013). In the field of genetic epidemiology studies, in which the approach has been 

commonly utilised, the selected polymorphism is evaluated in diseased and control 

subjects to test for associations of specific SNPs with the disease, to identify causative 

SNPs (Patnala et al., 2013). In recent years this approach has been exploited in plant 

studies, where it has been successful in identifying trait associations at the gene level (see 

Table 4.2). Two significant gene candidates were found to be associated with stalk rot 

resistance in sunflower (Talukder et al., 2014) and Jourdan et al. (2015) confirmed two 

gene candidates associated with carotenoid content of carrot cultivars.  

Both investigations described used cultivars to test for associations. As QTL may be 

population-specific, identifying molecular markers associated with a trait in commercially 

relevant population may be more informative to breeding programmes and are perhaps 

more likely to be applied in MAS programmes, because there is more support for the 

marker-trait association. Breeding a QTL from one cultivar into another, as opposed to 

utilising wild accession or breeding lines, may also accelerate MAS as domestication has 
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already selected against alleles which negatively impact on crop performance, so efforts to 

minimise linkage drag should be reduced.   

When utilising structured populations, it is important to control for underlying population 

structure and relatedness to avoid the detection of false positive associations, which result 

from relatedness as opposed to marker associations with the trait (Mackay & Powell, 

2007). Indeed, Simko et al. (2009) identified the presence of subpopulations in lettuce 

varieties relating to leaf type, which resulted in false-positive marker-trait  associations 

when population structure was not corrected for in the analyses. Mixed linear models 

(MLMs) incorporating population structure and kinship as covariates can be implemented 

in order to eliminate the occurrence of type 1 errors. With the candidate gene association 

approach, it is therefore customary to utilise two sets of markers; one containing a 

selection of markers within candidate genes and a separate panel of neutral background 

markers, distributed throughout the genome, for assessing population structure and 

relatedness (Table 4.2). 

In this Chapter, phenotype data previously collected on the L. sativa cv. Salinas x L. 

serriola (US96UC23) RIL mapping population  by Zhang et al. (2007), for a variety of 

shelf life and associated traits, was first analysed using the ultra-dense molecular marker 

map now available for linkage mapping in lettuce (Stoffel et al., 2012; Truco et al., 2013). 

QTL were detected and the recently published lettuce genome (Reyes-Chin-Wo et al., 

2017) was mined for candidate genes which may have an impact on shelf life. SNPs within 

a selection of the most promising gene candidates were genotyped in a panel of baby leaf 

lettuce cultivars and breeding lines for use in candidate gene association mapping, in an 

attempt to further dissect the genetic basis of shelf life in baby leaf lettuce.  
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Table 4.2 Candidate gene association mapping in plants 

Reference Details 

Ehrenreich et 

al., 2009 

Genotyped 51 SNPs in flowering time-associated genes in 275 

Arabidopsis thaliana accessions for candidate gene association 

analyses.  

Emanuelli et al., 

2010 

Investigated 102 polymorphic sites in a candidate gene for flavour in 

the Muscat grape family and detected associations in 148 grape 

varieties. 

Cardoso et al., 

2012 

Investigated associations between 140 SNPs in 15 candidate genes, 

including 10 genes involved in anthocyanin biosynthesis and transport 

and 5 transcription factors in 149 grape cultivars. 

Sukumaran et 

al., 2012 

Candidate gene association mapping for grain quality traits in 300 

sorghum accessions with 333 candidate SNPs. 

Yu et al., 2013 Genotyped 346 SNPs in 13 candidate genes comprising mostly of 

antioxidant enzymes in a diverse panel of 179 ryegrass accessions to 

identify associations with drought tolerance traits. 

Mantilla Perez 

et al., 2014 

Association analyses between traits for plant architecture and 263 SNPs 

within 26 candidate genes for brassinosteroid biosynthesis and 

signalling in 315 sorghum accessions. 

Talukder et al., 

2014 

187 polymorphic sites in 8 genes associated with Sclerotinia stalk rot 

resistance investigated in 260 cultivated sunflower lines to identify 

candidate gene associations. 

Jourdan et al., 

2015 

Investigated carotenoid accumulation in 380 diverse carrot cultivars by 

candidate gene association of 93 SNPs within 17 genes for carotenoid 

biosynthesis. 15 background markers used to assess population 

structure. 

Yu et al., 2015 Genotyped 192 ryegrass accessions for 346 SNPs in 18 candidate genes 

for freezing tolerance for candidate gene association.109 SSRs from 

used to assess population structure. 

  



Chapter 4 

122 

4.3 Material and methods 

4.3.1 Plant growth and phenotyping 

The association panel comprised 200 baby leaf advanced cultivars and breeding lines 

consisting of red and green romaine, oak leaf, multi-leaf, Tango and lollo rosso leaf types 

(Table 4.3; picture representatives for each leaf type can be viewed in Appendix C.1). 

Plants were grown under glass from April-May, 2016, with seedlings sown in 4x4 cm 

plugs in 6x8 plots. Plants were watered 2-3 times daily from above as required, with 

minimum temperatures averaging ~4.5°C and maximum temperature averaging 12°C and 

12-13 hours of daylight (no supplementary light given). After 7 weeks growth, individual 

plants were sampled from each plot for phenotype analyses.  

Table 4.3 Lettuce diversity panel 

Type Count Description 

Romaine 65 Tightly packed leaves, often serrated with a thick texture 

Cosberg 58 Cross between iceberg and baby cos (romaine) lettuce 

Oak leaf 26 Loose-leaf lettuce with serrated leaves 

Leaf lettuce 30 Early breeding lines - type unclassified 

Multi leaf 10 Frilly, multi-lobed leaves  

Lollo rosso 7 Loose-leaf lettuce with crinkled and fringed leaves, green at the base 

and deep read at the leaf tip 

Lollo verde 1 Light green, crinkled leaves 

Chinese  3 Elongated leaves with a serrated edge    

 

Three whole plants from each plot were harvested at random and the first, second and third 

true leaves were retained for shelf life analyses. The three leaves from each plant were 

washed in dH2O for ten seconds by submerging and using a clockwise swirling motion, 

prior to drying in a salad spinner for approximately one minute. The three leaves were then 

bagged together in clear plastic zip lock bags before randomised storage at 8°. End of shelf 

life was determined by visual inspection at 3pm daily, with bags rejected at first sight of 

decomposition. Total antioxidant potential of half of the first true leaf (left side, adaxial 

side facing up) of five plants (different from those investigated for shelf life) from each 

plot was measured using the Ferric Reducing Ability of Plasma (FRAP) assay (Benzie & 
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Strain, 1996; Payne et al., 2013). Leaves were taken from -80°C storage and ground to a 

fine powder in liquid nitrogen. Sap was extracted from a known quantity of leaf material 

(~200 mg) by centrifuging in QiaShredder® tubes (QIAGEN, UK) for 10 minutes at 

12,000rpm and quantity of sap extracted was estimated by weighing. The assay was 

conducted in flat-bottom 96-well microtitre plates using 5 μl of sap extract diluted with 5 

μl of dH2O. Following the addition of 300 μl of the FRAP reagent (300 mM acetate buffer 

pH 3.6, 10 mM 2,4,6-tripyridyl-s-triazine in 40 mM HCl and 20 mM ferric chloride 

hexahydrate at a ratio of 10:1:1), absorbance was measured at 620 nm using a plate-

reading spectrophotometer (Anthos Labtec Instruments, Austria). To calculate antioxidant 

capacity, internal standards of iron sulphate heptahydrate (FeII) ranging from 0.125-8 mM 

were used to generate a calibration curve and antioxidant potential was reported as FeII 

equivalents, mmol.g-1 fresh weight (FW). 

Biophysical properties of the leaves were tested using an Instron tensile strength 

instrument (5542 single testing column system) fitted with pneumatic clamps (Instron, 

UK). Half of the first true leaf (right side, adaxial side facing up) of five plants, which had 

been fixed in 30 ml of 50% (v/v) methanol before storage at 4°C, was rehydrated in 40 ml 

dH2O for 10 minutes on an oscillating platform. Leaves were blotted dry and strips 

measuring 5 mm x 15 mm were cut using blades attached to a customised Perspex block, 

to the right of the mid vein (adaxial side facing up) and 15 cm below the leaf tip. Strips 

were carefully secured to the Instron clamps using tweezers. The machine was 

programmed to apply two consecutive loads of 200 mN, before being extended to leaf 

breaking point at a rate of 5 mm.minute-1. Load extension was determined in preliminary 

tests by increasing the force applied in increments and plotting the reciprocal of elasticity, 

termed Young’s Modulus according to Cleland (1967), with the linear part of the curve 

considered the stable load range. The reversible (% elasticity) and irreversible (% 

plasticity) extensibility were determined according to Zhang et al. (2007); 

%𝑃 + %𝐸 = ( 
𝐴′ − 𝐴

𝐴
) ∗ 100 

%𝐸 =  (
𝐵′ − 𝐵

𝐵
) ∗ 100 

%𝑃 =  (%𝑃 + %𝐸) − (%𝐸) 

  

Where A, A’, B and B’ are taken on the X-intercept of a chordal modulus plotted at 0.2 N, 
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A measured on the first extension and A’ on the first relaxation, B measured on the second 

extension and B’ on the subsequent relaxation. 

For dry weight measurement, leaf discs measuring 0.78 cm3 were taken from the second 

true leaf of five individual plants using an apple corer, to the right of the mid vein and 

10mm from the leaf tip. Discs were placed into brown paper envelopes and dried in an 

oven for 72 hours at 80°C. Following drying, leaves were placed in a sealed container 

containing silica beads (Fisher Scientific, UK) to maintain drying until dry weight (DW) 

measurements were taken. Dried leaf segments were tweezed from the paper envelope into 

a weighing boat and measured using a fine balance. Values were recorded in grams to 4 

decimal places. The third true leaf from five replicates was imaged for leaf area (LA) as 

described in 3.3.1.3. Specific leaf area (SLA) was used as a measure of leaf thickness, 

determined by dividing leaf area by dry weight mass, using the following formula: 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 =
𝑙𝑒𝑎𝑓 𝑑𝑖𝑠𝑐 𝑎𝑟𝑒𝑎

𝑙𝑒𝑎𝑓 𝑑𝑖𝑠𝑐 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
=  

𝜋𝑟2

𝑙𝑒𝑎𝑓 𝑑𝑖𝑠𝑐 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

 

 

where r is the radius of the leaf disk (0.5 cm). After imaging for leaf area, total chlorophyll 

content of the third true leaf was measured non-destructively using a chlorophyll meter 

(CCM-200, Opti-Sciences, USA). The CCM-200 aperture was placed to the left of the 

mid-vein, 10mm from the leaf tip. The instrument measures the ratios of radiation 

transmitted through the lead at both 940 nm and 660 nm to estimate chlorophyll content on 

an area of 7.1 mm2. Epidermal imprints of the second true leaf of five replicates were taken 

from the left of the mid-vein, 10mm from the leaf tip, and analysed using the method 

described in 3.3.1.3. 

4.3.1.1 Statistical analyses 

One-way analysis of variance (ANOVA) was employed to detect significant differences in 

trait values using Minitab 18 (Minitab 18 Statistical Software, 2017), with Tukey pairwise 

comparisons post-hoc test. Box-Cox transformation was applied to data which did not 

follow a normal distribution and homogeneity of variances was confirmed using the 

Levene’s test in Minitab 18 before ANOVA. 

4.3.2 Candidate gene selection 

Candidate genes were identified from QTL analysis utilising the L. sativa cv. Salinas x L. 

serriola (US96UC23) RIL population (Truco et al., 2007) and phenotype data collected in 
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2003 from two field trials on commercial farms (Zhang et al., 2007) using the method 

described in 2.3.6. Data for 18 traits, governing physiological, biochemical and biophysical 

leaf properties were measured in two independent field trials on commercial farms in both 

the UK (Pinglestone Farm, Hampshire) and Portugal (Boavista Farm, Odemira; Zhang et 

al., 2007) and re-analysed using the updated, dense molecular marker map available for 

linkage analysis (Truco et al., 2013).  

Ten key QTL for shelf life-associated traits were selected for in-depth analysis. Criteria for 

selection was based upon a QTL explaining a high percentage of the phenotypic variation 

for a particular trait or instances of QTL co-locations, where multiple QTL mapped to the 

same genomic region. Instances where QTL for shelf life from differing environments co-

located to the same region were also investigated, as they are considered the most robust 

and promising for the application to breeding. All regions under investigation were given a 

unique ID code to aid referencing, in accordance with the proposed nomenclature 

(Michelmore, personal communication). For single QTL, this ID code consisted of “q” for 

“QTL” followed by a three letter code to describe the trait (for example, “SLP” meaning 

shelf life measured from the Portugal field trial), followed by the linkage group (LG) the 

QTL was mapped to and the number of this particular QTL in order along the LG (for 

example, “3.37” means the QTL was on LG 3 and was the 37th QTL on the LG, ranked 

from 0 cM onwards).  

Genes underlying QTL were identified from the lettuce genome v5 (Reyes-Chin-Wo et al., 

2017) in nBLAST searches against A. thaliana and S. lycopersicum, as described in 2.3.6. 

To identify candidates amongst the annotated BLAST hits which may be associated with 

shelf life, a string of search terms was determined using information from previous 

literature searches on genes that could plausibly affect leaf properties (see section 4.2.1) of 

enzymes and carbohydrates that could impact on shelf life, with key terms such as 

cellulose, xyloglucan, cell division, plant hormones, expansin and cell extension searched 

for in the total gene list (for complete list of terms see: Appendix C.3). The Lactuca 

genome is referenced according to the nomenclature developed by the Michelmore 

laboratory at UC Davis (Michelmore, personal communication). This includes information 

of the unique gene model code (gn) and genomic scaffold in which the gene model resides, 

for example “Lsat_g_3_3697_gn_110520” can be read as follows; L. sativa reference 

genome, chromosome 3, scaffold 3697, gene model 110520. 
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4.3.3 SNP genotyping 

A total of 243 SNPs within 218 of the most promising candidate genes from the ten QTL 

regions were selected for genotyping, referred to as the “candidate SNP dataset”, which 

also included 22 SNPs within candidate genes for antioxidants identified in Chapter 2. 

Where possible, the SNP selected for genotyping was located in the coding region of the 

gene and nonsynonymous SNPs were prioritised, determined using the Variant Effect 

Predictor (VEP) tool (McLaren et al., 2016). Resequencing data from 28 L. sativa cultivars 

and two L. serriola accessions (International Lactuca Genomics Consortium) were utilised 

to determine if SNPs were likely to be polymorphic in the diversity panel. Five SNPs 

distributed throughout each linkage group were also randomly selected, to act as neutral 

markers for assessing population structure and relatedness, denoted as the “Background 

SNP dataset”. A total of 45 SNPs were chosen within the coding sequence of putative 

genes and the VEP tool was used to select SNPs likely to have low impact on the gene, to 

act as neutral markers for determining population structure and kinship. SNPs were 

genotyped using the KASPar SNP genotyping chemistry (LGC, France), with custom 

primers designed flanking each of the 288 SNPs. From the panel of 200 lines, 92 were 

selected for genotyping, to include a variety of types with extreme phenotype values and 

minimal trait variation within genotypes (Appendix C.2). SNPs were filtered to remove 

those with >10% missing data, discounting 22/243 candidate SNPs and 2/45 background 

SNPs. SNPs were then filtered to remove those with a minor allele frequency of <5%, 

discounting a further 114 candidate SNPs and 14 background SNPs, generating a candidate 

gene SNP dataset (CG SNPs) with 107 SNPs and a background SNP dataset (BG SNPs) 

with 29 SNPs (see Appendix C.4).  

4.3.4 Population structure and relatedness 

Population structure was determined using the BG SNPs dataset in STRUCTURE 

(Pritchard et al., 2000), by simulating 1 to 15 subpopulations (K) with 10 iterations per K, 

and a Burn-in length of 100,000 followed by 200,000 Markov Chain Monte Carlo 

replications. Optimal K was determined from the highest Delta K value according to 

Evanno et al. (2005), which was retrieved from the STRUCTURE output using Structure 

Harvester (Earl & VonHoldt, 2012), along with the Q-matrices for the optimal K which 

estimates sub-population membership. A kinship matrix was calculated in TASSEL 5 

(Bradbury et al., 2007) using the BG SNP dataset and the centred IBS method. The neutral 

genetic variance was also assessed in a principal component analysis (PCA) using the 
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prcomp function in R v3.2.2 (R Core Development Team, 2008) with significant principal 

components identified using a broken stick model, implemented in R (Appendix C.5). The 

PCA loading plot can be viewed in Appendix C.10. 

4.3.5 Candidate gene association analysis 

Candidate gene association was conducted for the 15 traits measured in the association 

panel (shelf life, maximum load, chlorophyll content measurement, elasticity, plasticity, 

the ratio of elasticity:plasticity, epidermal cell area, epidermal cell perimeter, epidermal 

cell number, stomatal density, stomatal index, leaf area, dry weight, specific leaf area and 

antioxidant potential). Trait data were normalised using log or square root transformation 

when required. Six models were considered for association analysis; a simple general 

linear model (GLM), using the significant PCs as covariates (P-model), a GLM using the 

Q-matrix as a covariate (Q-model), mixed linear model (MLM) considering the kinship 

matrix (K model), a MLM considering both Q and kinship matrices (Q+K model) and an 

MLM considering kinship and significant PCs (P+K model). Using the ‘coxme’ (Therneau, 

2015) and ‘MuMIn’ (Barton, 2014) packages in R v3.2.2, the optimal model was selected 

for each trait by calculating the Bayesian Information Criterion (BIC) to compare log-

likelihood values for each model, with the model with the lowest BIC value selected as the 

most optimum. Association analyses were conducted in TASSEL 5 and quantile-quantile 

(QQ) plots were drawn using the R package ‘qqman’ (Turner, 2014). Significant marker-

trait associations were identified after P value adjustment for multiple testing using the 

false discovery rate (FDR) correction (also known as Benjamini and Hochberg correction). 

Linkage disequilibrium (LD) analysis was also implemented in TASSEL 5, using the CG 

and BG SNP datasets. LD was measured as r2, (correlation coefficient between two 

markers) and D’(the disequilibrium coefficient (Chen et al., 2006; Sehgal et al., 2016). The 

complete candidate gene association mapping workflow is summarised in Figure 4.2. 
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Figure 4.2 Candidate gene association mapping for shelf life traits 

4.4 Results 

4.4.1 Trait variation observed in commercial panel 

Phenotypic variation was observed for all traits in the commercial panel (Figure 4.3). Shelf 

life varied from 3.67±1.20 days to 22.67±11.89 days with an average of 11.33±0.20 days 

(Appendix C.6) and significant differences were observed depending on leaf colour (Figure 

4.4) and variety type (Appendix C.7) for most traits. Shelf life was significantly higher in 

green varieties than red or mixed leaf colour types (One-way ANOVA, F2, 171= 6.45, 

P<0.005; Figure 4.4A), whilst total antioxidants were almost halved in green types in 

comparison to red and mixed types (F2, 191= 36.18, P<0.001; Figure 4.4B). Both elasticity 

and plasticity were lower in green leaf types in comparison to red (F2, 180= 34.22, P<0.001; 

Figure 4.4E and F2, 180= 11.31, P<0.001; Figure 4.4F, respectively) and leaf area was 

higher (F2, 166= 6.07, P<0.01; Figure 4.4H). Stomatal density was higher in red types than 

green or mixed leaf varieties (F2, 165= 7.10, P<0.001; Figure 4.4K) and stomatal index was 

higher for green types than red or mixed (F2, 165= 4.70, P<0.01; Figure 4.4L). The green 

leaf lettuce type had a significantly higher shelf life than red oak leaf, red cosberg and red 
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cosberg-gemburg types (F12, 156= 3.63, P<0.001; Appendix C.7A), whist antioxidant 

content was significantly lower in green cosberg, green leaf and green romaine types in 

comparison to red leaf, lollo rosso or red romaine (F12, 173= 14.78, P<0.001; Appendix 

C.7B). 

Shelf life was found to be significantly positively correlated with chlorophyll content 

(P<0.05), maximum load (P<0.001) and dry weight (P<0.05) and negatively correlated 

with plasticity (P<0.05), leaf area (P<0.001) epidermal cell area (P<0.05) and antioxidant 

content (P<0.01; Table 4.4). Maximum load, used as a measure of cell wall strength, was 

strongly positively correlated with elasticity (P<0.001), but negatively correlated with 

plasticity (P<0.001), which are measures of reversible and irreversibly cell wall 

extensibility, respectively (Table 4.4). Dry weight was positively correlated with maximum 

load (P<0.001), which may indicate more polysaccharides are partitioned to the cell wall in 

stronger leaves. 
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Figure 4.3 Frequency distribution of traits in the commercial panel 

Distribution of shelf life (A), antioxidant potential (B), chlorophyll content index (C), 

maximum load (D), elasticity (E) , plasticity (F), elasticity:plasticity (G), leaf area (H), dry 

weight (I), specific leaf area (J), stomatal density (K), stomatal index (L), epidermal cell 

number (M), epidermal cell area (N) and epidermal cell perimeter (O) traits in the 

commercial panel. 
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Figure 4.4 Trait variation by leaf colour 
Comparison of shelf life (A), antioxidant potential (B), chlorophyll content index (C), 

maximum load (D), elasticity (E) , plasticity (F), elasticity:plasticity (G), leaf area (H), dry 

weight (I), specific leaf area (J), stomatal density (K), stomatal index (L), epidermal cell 

number (M), epidermal cell area (N) and epidermal cell perimeter (O) traits in the 

commercial panel depending on leaf colour. Bars represent mean ± standard error and are 

coloured according to leaf colour, with an orange fill for mixed red and green leaf 

varieties. Different letters above each bar represent significant differences, with P value 

displayed below and absence of letters means no significant differences were observed. 
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Table 4.4 Pearson’s correlation coefficient analysis 

Significant associations denoted *P<0.05; **P<0.01; and ***P<0.001. SL, shelf life, CHL, chlorophyll content, ML, maximum load, E:P, 

elasticity:plasticity, E, elasticity, P, plasticity, ECA, epidermal cell area, ECP, epidermal cell perimeter, SD, stomatal density, SI, stomatal index, LA, leaf 

area, DW, dry weight, SLA, specific leaf area and ECN, epidermal cell number. 

 SL CHL ML E:P E P ECA ECP SD SI LA DW SLA ECN 

CHL 0.202 

* 

             

               

ML 0.319 

*** 

0.621 

*** 

            

               

E:P -0.189 

* 

-0.293 

*** 

-0.319 

*** 

           

E -0.013 0.087 0.355 

*** 

0.457 

*** 

          

P -0.196 

* 

-0.317 

*** 

-0.375 

*** 

0.995 

*** 

0.364 

*** 

         

ECA 0.127 0.08 0.181 

* 

-0.141 -0.032 -0.144 
        

ECP -0.116 -0.27 

*** 

-0.378 

*** 

0.076 -0.156 

* 

0.098 0.699 

*** 

       

SD -0.043 0.132 0.121 -0.009 0.153 

* 

-0.027 -0.747 

*** 

-0.743 

*** 

      

SI 0.082 0.256 

*** 

0.26 

*** 

-0.311 

*** 

0.026 -0.331 

*** 

0.219 

** 

0.134 0.188 

* 

     

LA -0.284 

*** 

-0.389 

*** 

-0.643 

*** 

0.119 -0.336 

*** 

0.166 

* 

-0.139 0.275 

*** 

0.019 -0.051 
    

DW 0.188 

* 

0.453 

*** 

0.522 

*** 

-0.197 

* 

0.18 

* 

-0.229 

** 

0.082 -0.214 

** 

0.133 0.153 

* 

-0.323 

*** 

   

SLA -0.114 -0.438 

*** 

-0.522 

*** 

0.257 

** 

-0.153 0.289 

*** 

-0.072 0.219 

** 

-0.13 -0.184 

* 

0.318 

*** 

-0.919 

*** 

  

ECN -0.203 

* 

-0.26 

*** 

-0.44 

*** 

0.157 

* 

-0.141 0.182 

* 

-0.602 

*** 

-0.326 

*** 

0.594 

*** 

-0.171 

* 

0.718 

*** 

-0.224 

** 

0.229 

** 

 

AO -0.209 

** 

-0.42 

*** 

-0.434 

*** 

0.272 

*** 

0.054 0.279 

*** 

-0.327 

*** 

-0.042 

 

0.157 

* 

-0.261 

*** 

0.197 

* 

-0.327 

*** 

0.332 

*** 

0.317 

*** 
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4.4.2 Candidate genes for shelf life 

A total of 226 QTL were detected for shelf life (53 QTL), biophysical leaf properties (43 

QTL) and leaf architectural traits (130 QTL; Table 4.5). QTL were distributed across the 9 

LGs, but LGs 3 (~175 cM) and 8 (~204 cM) harboured the most QTL and LG 9 had the 

least (~159 cM; Figure 4.5). QTL distribution can be seen in Table 4.5 and an extended 

Table detailing all QTL detected for all shelf life-associated traits can be seen in Appendix 

C.8.  

Table 4.5 Summary of QTL detected for shelf life-associated traits 

  
Trait Trait abbreviation 

Number of QTL 

detected 

 Shelf life Shelf life (final, day 1-14) SL, SL_D1-14 53 

Biophysical 

Elasticity E 12 

Plasticity P 11 

Elasticity:Plasticity E:P 11 

Maximum load ML 9 

Leaf 

architecture 

Epidermal cell area ECA 14 

Epidermal cell number ECN 9 

Stomatal density SD 16 

Stomatal index SI 11 

Leaf area LA 37 

Fresh weight FW 4 

Dry weight DW 9 

Fresh weight:dry weight FW:DW 13 

Specific leaf area SLA 7 

Absolute/relative growth 

rate 

AGR 
4 

Biochemical 
Osmolarity OSM 1 

Chlorophyll content CCI 5 

 Total  226 
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Figure 4.5 QTL distribution compared to chromosome size 

Bars represent the number of QTL detected from chromosome in comparison to 

approximate chromosome size in Mbp, shown by the solid line. 

 

Ten regions were selected for in-depth candidate gene mining, three on LG 3, two on LG 

4, two on LG 6, and three on LG 8 (Table 4.6 and Figure 4.6). This included two large-

effect QTL for SL on LG 3 accounting for 38% (qSLP3.37) and 42% (qSLP3.32-36) of the 

phenotypic variance (PV) along with a region in which QTL for SL in both the UK and 

Portugal field trials co-located with LA (q3.27-32). On LG 4, three QTL for SL (q4.8-10) 

which mapped to the same position and a region containing co-localising QTL for SL, LA, 

ECN and SI traits (q4.10-15) were selected. A QTL for SL (qSLU6.2; 24.93% PV) and 

region containing co-locating QTL for SL and LA (q6.7-12) were selected on LG 6 and 

three regions on LG 8 each containing QTL for SL mapping to the same region as ECA 

and FW (q8.12-14), ECN and FW:DW (q8.17-19) and QTL for SL detected from both 

Portugal and UK field trials (q8.33-38). A linkage map displaying all QTL is shown in 

Figure 4.6, with the 10 regions selected for further analysis highlighted.   
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Table 4.6 QTL selected for candidate gene mining 

   

Portugal trial UK trial 

QTL ID Trait LG1 LOD2 Variance3 

(%) 

Additive4  Position 

(cM) 

LOD Variance 

(%) 

Additive  Position 

(cM) 

q3.27-32 LA 3 

    

4.22 14.24 -425.56 104.81  

LA_L6 3 

    

3.79 15.1 -463.02 101.02  

SL_D14 3 1.72 5.51 0.07 106.53 

    

 

SL_D12 3 

    

2.69 14.97 -0.18 106.53  

SL_D13 3 

    

2.89 32.67 -0.17 109.53 

qSLP3.32-36 SL_D7 3 6.04 42.71 0.44 119.21 

    

 

SL_D13 3 3.36 12.91 0.16 124.13 2.63 18.27 -0.1 122.13 

qSLP3.37 SL_D13 3 6.92 38.15 -0.2 134.67 

    

q4.8-10 SL_D11 4 3.74 23.4 -0.2 66.01 

    

 

slpor-

day12 

4 2.98 15.73 -0.13 66.01 

    

 

SL(Mean) 4 4.34 15.54 -0.70 66.01 

    

q4.10-15 ECN_L8 4 3.73 12.57 -81.79 87.99 

    

 

LA_o 4 

    

4.15 15.67 -99.71 87.99  

SI_L2 4 6.14 23.09 -1.79 88.99 

    

 

SL_D7 4 3.45 18.94 -0.21 88.99 

    

 

ECN_L5 4 7.16 24.31 -89.11 89.52 

    

qSLU6.2 SL_D11 6 

    

5.62 24.93 1.02 89.67 

q6.7-12 SL_D8 6 

    

3.75 16.86 0.21 104.95  

SL_D13 6 2.81 9.89 -0.07 107.51 

    

 

LA_L8 6 4.25 17 527.75 109.51 

    

 

LA 6 5.66 22.29 425.42 110.59 

    

 

LA_L7 6 4.99 20.9 529.66 112.59 

    

q8.12-14 ECA_L8 8 

    

7.4 28.2 -308.77 27.42  

SL-P 8 3.36 14.14 -1.03 29.41 

    

 

FW_L4 8 3.93 16.01 -0.1 32.41 

    

q8.17-19 DWP_L4 8 4.55 16.19 -0.58 71.05 

    

 

SL_D7 8 

    

4.01 18.6 -0.21 73.33  

ECN_L8 8 4.07 16.14 0.73 76.33 

    

q8.33-38 SL 8 5.49 21.49 0.86 148.96 

    

 

SL_D10 8 3.58 15.93 0.21 149.81 
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SL_D8 8 

    

4.54 20.34 0.23 149.81 

  SL-P 8 5.83 27.12 1.46 150.81 3.21 13.24 0.85 150.81 

1 LG. Linkage group on which QTL was detected 

2 LOD. Logarithm of odds score. 1 LOD = 0.217(likelihood ratio) 

3 Variance. Percentage of phenotypic variance explained by the QTL 

4 Additive. The additive effect is the effect of substituting a L.serriola allele for a L.sativa 

allele. Positive values indicate that L.sativa increases the trait value and negative values 

indicate that L.serriola increases trait values. Position of the QTL peak in centimorgans 

(cM). 

 

For each of the ten genomic regions selected for further investigation, containing QTL 

explaining a high percentage of the phenotypic variance (>20%), or QTL for the same trait 

measured in different trials co-locating to the same position, candidate genes were 

identified. The genes in these genomic regions were identified utilising the lettuce genome 

by identifying gene homologues of the relatively well annotated Arabidopsis thaliana and 

the most closely related sequenced species to lettuce at the time of analyses; Solanum 

lycopersicum, as detailed in Chapter 2. Table 4.7 shows the approximate size of the 

genomic region underlying each QTL of interest, followed by the number of gene models 

identified in this region via BLAST searches against both the Arabidopsis and S. 

lycopersicum genomes. In every case, a greater number of genes were identified in 

searches made against the S. lycopersicum genome (1820 genes total) compared to 

Arabidopsis (1403 genes total), which is perhaps to be expected given the greater degree of 

relatedness between the Compositae and Solanaceae families.  

Candidate genes were identified in BLAST searches against A. thaliana and the more 

closely related but less extensively annotated genome of S. lycopersicum. From over 1500 

total genes underlying the QTL with an average of 18 genes/cM, a total of 218 candidate 

genes were selected based on annotated gene function with the majority of the genes 

functioning in cell wall modification, carbohydrate metabolism, hormone responses and 

genes that may affect cell size and therefore leaf composition (Appendix C.3). A SNP 

assay with 288 total targets was designed, comprising of 243 SNPs within 218 candidate 

genes, the CG SNP dataset, and 45 background markers for estimating population 

structure, the BG SNP dataset. After SNP filtering, 136 SNPs remained; 29 in the BG SNP 

dataset and 107 in the CG SNP dataset, within 99 of the candidate genes. The complete CG 

and BG SNP datasets can be viewed in Appendix C.4.  
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Figure 4.6 QTL regions selected for candidate gene mining 

Bars represent linkage groups (chromosomes), with marker ID to the right of the bar and 

position (cM) on the right. Bars represent 1-LOD intervals, with error bars showing the 2-

LOD interval. Bar colour denotes experimental trial trait data was collected from, with red 

bars indicating traits measured in the UK and blue from the Portugal trials. Filled bars 

indicate allele inheritance from the wild parent (L. serriola) increases trait value and cross-

hatching demonstrates allele inheritance from the cultivated parent (L. sativa cv. Salinas) 

increases trait value. The QTL of interest are highlighted with a black box (see page xv for 

trait abbreviations). 
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Table 4.7 Candidate gene mining of 10 QTL regions 

QTL ID 
QTL size 

(cM) 

S. lycopersicum 

total number of hits 

A. thaliana total 

number of hits 

Total 

candidate 

genes 

qSLP3.37 2.20 35 33 3 

qSLP3.32 9.00 175 142 25 

q3.27-32 4.79 175 117 10 

q4.8-10 10.40 171 167 35 

q4.10-15 7.90 217 142 28 

qSLU6.2 6.60 175 106 19 

q6.7-12 18.48 128 106 17 

q8.33-38 5.10 87 68 24 

q8.12-14 23.13 405 318 52 

q8.17-19 16.27 252 204 47 

 

4.4.3 Population structure  

Population structure was estimated using the background SNP dataset implemented in 

STRUCTURE. The 92 lines of the commercial breeding panel divided into two major sub-

populations (K), with K=2 having the highest delta K (∆K) value (761.31) used as a basis 

for selection (Figure 4.7B; Evanno et al. 2005). The second highest ∆K was for K=8 

(21.60) for which the plot can be viewed in Appendix C.9. The genotypes appeared to 

group into sub-populations depending on type. The eleven red cosberg-germberg lines 

were found to cluster almost entirely into sub-population 2, along with six out of the seven 

red oak leaf types (Figure 4.7A). Green and red cosberg types showed contrasting sub-

population clustering, with both green lines grouping into sub-population 2, and nine out of 

the ten red cosberg lines grouping into sub-population 1. The five lollo rosso types 

analysed grouped almost entirely into sub-population 1 and were shown to cluster by 

principal component analysis (PCA, Appendix C.10) and the red multileaf, green multileaf 
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and green leaf types clustered into sub-population 2. Admixture was observed in the red 

and green romaine, red leaf and green and red tango types (Figure 4.7A).  

 

 

Figure 4.7 Estimating population structure of the commercial panel 

The population structure of 92 genotypes of the commercial panel was estimated using 29 

neutral SNPs in STRUCTURE. (A) subpopulation membership for K=2, with grey bars 

representing sub-population 1 and blue sub-population 2. (B) delta K plot for selecting 

optimum number of K.  
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4.4.4 Candidate gene association analysis 

In order to select the most appropriate model for association analysis, the log-likelihood 

values were compared with the Bayesian information criterion (BIC) for each trait and six 

putative models; simple linear model, P-model incorporating the significant principal 

components (PCs) PC1 and PC2, representing a combined ~55% of the neutral genetic 

variation (for broken stick model scree plot, see Appendix C.8), K-model including the 

kinship (K) matrix as a covariate, Q-model incorporating the K-1 Q-matrix as a covariate 

and both P+K and Q+K-models incorporating both kinship and significant PCs or Q-

matrices, respectively (Table 4.8).  

For most traits (11/15) it was necessary to control for underlying population structure. For 

four traits (dry weight, epidermal cell number, max. load and specific leaf area) the P-

model was selected and the Q-model was selected for two traits (epidermal cell area and 

stomatal density; Table 4.8). A MLM considering K only was selected for two traits 

(elasticity:plasticity and plasticity) and the P+K-model was selected for three traits 

(antioxidants, chlorophyll content and leaf area, Table 4.8). A simple GLM without 

population structure correction was determined to be the best model for association 

analyses of traits shelf life, elasticity, epidermal cell perimeter and stomatal index 

according to the BIC score.  

For each of the six models, model fit was visually examined by drawing QQ plots of the 

observed versus expected P value distribution (Figure 4.8). In a number of cases, the model 

selected by BIC appeared to be over-fitting (points deviate below the expected red line) or 

under-fitting (points deviating above the expected red line), suggesting under or 

overestimation of significant associations, respectively. For example, for antioxidants 

(Figure 4.8B) the selected model (MLM with P+K covariates, respectively) appeared to be 

over-fitting the data and for traits such as chlorophyll content (Figure 4.8C) and maximum 

load (Figure 4.8D) none of the six models tested appeared to be a good fit (QQ plots for 

the six models tested for all traits can be seen in Appendix C.11).    
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Table 4.8 Trait-by-trait association model selection using BIC 

Trait Simple linear 

model (GLM) 

P-model  

(GLM + P) 

Q-model  

(GLM + Q) 

K-model  

(MLM + K) 

P+K-model  

(MLM + P + K) 

Q+K-model  

(MLM + Q + K) 

Antioxidant potential 1112.175 1097.06 1090.947 1073.843 1053.429 1067.519 

Chlorophyll content 192.3156 168.5977 182.8917 149.8337 146.538 153.6892 

Dry weight -1146.661 -1152.385 -1149.011 -1138.374 -1108.644 -1119.514 

Elasticity -170.6087 -165.2748 -166.4185 -164.9895 -157.4251 -157.2351 

Epidermal cell area -49.03878 -47.80332 -53.25851 -43.69156 -38.06482 -39.18694 

Epidermal cell number 19.93587 4.776453 7.255732 9.435937 11.3668 13.34815 

Epidermal cell perimeter -115.8771 -114.454 -111.6174 -108.3292 -102.7634 -101.363 

Elasticity:plasticity -56.17028 -52.78001 -52.61519 -58.48033 -51.93677 -51.78361 

Leaf area 1551.147 1518.258 1539.568 1510.887 1474.746 1499.325 

Maximum load -4.762233 -29.55565 -8.699137 -27.56094 -25.61123 -21.94219 

Plasticity -21.40314 -19.71265 -17.85125 -25.07397 -19.21483 -18.79087 

Stomatal density -48.90895 -47.0811 -50.59377 -47.67223 -42.45671 -43.44778 

Stomatal index -244.1094 -237.395 -240.3967 -238.1641 -228.341 -230.3756 

Shelf life -78.0071 -78.00415 -73.51475 -74.15344 -69.24188 -67.28807 

Specific leaf area -150.6705 -156.9701 -154.4022 -156.1244 -149.4771 -148.8121 

The model with the lowest Bayesian Information Criterion (BIC) value chosen for association analysis is highlighted in blue for each trait. “GLM” is 

General Linear Model, “MLM” is Mixed Linear Model, with “P” significant principal components, “Q” Q-matrices determined using STRUCTURE and 

“K” Kinship matrix, incorporated as covariates in the models
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Figure 4.8 QQ-plot for selected model for each of the 15 traits 

Plots for the model selected according to BIC value, with A; shelf life, B; antioxidants, C; 

chlorophyll, D; maximum load, E; elasticity, F; plasticity, G; elasticity:plasticity, H; leaf 

area, I; dry weight, J; specific leaf area, K; stomatal density, L; stomatal index, M; 

epidermal cell number, N; epidermal cell area and O; epidermal cell perimeter.  

 

Association analyses were conducted in TASSEL using the optimal model selected by BIC 

analyses. A total of 22 significant candidate gene marker-trait associations (MTAs) were 

identified for chlorophyll content (2), maximum load (7), stomatal density (1), stomatal 

index (9) and specific leaf area (3) traits (Table 4.9), after FDR P value correction. For 

stomatal density, stomatal index and specific leaf area traits, where the model selected 

according to the BIC appeared to fit well to the data, FDR of P<0.05 was applied and for 

chlorophyll content and maximum load, a more stringent threshold of P<0.01 was set for  

determining significant MTAs. Chlorophyll content was significantly associated with a 

SNP within the DWARF-1 gene involved in brassinosteroid biosynthesis (Choe et al., 

1999), with an R2 value (describing the percentage of variance explained) of 25.43% and a 
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SNP within SHEPHERD involved in shoot apical meristem expansion (Ishiguro et al., 

2002), with an R2 of 21.25% (Table 4.9). These two SNPs were within ~3.14 Mbp of each 

other and were determined to be in LD (r2 = 0.70, D’ = 1). For maximum load, two MTAs 

were identified for SNPs on chromosome 3 within ascorbate peroxidase (APX), an enzyme 

antioxidant and a MYB transcription factor (MYB44), involved in the regulation of salt 

stress signalling (Persak & Pitzschke, 2014). Associations explained 18.56% and 20.76% 

of the variation in maximum load for APX and MYB44, respectively (Table 4.9). Despite 

demonstrating a relatively low average r2 value of 0.39, the average D’ between these 

SNPs, which were approximately ~39 Mbp apart, was 0.74, suggesting these SNPs were in 

LD. The other five SNPs associated with maximum load were on chromosome 8, including 

a senescence associated gene (SAG12), an auxin response factor, TONNEAU 1B (TON1B) 

involved on microtubule formation and cell division (Azimzadeh et al., 2008) and two 

SNPs within FAR-RED ELONGATED HYPOCOTYLS 3 (FHY3), with R2 values ranging 

from 11.93-19.12% (Table 4.9). The SNPs on chromosome 8 were in strong LD with each 

other according to the average D’ value (D’ = 1, r2 = 0.37) and were also in LD with the 

two SNPs on chromosome 3 (D’ = 0.79, r2 = 0.094). 

A SNP within an early response to dehydration stress family protein (ERD) on 

chromosome 8 was significantly associated with stomatal density, with an R2 of 16.72% 

(Table 4.9). Nine MTAs were found for stomatal index, including a SNP within APX (R2 = 

16.79%), a leaf senescence-like protein (R2 = 9.54%) and two SNPs ~4000 bp apart within 

ALTERED XYLOGLUCAN 4-LIKE (R2 of 13.02% and 9.54%) involved in xyloglucan 

modification (Schultink et al., 2014) on chromosome 3 (Table 4.9). These SNPs showed 

strong LD (r2 = 0.51, D’ = 0.80). On chromosome 8, SNPs within 4 candidate genes 

demonstrated significant MTAs, including SHEPHERD (R2 = 16.83%), DWARF 1 (R2 = 

25.29%), two SNPs in FHY3 (R2 = 25.78%) and INDETERMINATE(ID)-DOMAIN 14 

(IDD14), a transcription factor regulating auxin biosynthesis and transport (Cui et al., 

2013; R2 = 14.81%, Table 4.9). The SNPs with significant MTAs with stomatal index on 

chromosome 8 were in moderate LD with the SNPs on chromosome 3 (average r2 = 0.03, 

D’ = 0.68) and strong LD with each other (average r2 = 0.56, D’ = 0.84), according to the 

D’ measure. For specific leaf area, used as a measure of leaf thickness, a SNP within 

MYB44 (R2 = 12.56%) and two SNPs in FHY3 (R2 = 12.54%) were significantly associated 

(Table 4.9). The two SNPs within FHY3 on chromosome 8 demonstrated strong LD (r2 = 1, 

D’ = 1) and moderate LD with the SNP in MYB44 on chromosome 3 (r2 = 0.09, D’ = 0.83) 

according to D’. Intra-chromosomal LD was plotted, suggesting a drop below an r2 of 0.2 

at ~25 Mbp (Figure 4.9).  
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Table 4.9 Significant marker-trait associations 

Trait SNP Genea Chrb Posc (Mbp) MAFd P valuee  FDRf R2 

(%) 

SNP 

allele 

Effect
g 

Chlorophyll  LE_SNP_Q00158 DWARF 1 (DWF1)  8 51.11 0.18 1.02E-04 1.06E-02 25.43 A 2.27 
     

 
   

G 1.75  
LE_SNP_Q00483 SHEPHERD (SHD) 8 47.97 0.18 4.50E-04 1.70E-02 21.25 A 2.18 

                  G 1.76 

Max. load LE_SNP_Q00330 Ascorbate peroxidase (APX) 3 118.87 0.29 1.27E-06 3.30E-05 18.56 A 0.23 
     

 
   

G -0.01  
LE_SNP_Q00264 MYB44 3 157.81 0.37 1.85E-07 1.92E-05 20.76 A -0.12 

     
 

   
G 0.12  

LE_SNP_Q00466 SENESCENCE-ASSOCIATED GENE 12 

(SAG12) 

8 30.26 0.26 1.14E-05 1.98E-04 15.94 A -0.53 

     
 

   
G -0.37  

LE_SNP_Q00188 Auxin response factor 16  8 31.73 0.26 2.58E-05 3.83E-04 14.93 A -0.51 
     

 
   

G -0.37  
LE_SNP_Q00497 TONNEAU 1B (TON1B) 8 32.92 0.26 1.14E-05 1.98E-04 15.94 A -0.53 

     
 

   
G -0.37  

LE_SNP_Q00445 FAR-RED ELONGATED HYPOCOTYLS 

3 (FHY3) 

8 52.03 0.20 7.80E-07 2.70E-05 19.12 C -0.53 

     
 

   
G -0.33  

LE_SNP_Q00157 FAR-RED ELONGATED HYPOCOTYLS 

3 (FHY3) 

8 52.03 0.20 7.80E-07 2.70E-05 19.12 A -0.33 

                  G -0.53 

Stomatal LE_SNP_Q00219 Early-responsive to dehydration stress 

family protein (ERD) 

8 94.96 0.22 2.50E-04 2.60E-02 16.71 A -0.05 

 density                 G -0.22 

Stomatal LE_SNP_Q00330 Ascorbate peroxidase (APX) 3 118.87 0.29 4.05E-04 8.42E-03 16.79 A 0.03 

index 
    

 
   

G 0.07  
LE_SNP_Q00355 Leaf senescence protein-like  3 171.93 0.11 3.42E-03 3.95E-02 9.54 C 0.06 

     
 

   
G 0.00 
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LE_SNP_Q00246 ALTERED XYLOGLUCAN 4-LIKE 

(AXY4L) 

3 173.47 0.11 2.66E-03 3.95E-02 13.02 A -0.04 

     
 

   
C 0.06      

 
   

G 0.00 

  LE_SNP_Q00107 ALTERED XYLOGLUCAN 4-LIKE 

(AXY4L) 

3 173.48 0.11 3.42E-03 3.95E-02 9.54 A 0.06 

     
 

   
G 0.00  

LE_SNP_Q00483 SHEPHERD (SHD) 8 47.97 0.18 3.98E-04 8.42E-03 16.83 A 0.20 
     

 
   

G 0.16  
LE_SNP_Q00158 DWARF 1 (DWF1)  8 51.11 0.18 4.17E-06 1.45E-04 25.29 A 0.21 

     
 

   
G 0.16 

  LE_SNP_Q00445 FAR-RED ELONGATED HYPOCOTYLS 

3 (FHY3) 

8 52.03 0.20 3.13E-06 1.45E-04 25.78 C 0.10 

     
 

   
G 0.02  

LE_SNP_Q00157 FAR-RED ELONGATED HYPOCOTYLS 

3 (FHY3) 

8 52.03 0.20 3.13E-06 1.45E-04 25.78 A 0.02 

     
 

   
G 0.10  

LE_SNP_Q00156 INDETERMINATE(ID)-DOMAIN 14 

(IDD14) 

8 54.96 0.36 1.10E-03 1.91E-02 14.81 A 0.03 

                  G 0.08 

Specific LE_SNP_Q00264 MYB44 3 157.81 0.37 1.22E-03 4.25E-02 12.56 A -0.11 

leaf 
    

 
   

G -0.04 

area LE_SNP_Q00445 FAR-RED ELONGATED HYPOCOTYLS 

3 (FHY3) 

8 52.03 0.20 1.23E-03 4.25E-02 12.54 C -0.20 

     
 

   
G -0.16  

LE_SNP_Q00157 FAR-RED ELONGATED HYPOCOTYLS 

3 (FHY3) 

8 52.03 0.20 1.23E-03 4.25E-02 12.54 A -0.16 

                  G -0.20 

a Gene description taken from the Arabidopsis thaliana annotation (https://www.arabidopsis.org/) 

b Indicates chromosome number 

c SNP position in chromosome (Mbp) 

d Minor allele frequency 

e Uncorrected P value 

f P value corrected by False Discovery Rate (FDR) 

g An estimate of the change in average phenotype caused by the effect of substituting for a particular allele.  
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Figure 4.9 Intra-chromosomal linkage disequilibrium 

Decay of LD, measured as r2 shown for the 136 SNP markers comprising the CG and BG 

SNP datasets, fitted with a logarithmic regression curve.   

 

4.5 Discussion 

4.5.1 The lettuce leaf ideotype 

The plant ideotype is a classical concept in plant breeding first proposed by Donald (1968), 

whereby breeders manipulate plant phenotype to optimise dry matter partitioning to suit 

the ideal crop. In the present investigation, a panel \z of 200 baby leaf varieties consisting 

of both red and green leaf types (including romaine, oak leaf, cosberg, multileaf, Chinese 

leaf and lollo rosso) were investigated for several traits which influence shelf life, in an 

attempt to further define the lettuce shelf life ideotype. Increased cell wall strength has 

previously been associated with a longer shelf life of lettuce (Zhang et al., 2007; Wagstaff 

et al., 2007, 2010) and was found to be strongly positively correlated with shelf life in the 

present investigation (P<0.001). Cell walls are vital for controlling the mechanical rigidity 

of the cell, creating a turgor pressure and maintaining the osmotic balance (Alberts et al., 

2014). Plasmolysis, where a loss of water from the cell reduces turgor pressure and results 

in the shrinking of the plasma membrane away from the cell wall, has been detected almost 

immediately after harvest (Wagstaff et al., 2007). Stronger cell walls may be better able to 
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maintain tensile strength following harvest, slowing the process and effects of plasmolysis. 

Dry matter content was strongly positively correlated with cell wall strength, which may be 

indicative of higher levels of carbohydrates partitioned into structural cell wall 

components, such as cellulose, pectin and xyloglucan. Plasticity is a measure of the 

irreversible extensibility of the cell wall, measured by applying a force to a leaf and 

measuring the extension, which can be separated in to plastic and elastic components 

(Cleland, 1984). Plasticity was found to negatively correlate with shelf life; a result which 

has been observed in other investigations on lettuce (Clarkson et al., 2003; Zhang et al., 

2007). Leaves with a lower plasticity and therefore less rigid cell walls may be better able 

to withstand processing without causing damage to the leaf, which accelerates 

decomposition.  

Discolouration and dullness of green colouring is a common feature leading to consumer 

rejection and end of shelf life. Plastid senescence, characterised by diminished thylakoid 

structure and organisation, has been observed to occur during the senescence of detached 

leaves and was found to occur earlier in lollo rosso types (after 7 days) than in romaine 

types (10 days; Wagstaff et al., 2007). Increased chlorophyll content observed in leaves 

with a longer shelf life in the present investigation may maintain photosynthetic rates 

following harvest and maintain leaf texture and firmness for longer. Leaf type and colour 

appear to have an influence on shelf life. Green lettuce types, particularly cosberg and 

tango, were found to have a higher shelf life than red types, such as oak leaf and lollo 

rosso. However, red types were more nutrient dense, with on average almost double the 

antioxidant content compared to green varieties. Antioxidant status has been identified to 

correlate with phenolic content in lettuce, meaning that the reduced shelf life observed in 

red varieties could be caused by accelerated enzymatic browning, which is stimulated 

through phenylpropanoid metabolism and is a key cause of leaf deterioration in lettuce 

(Luna et al., 2016). Another plausible explanation for the negative correlation between 

antioxidants and shelf life could be that plants are proportioning more resources into 

secondary metabolite biosynthesis and less into the synthesis of primary structural 

metabolites such as cell wall components. The development of new and interesting leaf 

types with different shapes, colours and textures is important in baby leaf breeding (Rico et 

al., 2007). Selectively crossing types such as green leaf and green cosberg, found to have 

relatively long shelf lives comparatively, may lead to the development of new varieties 

with an inherently high shelf life. In summary, leaves with a smaller area, a higher dry 

weight and chlorophyll content and cell walls with a lower plasticity and greater strength 
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had the longest overall shelf life, identifying important traits to target for lettuce 

improvement. 

4.5.2 Candidate genes for shelf life 

The availability of lettuce genome sequencing data has enabled in-depth gene mining of 

the genomic regions underlying QTL for shelf life and other biochemical, biophysical and 

physiological traits which have previously been linked to the regulation of the shelf life of 

lettuce. Ten QTL intervals were selected which each contained QTL for shelf life, often 

co-locating with QTL for multiple shelf life-associated traits, which explained a large 

amount of the phenotypic variation for the trait (>20%), for a comprehensive analysis of 

genes in each genomic region. Each of the key QTL regions investigated harboured gene 

candidates which may have a role in regulating shelf life. Under almost every QTL 

investigated there was at least one gene encoding a transcription factor activated in 

response to hormones. Most frequently identified were ethylene-responsive transcription 

factors (ERFs), which are amongst the largest family of transcription factors, currently 

divided into twelve distinct subfamilies (Rashotte & Goertzen, 2010). They fundamentally 

function in mediating response to ethylene and have been implicated in coordinating the 

defence against pathogens and inducing the expression of defence-related genes in 

Arabidopsis (Berrocal-Lobo & Molina, 2004). In fruits, ethylene is associated with 

ripening, with a reduction of ethylene synthesis found to prolong the shelf life of tomatoes, 

which may result from a delay in the senescence response (Klee et al., 1991). Conversely, 

endogenous application of ethylene to ripe mangos has been shown to increase shelf life by 

26.7% (Ibrahim et al., 2015). Application of 1-methycyclopropene, a chemical which 

blocks the action of ethylene, has been found to increase the shelf life of whole head and 

shredded iceberg lettuce (Saltveit, 2004) as well as butterhead lettuce (Tay & Perera, 

2004).  

Several Small Auxin Up RNA (SAUR) and SAUR-like transcription factors were also 

identified as candidates. SAURs are small proteins (~86-189 amino acids in size) which 

are rapidly induced in response to auxin and make up the largest family of auxin-

responsive genes, with 78 identified in Arabidopsis (Spartz et al., 2012). Although the 

specific function of SAURs are largely unknown, SAURs 19-24 have been shown to 

increase cell expansion and overall leaf size in Arabidopsis, with suppression leading to 

shortened hypocotyls and reduced leaf size (Spartz et al., 2012). SAUR 41 and SAUR 63 

have also been shown to regulate cell expansion and elongation in Arabidopsis (Kong et 
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al., 2013 and Chae et al., 2012, respectively) and may have a similar role in controlling the 

leaf size of lettuce.  

Other notable candidates include xyloglucan endotransglucosylase/hydrolases (XTHs) 

which are cell wall-modifying enzymes that have previously been shown to affect the shelf 

life of baby leaf lettuce (Wagstaff et al., 2010), an expansin involved in cell wall loosening 

(Cosgrove, 2000) and various carbohydrate biosynthesis-related genes such as cellulose 

synthases, glucan synthase and glucosyltransferases, vital for constructing cell wall 

components (Nairn et al., 2008). Current investigations of just ten QTL regions have 

therefore revealed several promising gene candidates for further experimentation. It should 

be noted that many gene candidates found under QTL were excluded from analyses as their 

function is currently unknown. A protein function prediction method based on Bayesian 

Markov Random Field analysis, has been developed and employed to predict the functions 

of several unknown genes in Arabidopsis (Kourmpetis et al., 2010, 2011). Such 

approaches to gene mining may be essential to avoid overlooking important candidates, as 

it has been demonstrated that genes of unknown function may often be crucial to 

controlling important traits (Bargsten et al., 2014). 

4.5.3 Candidate gene association mapping 

For the five traits where significant marker-trait associations were identified, several 

markers were associated with more than one trait (Table 4.9). MYB44, was associated with 

both specific leaf area and maximum load after P value correction. MYB44 has been 

associated with abiotic stress tolerance, with overexpression of the gene in A. thaliana 

resulting in improved water retention under drought conditions and a better ability to 

withstand salt stress (Persak & Pitzschke, 2014). MYB44 was proposed to act early in the 

stress response, activating genes which mitigate damage caused by abiotic stresses such as 

reactive oxygen species (ROS) detoxifying enzymes (Persak & Pitzschke, 2014). Other 

investigations have suggested a role of MYB44 in abscisic acid (ABA) signalling and the 

regulation of stomata closure in response to pathogen attack, preventing infection through 

the stomatal pore (Hieno et al., 2016). MYB44 may be associated with shelf life traits by 

affecting drought tolerance through the course of shelf life, by modifying ROS-

detoxification and perhaps closing stomata to prevent respiration and transpiration, which 

can accelerate decomposition (Dash et al., 2013).  

SNPs within FHY3 were found to be significantly associated with stomatal index, specific 

leaf area and maximum load. FHY3 mutants demonstrate elongated hypocotyls under far-
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red light (Chang et al., 2015). FHY3 has been demonstrated to regulate the expression of 

85 genes in response to far-red light and control chloroplast development by activating a 

gene responsible for controlling chloroplast division (Lin & Wang, 2004; Ouyang et al., 

2011). Plants have been observed to adjust leaf thickness, stomatal density and specific 

leaf area in response to excess or low light levels (Zhang et al., 2015), which may explain 

the associations with stomatal index identified in the present investigations. DWARF1 and 

SHEPHERD were both associated with chlorophyll content and stomatal index traits. 

Characterisation of DWARF1 Arabidopsis mutants, which demonstrate dark green leaves, 

robust stems and a short stature when grown in light, identified DWARF1 to be a 

biosynthetic enzyme involved in brassinosteroid biosynthesis, a hormone controlling plant 

growth and development (Choe et al., 1999; Noguchi et al., 2000), which could plausibly 

impact on chlorophyll and stomata development. SHEPHERD appears to have a role in 

early plant growth, with Arabidopsis mutants demonstrating expansion of the shoot apical 

meristem, a disorganised root apical meristem arrangement and a reduction in seedling root 

elongation (Ishiguro et al., 2002). APX was significantly associated with maximum load, a 

measure of cell wall strength. Application of ascorbate has been shown to promote the 

elongation of onion roots, suggested to result from cell-wall loosening and irreversible 

relaxation of the cell wall (Cordoba-Pedregosa et al., 1996; Passardi et al., 2004), which 

may explain the association observed.  

When conducting association analyses, it is important to control for population structure to 

avoid the false detection of associations caused by underlying relatedness of the population 

(Mackay & Powell, 2007). Investigations by  Kwon et al. (2013), utilised a population of 

258 genotypes and identified the most likely K to be 2, as was observed in the present 

investigation using the ∆K approach (Evanno et al., 2005). However, it has recently been 

highlighted that using the ∆K method by Evanno et al. (2005), which is currently the most 

commonly used software for estimating population structure from STRUCTURE outputs, 

does not allow the possibility of K=1 (no population structure present; Janes et al., 2017). 

In a review of the literature, for over 50% of the 822 studies which used the ∆K method for 

defining the number of subpopulations, K was identified to be 2, coined as the “K = 2 

conundrum” (Janes et al., 2017). In the present investigations, where K was also 

determined to be 2 using the ∆K method, lines of the same leaf type were mostly observed 

to cluster into the same subgroup (Figure 4.7) and results therefore should not be wholly 

disregarded. Results of the next highest ∆K value observed, K=8, did not correspond with 

knowledge of variety type and so was excluded from analyses (Appendix C.9). Analysis of 

the neutral genetic variation by PCA also identified 2 significant PCs, providing further 
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support for the presence of two subpopulations. Ultimately, the knowledge of the 

population breeding history and pedigrees, which was not available for the varieties 

investigated in the present investigation, may assist in providing the best estimate for 

population structure. 

BIC was used to select for the most appropriate covariates for association analysis. For 

most traits (10/15), underlying population structure had to be controlled using either the Q 

matrix or significant PCs and in some cases (4/15), also relatedness (K) determined using a 

kinship matrix, indicating a high level of population stratification. QQ plots were drawn 

for each trait (Figure 4.8 and Appendix C.11), representing graphically the deviation of the 

observed P values from the expected values, if the null hypothesis is true (that there is no 

significant marker-trait association). The highest number of significant MTAs were 

identified for maximum load, even when a more stringent FDR correction of P<0.01 was 

applied. From the QQ-plot for the optimal model selected by BIC (Figure 4.8D), it can be 

seen that the curve of observed P values largely digresses towards the Y axis from the 

expected, suggesting there was higher number of significant P values than expected. None 

of the other five models tested appeared to fit the data better according the QQ-plots 

(Appendix C.11). Underlying population stratification can often lead to the detection of 

false positive associations (Ehret, 2010), though stringent models incorporating underlying 

genetic structure as covariates were used, and may be the result of high levels of 

inbreeding within the commercial panel. For traits which are strongly correlated with 

relatedness, where population structure and kinship explain most of the genetic variation 

(as may be the case for maximum load), linkage mapping has been suggested to be a better 

method for accurate QTL mapping than association analyses (Myles et al., 2009).   

Another possible explanation for the large number of MTAs for maximum load could be 

that SNPs in the candidate gene dataset were in LD. This could mean that markers were 

falsely identified as significantly associated because they are in LD with genuinely 

associated markers and highlights a flaw in this candidate gene association approach, as 

opposed to GWAS where markers are generally distributed throughout the genome. The 

two measures of LD used in the present investigation, r2 and D’, gave different indications 

of the extent of LD in the population. For example, for the 7 SNPs associated with 

maximum load, the two SNPs on chromosome 3 demonstrated an average r2 of 0.39, but 

D’ was measured to be 0.74. As r2 is affected by allele frequency (Gupta et al., 2005), LD 

could have a low r2 but high D’ values if one allele is always inherited with another allele 

(so in strong LD) but this occurs infrequently in the population, due to there being a low 
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frequency of the allele (even though all SNPs with a minor allele frequency of <5% were 

excluded from analyses), which was on average 0.26 for the SNPs demonstrating 

significant associations with maximum load (Table 4.9). Alternatively, the high D’ 

estimates observed could be due to the small population size investigated (92 individuals), 

which has also been suggested to inflate D’ LD estimates  (Gupta et al., 2005). LD was 

found to extend for ~25 Mbp at an r2 of 0.2, which is in disagreement with Simko et al. 

(2009) and Walley et al. (2017), who determined LD to decay more rapidly (0.5 cM and 

~2.5 Mbp at r2 of 0.2, respectively). As the two studies described utilised diverse panels 

comprising of wild and cultivated lettuce accessions, increased historical recombination is 

likely to have resulted in the more rapid decay of LD observed, in comparison to the panel 

of L. sativa utilised in the present investigation.  

It should be noted that over half of the original 243 candidate SNPs were removed from 

analyses due to missing data and having a minor allele frequency of <5%, leaving 107 

SNPs for association analysis. A high number of the SNPs were not polymorphic, which is 

perhaps a reflection of the limited genetic variation in this cultivar panel. Indeed, limited 

genetic variation has been observed amongst cultivars of strawberry  (Gil-Ariza et al., 

2009) and Brazilian soybean (Maldonado dos Santos et al., 2016) and is of concern for 

future crop improvement (McCouch et al., 2013). Many of the most promising candidate 

genes were excluded from analyses, such as the XTHs involved in cell wall modifications. 

Genotyping multiple SNPs in a smaller selection of candidate genes, a strategy more 

commonly employed in the literature (Table 4.2), increases the chances of identifying 

polymorphic SNPs in the genes of interest. In the present investigation, only SNPs within 

the coding regions of genes were selected. Incorporating SNPs in the non-coding and 

regulatory regions of genes, which may result in phenotypic differences through an 

alteration of gene expression, may be useful for identifying MTAs.    

4.5.4 Future perspectives: functional characterisation of candidate genes 

Despite the exclusion of many promising gene candidates from analyses, investigations 

have refined the candidate gene list and outlined possible genetic regulators of shelf life. 

Validation of the association of candidate genes to a phenotype can be achieved by reverse 

genetics, such as transgenic approaches, through which gene expression is knocked out or 

elevated and the phenotypic effect is determined (Table 4.10). Such experimental 

approaches have been undeniably effective in identifying gene function and have already 

proven successful in lettuce (Wagstaff et al., 2010), however throughput is often limited by 
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labour-intensive screening,  incomplete knockdown of gene targets, potential for 

unpredictable effects of insertion and results can sometimes be ambiguous (Gaj et al., 

2013). Negative attitudes towards transgenic studies also make this approach unattractive 

and although non-transgenic mutagenic methods such as Targeting Induced Local Lesions 

in Genomes (TILLING) are useful, they are not specifically targeted to genes of interest 

(Table 4.10). Genome editing techniques propose a number of benefits over transgenic and 

mutagenic approaches and thus provide exciting opportunities for functional investigations. 

This investigation has demonstrated that the shelf life of baby leaf lettuce is highly variable 

depending on leaf type and colour, further defining the lettuce ideotype. For the first time, 

candidate genes underlying QTL for shelf life and associated traits have been identified in 

a lettuce mapping population and several candidates were found to be associated with shelf 

life traits in a commercial baby leaf lettuce panel. Further work will utilise cutting-edge 

genome editing technologies to generate gene knockouts for the most promising candidates 

identified, to explore the effects on shelf life. This will serve to improve the genetic 

understanding of this complex trait and, depending on regulatory control of genome editing 

technologies, which is yet to be determined, may provide new breeding materials for the 

development of novel cultivars. 

 

Table 4.10 Reverse genetics approaches for functional investigations 

Method Description Reference 

Agrobacterium 

transformation 

Utilises the Ti plasmid of Agrobacterium tumefaciens to 

introduce DNA resulting in insertion mutants. 

Alonso et 

al., 2003 

Homologous 

recombination 

Involves the reciprocal exchange of DNA sequences at 

specific sites in which a double-stranded break has been 

induced.  

Terada et 

al., 2007 

Genome editing Non-transgenic approach which exploits natural DNA repair 

machinery in which dsDNA breaks are created by site-

specific nucleases, leading to efficient gene knockout or 

insertion.  

Belhaj et al., 

2015 

RNAi RNA interference involves the silencing of gene expression 

utilising sense and antisense dsRNA constructs.  

Fire et al., 

1998 

TILLING 

 

Targeting Induced Local Lesions in Genomes (TILLING) is a 

non-transgenic approach in which chemical mutagens are 

used to induce point mutations, often resulting in gene 

knockouts. 

Barkley and 

Wang, 2008 
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Chapter 5 Investigating candidate genes for shelf life 

using CRISPR/Cas genome editing 

5.1 Abstract 

Efforts to elucidate the genetic basis of lettuce so far have identified numerous quantitative 

trait loci (QTL) and candidate genes, but functional investigations are required in order to 

verify these predictions. The development of CRISPR technology, standing for clusters of 

regularly interspaced short palindromic repeats, has made it possible to create rapid and 

low-cost targeted genome modifications, which could be used to explore gene function. In 

the present investigation, six xyloglucan endotransglucosylase/hydrolases (XTHs), 

identified within QTL for shelf life and associated traits (Chapter 4), were targeted for 

gene knockout using a CRISPR/Cas approach. A multiplex strategy was employed, 

whereby multiple guide RNAs (gRNAs), specifying the target editing site, were cloned 

into the same construct and a single gRNA was designed to target homologous gene 

regions, in order to knockout up to four XTH genes simultaneously. Three gRNAs were 

incorporated into a vector encoding Cas9, which was transformed into the lettuce cultivar 

Salinas by Agrobacterium-mediated transformation, for stable integration into the genome. 

Screening of the primary transformants (T0) has identified several plants with homozygous 

CRISPR-induced mutations, which may be indicative of gene editing in the germ line, and 

biallelic and chimeric mutants were also identified. Mutation alleles were most commonly 

1 bp insertions or small deletions and plants have been identified with editing in two XTH 

genes, suggested the multiplex strategy had been effective. Future analysis of the next 

generation (T1) will reveal whether the mutations generated are heritable. Phenotypic 

investigations will identify whether gene disruption has been effective in knocking out 

XTH genes and altering the shelf life of lettuce.   

5.2 Introduction 

Despite the vast potential of genetic modification (GM) technologies, public opinions have 

thus far limited the application of the technology, particularly in Europe where there are 

strict regulations over the use and import of GM organisms (GMOs; Tagliabue, 2016). In 

contradiction to the strict restrictions on the cultivation of GM crops in Europe (EU), over 

70% of the animal protein feed used  is derived from GM crops and many other imports 
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are registered by the European Food Safety Agency (Tagliabue, 2016; EC, 2017). 

Evidence suggests that the adoption of GM crops, such as cotton, maize, and soybean 

expressing the insecticide Bacillus thuringiensis (Bt) toxin, can provide economic 

advantages resulting from reduced agrochemical application and increased marketable 

yields, due to a reductions in crop spoilage (Kaphengst et al., 2011). Although globally the 

growth of GM crops has been increasing since the 1990s, with 185.1 million hectares 

planted in 2016,  <1% of this was planted in Europe (James, 2016). 

5.2.1 Genome editing 

Genome editing provides an attractive alternative to existing GM technologies, as 

modifications to the genome can be made without the insertion of a transgene sourced from 

another organism, which may avoid the “Frankenstein foods” label given by the media to 

GMOs (Schurman, 2014). The basic premise of genome editing is the use of 

programmable nucleases to make targeted double stranded DNA (dsDNA) breaks at 

specific sites in the genome, which are repaired by endogenous DNA repair mechanisms 

inherent to all organisms (Gaj et al., 2013). A dsDNA break is repaired via two major 

pathways: non-homologous end joining (NHEJ) or homology-directed repair (HDR). 

NHEJ, in which blunt DNA ends are stitched directly back together, is typically error-

prone in practice, often resulting in the incorporation or deletion of base pairs and leading 

to indels and frame shift mutations, which can be exploited for targeted gene knockout 

(Rodgers & Mcvey, 2016). Alternatively, if an appropriate template is provided, breaks can 

be repaired via HDR, which occurs by homologous recombination with the template, 

leading to gene insertion (Rodgers & Mcvey, 2016).  

In order to manipulate these natural pathways, a targeted dsDNA must first be generated. 

Early genome editing approaches involved the use of meganucleases, modified versions of 

naturally occurring restriction enzymes, to make the dsDNA break, however overlap of the 

DNA binding and cleavage domains of these nucleases has led to difficulties in modifying 

target specificity without reducing catalytic efficiency (Baltes & Voytas, 2015). 

Technology later moved onto using nucleases with customisable, modular, DNA binding 

domains; the Zinc Finger Nucleases (ZFNs) and Transcription Activator-Like Effector 

Nucleases (TALENs; Sander & Joung, 2014). Both ZFNs and TALENs are comprised of a 

DNA binding domain fused to a FokI restriction enzyme for DNA digestion, which 

operates as a dimer and thus two separate polymers are necessary to target each strand 

(Baltes & Voytas, 2015). Importantly, the separation of the cleavage and DNA binding 
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domains of ZFNs and TALENs enables adjustment of the DNA target without impacting 

on nuclease activity (Sander & Joung, 2014). ZFNs are engineered modularly from 3 or 6 

individual 30 amino acid zinc fingers, each of which can recognise a 3 bp DNA sequence 

and total target site of up to 18 bp (Gaj et al., 2013). Zinc fingers have now been developed 

which can recognise all of the 64 possible triplet DNA base pair combinations, making any 

site theoretically targetable, however the organisation of zinc fingers can affect 

recognition, leading to variable editing efficiencies for different target sites (Gaj et al., 

2013). TALENs are DNA binding proteins discovered from plant pathogens in the genus 

Xanthomonas, which can also be fused to FokI enzymes to induce targeted dsDNA breaks 

(Carroll, 2014). DNA specificity is conferred by a repetitive sequence encoding ~34 amino 

acids and with two amino acids within this sequence, the repeat variable diresidues 

(RVDs), responsible for the recognition of a single nucleotide (Mussolino & Cathomen, 

2012). This enables the detection of a single base pair at the target site by each module, 

with a total target site specificity of up to 30 bp. Context-dependent effects due to the 

arrangement of modules have not been identified with TALENs, as with ZFNs (Mussolino 

& Cathomen, 2012). However, the large size of TALENs of up to 1900 amino acids for 

each pair relative to meganucleases (~165 amino acids) and ZFNs (600 amino for the pair) 

limits the mode of delivery into the target organism (Baltes & Voytas, 2015).  

5.2.1.1 CRISPR/Cas technology 

The field of genome editing was revolutionised by the development of CRISPR/Cas 

technology, which uniquely utilises the RNA-guided Cas nuclease, thus eliminating the 

need for complex protein engineering (Bortesi & Fischer, 2015) and poses a number of 

advantages over early genome editing methods (Table 5.1). Significant discoveries leading 

to the development of CRISPR/Cas were made in the 1990s by Francisco Mojica, who was 

the first to identify motifs of palindromic 30 bp repeats separated by interim spacers of 

~30bp, in a salt-tolerant Archaea (Mojica et al., 2000). These repeats were later identified 

in a diverse array of organisms, which were referred to as short, regularly spaced repeats 

and were later renamed as CRISPRs (Mojica et al., 2005). Though originally hypothesised 

to function in DNA repair or gene regulation, with the development of bioinformatic 

resources, Mojica later noticed the presence of spacers consisting of viral phage sequences 

and predicted a role in adaptive immunity (Mojica et al., 2005; Lander, 2016). Today, 

CRISPR loci are thought to exist in almost 50% of bacterial genomes and over 80% of 

archaeal genomes and are known to be crucial in defending prokaryotes from invading 

viruses (Barrangou & Marraffini, 2014). Following the invasion of foreign nucleic acids, in 
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the form of plasmids or phages, nucleic acids are incorporated into the CRISPR locus, 

which are transcribed and processed as CRISPR RNA (crRNA) for use as a template for 

invading organism recognition (Barrangou & Marraffini, 2014). The crRNA combines 

with trans-activating crRNA (tracrRNA), forming a hairpin able to associate with the Cas 

nuclease (Figure 5.1). Cas incudes a dsDNA break via two independent nuclease domains, 

HNH and RuvC (Xing et al., 2014). CRISPR/Cas systems are classified into III subtypes 

based on Cas protein morphology and functionality, with the most commonly reported 

system utilising Cas9 from Streptococcus pyogenes, in subtype II (Mali et al., 2013).  

In order to apply the technology experimentally, the crRNA and tracrRNAs can be fused 

and expressed as a chimeric short guide RNA (sgRNA or gRNA), with a 20bp sequence 

required for target site recognition, by simple Watson-Crick base paring (Mali et al., 

2013). The Cas nuclease capability is limited only to regions containing a 3 bp sequence 

titled the Protospacer Adjacent Motif (PAM), such as 5”-NGG-3” for S. pyogenes Cas9, 

which must follow the gRNA sequence on either the sense or antisense DNA strands (Mali 

et al., 2013). Cas9 is thus easily programmable by interchanging the 20 bp portion (the 

protospacer) of the gRNA sequence, conferring target site specificity, for any site in the 

genome that there is a PAM and leading to the induction of a dsDNA break most 

commonly three nucleotides upstream of the PAM site (Gaj et al., 2013). The publishing of 

the crystal structure of S. pyogenes Cas9 has revealed intricate details on how it associates 

with the gRNA and DNA target, with Cas9 consisting of a separate “recognition” and 

“nuclease” lobe (Nishimasu et al., 2014). It is the nuclease lobe which contains the RuvC 

and HNH nuclease residues, along with the PAM-interacting site, with a grove in between 

the two lobes for the gRNA:DNA heteroduplex (Nishimasu et al., 2014). Heteroduplex 

formation is thought to occur following an initial interaction between the PAM-interacting 

site amino acid residues of Cas and the PAM nucleotides of the target DNA, which then 

enables RNA:DNA binding (Singh et al., 2016).  
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Figure 5.1 Targeted DNA cleavage by Cas9 

The tracrRNA and crRNA combine to form the hair-pin guide RNA structure which 

associates with Cas9. Cas9 is directed to the target position in the genome, determined by 

the guide RNA, upstream of the PAM site. Double-stranded DNA cleavage proceeds via 

two independent cleavage domains, RuvC and HNH. Adapted from Doudna & Charpentier 

(2014). 

 

Over the last 5 years, there has been an exponential increase in the number of publications 

reporting CRISPR applications and successful gene editing has been reported for a range 

of plant species, with seemingly no apparent boundaries to its use (Sternberg & Doudna, 

2015). Targeted mutagenesis has been reported in a diverse range of monocot and dicot 

species, polyploids and trees, with the growing list including Arabidopsis (Jiang et al., 

2013; Fauser et al., 2014), rice (Shan et al., 2014; Mikami et al., 2015), wheat (Shan et al., 

2014; Wang et al., 2014), maize (Liang et al., 2014), barley (Lawrenson et al., 2015), 

potato (Wang et al., 2015), soybean (Jacobs et al., 2015), tomato (Brooks et al., 2014), 

sweet orange (Jia & Nian, 2014), poplar (Fan et al., 2015) and oilseed rape (Braatz et al., 

2017). The rapid adoption of CRISPR/Cas is likely due to the low cost, versatility, high 

efficiency, accessibility, and relative simplicity of the technology (Bortesi & Fischer, 

2015), which is poised to become an invaluable tool for reverse genetics investigations. In 

comparison to approaches such as TILLING, in which chemical mutagenesis is used to 

induce gene mutation (McCallum et al., 2000) and insertional mutagenesis using T-DNA 

and transposable elements (Meissner et al., 1999), CRISPR/Cas has the major advantage 

that gene knockouts can be targeted to specific genes of interest. Although RNA 

interference (RNAi) and homologous recombination (HR) are targeted approaches, HR has 

had limited success in plant systems and RNAi causes only partial suppression of gene 

transcription, with the extent of these knockdown effects found to vary across laboratories 

(Meissner et al., 1999; Gaj et al., 2013). CRISPR/Cas is also amenable to multiplexing, 

with a single construct containing gRNAs targeting different genes able to induce 

mutations simultaneously (Cong et al., 2013). Gene knockout using a CRISPR/Cas 
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approach may therefore be utilised to increase the genetic understanding of economically 

and environmentally significant traits, such as the shelf life of salads.  

 

Table 5.1 Comparison of genome editing technologies 

 

Feature Meganucleases ZFNs TALENs CRISPR/Cas Reference(s) 

Nuclease size Small (~165 

amino acids), 

so amenable to 

RNA viral 

delivery 

Relatively 

small (each 

monomer is 

300 amino 

acids)  

Large (each 

monomer 

~950 amino 

acids) 

Large (~1400 

amino acids) 

Baltes & 

Voytas, 2015 

Target site Limited Most 

possible 

Any 

possible 

Requires a 

PAM site 

Fauser et al., 

2014 

Nuclease 

construction 

required? 

Yes Yes Yes No Belhaj et al., 

2015 

Target site 

recognition 

Variable,  

12 bp or more 

18 bp 30 bp 20 bp Zaslavskiy et 

al., 2014; 

Samanta et 

al., 2016 

Cleave 

methylated 

targets? 

No No No Yes Hsu et al., 

2013 

Cost High  Average Average Low (Hsu et al., 

2014) 

Skill level Specialist Specialist Standard Simple Hyun et al., 

2014 

Multiplexing  Difficult Difficult Difficult Simple Cong et al., 

2013 
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5.2.2 Candidate genes for shelf life 

Though the limited shelf life of bagged lettuce causes considerable monetary losses and 

leads to large amounts of food and resources being wasted, there have been few 

investigations into the genetic basis of this trait. Previous research has suggested an 

important role of the cell wall in determining the shelf life of baby leaf lettuce, particularly 

cell wall strength (Clarkson et al., 2003, 2005; Zhang et al., 2007; Wagstaff et al., 2007, 

2010 and Chapter 4). Plant cell walls are dynamic structures of polysaccharides and 

glycoproteins which form a complex 3-dimensional matrix, the structure of which is yet to 

be definitively uncovered, and are crucial for determining cell shape, expansion, cell:cell 

signalling and mechanical  robustness of plants (Lee et al., 2011). The basic structure 

consists largely of cellulose microfibrils thought to be anchored together by a combination 

of hemicelluloses, such as xyloglucans and pectic polysaccharides, along with proteins 

such as hydroxyproline-rich O-glycoproteins, categorised into extensins, arabinogalactans 

and  hydroxyproline/pro-rich proteins (Cosgrove, 2014; Hijazi et al., 2014).  

Xyloglucan endotransglucosylase/hydrolases (XTHs) are enzymes hypothesised to build 

and modify the xyloglucan chain cross-links in the cellulose microfibril network, 

permitting the elongation or shortening of these chains and therefore governing cell wall 

extensibility and strength (Fry et al., 1992; Rose et al., 2002; Yokoyama et al., 2010). 

Xyloglucan may have a more important role in dicots, where it can form up to 20% of the 

total dry weight of the primary cell wall, in comparison to monocots, where xyloglucan 

comprises less than 5% and instead xylans and glucans are more abundant (Eklof & 

Brumer, 2010). Despite this, monocots have maintained large families of XTH genes, with 

30 identified in rice and 32 in maize, and for dicots this number ranges from 21-64 XTH 

genes  (Figure 5.2; Eklof & Brumer, 2010). XTHs are categorised as a subfamily of the 

glycoside hydrolase family 16 (GH16), according to the carbohydrate active enzyme 

database (CAZyme; http://www.cazy.org), found in bryophytes, lower (non-seed) vascular 

plants and algae, suggesting they evolved in an early plant ancestor (Yokoyama et al., 

2010). The GH16 subfamily also includes lichenases, laminarinases, -agarases, -

carrageenases and -porphyranases, forming clan B with the GH7 subfamily of cellulases 

(Eklof & Brumer, 2010; Popper et al., 2011). The crystal structure of a Populas tremula x 

tremuloides XTH has been solved, identifying an overall curved -sandwich structure 

distinctive to the GH16 family, but with a distinguishing active site and unique ligand-

protein interactions (Johansson, 2004).  

http://www.cazy.org)/
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Xyloglucan chain modification is achieved via xyloglucan endotransglycosylase (XET) 

activity of XTHs, involving the addition of xyloglucan molecules, or xyloglucan 

endohydrolase (XEH) activity, which hydrolyses xyloglucan, shortening the chain, with 

XTHs capable of having one or both of these functions (Han et al., 2016). Recently, an A. 

thaliana XTH classified as AtXTH3 was found to catalyse glycosidic bond formation 

between cellulose and xyloglucan (cellulose:xyloglucan endotransglucosylase; CXE) and 

cellulose:cellulose (cellulose endotransglucosylase; CET), implicating an additional role 

for XTHs in the modification of cellulose fibers (Shinohara et al., 2017). This proposed 

novel CET activity, whereby the XTH may catalyse a grafting reaction between cellulose 

molecules, distinguishes XTHs from cellulases, which break down cellulose chain by 

hydrolysis (Shinohara et al., 2017).  

The XTH gene family has been further clustered into three phylogenetic groups, based on 

studies in Arabidopsis, which loosely groups them into XET activity comprising groups 1 

and 2, and XEH activity of group 3, though exceptions within each group are known (Rose 

et al., 2002). A conserved amino acid motif of DEIDFEFLG is common amongst XTHs, 

thought to be the catalytic site for XET and XEH activity (Rose et al., 2002). It has been 

questioned whether all XTHs are functionally active or whether some are redundant, given 

the large gene families (Rose et al., 2002). However, expression profiling of Arabidopsis 

XTH genes revealed distinct organ and tissue specificity amongst apparent gene duplicates 

and genes appear to be regulated differently in response hormones, suggesting most 

members of the gene family have an important function (Yokoyama & Nishitani, 2001). 

Vissenberg et al. (2005) investigated the activity of four root-specific Arabidopsis XTHs 

demonstrating sequence homology (AtXTH17, AtXTH18, AtXth19 and AtXTH20), which 

were each found to be differentially expressed. For example, whilst AtXTH17 and 

AtXTH18 were expressed in all elongating and differentiation cell types, AtXTH19 and 

AtXTH20 were specific to either the apical dividing or vascular tissues in the mature root.  
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Figure 5.2 Distribution of XTH genes throughout the plant kingdom 

The number of XTH genes (top of bar) identified in a variety of plant species (bottom of 

bar), with bar shading representing the proportion of genes belonging to each of the 

proposed sub-groups ( I, II, IIIA and IIIB). Figure adapted from Eklof & Brumer (2010). 

 

 

Aside from a key role in cell wall biosynthesis, XTHs are hypothesised to control regulated 

cell growth and restructuring, with XEH activity cutting xyloglucan chains between 

cellulose microfibrils, loosening the cell wall and leading to turgor-driven cell wall 

loosening and expansion (Braam & Campbell, 1999). Overexpression of a tomato XTH, 

SIXTH1, significantly increased XET activity and cell wall extensibility in the hypocotyl 

apex compared to the wild type, with reduced SIXTH1 expression significantly reducing 

XET activity and cell wall extensibility, suggesting a role for XTHs in modifying cell wall 

properties (Miedes et al., 2011). Growth-promoting hormones have been shown to 

influence XTH activity. Gibberellic acid application led to an increase in the hypocotyl 

length of lettuce seedlings, with a measured increase in XET activity and the expression of 
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a tomato XET was found to be upregulated in the elongating regions of hypocotyls in 

response to auxin (Potter & Fry, 1994; Catala et al., 1997). XTHs are also thought to be 

important in the host colonisation of parasitic plants, such as angiosperms in the family 

Convolvulaceae, shown to be up-regulated during the development of haustoria, 

specialised feeding structures of the parasite (Olsen et al., 2016). These structures are 

developed by site-specific cell elongation, which enable tethering to the host plant and 

provide a direct entry into the host organs for nutrition (Olsen et al., 2016).  

Cell wall loosening is one of the major processes occurring during fruit ripening, which is 

an active area of research given that excessive softening can exacerbate fruit deterioration 

and leads to major economic losses (Brummell & Harpster, 2001; Miedes & Lorences, 

2009). XTHs have been suggested to have a role in the ripening of fruits such as tomato 

(Miedes et al., 2010), persimmon (Han et al., 2015, 2016), apple and kiwi (Atkinson et al., 

2009). In tomato, overexpression of XTHs resulted in reduced fruit softening (Miedes et 

al., 2010), however expression of an XTH identified in persimmon fruit, DkXTH8, in 

transgenic tomato fruit accelerated fruit softening (Han et al., 2016), suggesting a complex 

relationship of XTHs and post-harvest fruit characteristics. When DkXTH8 was expressed 

in Arabidopsis, leaves were found to have an increased senescence rate, levels of 

chlorophyll degradation and electrolyte leakage (Han et al., 2016). Reducing the 

expression of XTHs using an RNAi silencing approach has previously been shown to 

improve cell wall strength and the shelf life of baby leaf lettuce post-processing, by 

reducing signs of leaf damage (Wagstaff et al., 2010). In this approach, a conserved region 

of XTHs, corresponding to the proposed DEIDFEFLG catalytic domain, was amplified 

from L. sativa cv. Valeria using degenerate primers and cloned into an antisense vector for 

Agrobacterium-mediated transformation into lettuce, in an attempt to knockdown the 

expression of multiple XTH genes (Wagstaff et al., 2010).  

To further elucidate the link between XTH genes and the shelf life of lettuce, six XTHs 

previously identified as candidate genes within QTL for shelf life and associated traits 

(Chapter 4) were targeted in the present investigation using a CRISPR/Cas9 approach. 

Given the possibility that some members of the XTH gene family may be functionally 

redundant (Rose et al., 2002) and that gRNA editing efficiencies can be variable (Doench 

et al., 2014), we employed a strategy with the potential for generating multiple gene 

knockouts. Using a single construct carrying multiple gRNAs along with the Cas9 gene 

and by designing gRNAs able to target multiple XTH genes simultaneously, as described 

in (Shan et al., 2013), single and double gene mutants have been detected in the T0 
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transformants. The generated mutants will be investigated, to determine whether complete 

XTH gene knockout has an impact on shelf life and associated traits. 

. 

5.3 Materials and methods 

5.3.1 Target genes 

Targets for gene knockout were selected from QTL investigations detailed in Chapter 4. 

Briefly, ten QTL of interest for shelf life and associated traits were mined for genes and 

those most likely to influence shelf life were considered as candidate genes. Amongst these 

candidate genes, six putative XTHs were identified. Four putative XTH genes, with the 

designated gene models 67301, 67360, 67381 and 67401, were identified within scaffold 

2129 and gene model 67581, within scaffold 673127, were all on linkage group 8 and 

identified within the QTL cluster q8.17-19 (see Table 4.6 for QTL details). Another 

putative XTH, gene model 69800, was identified on linkage group 4, scaffold 601 under 

the QTL q4.10-15 (Table 5.2). The gene and coding sequences (CDS) were retrieved from 

the Lactuca sativa cv. Salinas genome reference sequence version 5 (Reyes-Chin-Wo et 

al., 2017) available via the lettuce genome resource (LGR) and aligned using the online 

alignment tool Clustal Omega (Sievers et al., 2014) to identify exons for gRNA design. 

Prior to analysis, gene expression was confirmed using transcriptome data available via the 

lettuce genome resource (LGR; http://lgr.genomecenter.ucdavis.edu/), to ensure genes 

were expressed in mature leaves and expression was not specific to a particular 

developmental stage, for example, anthesis.  

 

 

.
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Table 5.2 Candidate genes targeted by CRISPR/Cas9 genome editing 

L. sativa 

gene 

model 

L. sativa 

scaffold 

Linkage 

group 
QTL ID 

A. thaliana 

nBLAST hit 
Description 

Gene 

length 

Number 

of exons 

67301 2129 8 q8.17-19 AT4G25810 XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6 (XTR6)  1170 3 

67360 2129 8 q8.17-19 AT4G25810 XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6 (XTR6)  1247 3 

67381 2129 8 q8.17-19 AT4G25810 XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6 (XTR6)  1212 3 

67401 2129 8 q8.17-19 AT4G25810 XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6 (XTR6)  1038 3 

67581 673127 8 q8.17-19 AT4G25810 XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6 (XTR6)  1257 3 

69800 601 4 q4.10-15 AT4G03210 XYLOGLUCAN 

ENDOTRANSGLUCOSYLASE/HYDROLASE 9 (XTH9) 

1964 4 
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5.3.1.1 XTH homologue search and sequence analysis 

The CDS for each of the six putative XTHs retrieved from the LGR were used in an 

nBLAST search against the L. sativa cv. Salinas v5 genome (Lactuca sativa (lettuce) (ID 

26165 Genome Center Michelmore Lab unmasked v5) in CoGeBLAST (Lyons et al., 

2008) to identify other putative XTHs. DNA sequences for up to the top 100 hits (E value 

threshold of 0.001) to an annotated genome feature were retrieved and used in an nBLAST 

search against the nucleotide collection of the NCBI database 

(https://blast.ncbi.nlm.nih.gov), using default settings (megablast). Any hits to an 

annotated XTH were considered as putative lettuce XTH homologues. This process was 

repeated for each newly discovered putative XTH, until no novel genes were identified.  

The putative XTH CDS were aligned using CLUSTAL omega (Sievers et al., 2014) and 

imported into PhyML v3.0 (Guindon et al., 2010) for maximum likelihood phylogenetic 

analysis. The best substitution model (GTR) was determined using Smart Model Selection 

web server implemented in PhyML (Lefort et al., 2017) and the phylogenetic tree was 

visualised in PhyML. In order to classify the putative XTHs using the exiting subgrouping 

described by Rose et al. (2002), the CDS of three representative A. thaliana XTHs from 

each of the three subgroups were randomly selected and included in the alignment and 

phylogenetic analysis.   

5.3.2 CRISPR constructs 

5.3.2.1 Vectors 

Vectors for creating the custom CRISPR constructs were developed by the Brady 

laboratory of University of California, Davis, developed from constructs described by 

Fauser et al. (2014). All vectors were collected on appropriate antibiotic resistance plates 

(see Table 5.3) and individual colonies were inoculated into 5 ml of LB with antibiotic and 

allowed to grow for 16 hours at 37°C, oscillating at 225rpm. Cells were harvested by 

centrifugation at 4,000 rpm for 4 minutes at 4°C, plasmids were extracted using the 

QIAprep Spin Miniprep Kit (Qiagen, USA) and eluted into 30 µL of elution buffer. 

Plasmid concentration was estimated using the Qubit® dsDNA HS (High Sensitivity) 

Assay Kit (Invotrogen, USA), with readings taken on a Qubit® 2.0 fluorometer 

(Invitrogen, USA).  
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A single vector carrying both the gRNA and Cas9 nuclease was used in investigations, 

entitled pMR286, which was able to carry 3 gRNAs within the attR1 and attR2 sites (Table 

5.3). The pMR286 vector contains a gene encoding aminoglycoside adenyltransferase, 

conferring resistance to spectinomycin and streptomycin, a gene encoding aminoglycoside 

phosphotransferase under the control of the nopaline synthase (NOS) promoter and 

terminator, conferring resistance to kanamycin. The Cas9 gene from S. pyogenes was 

controlled by the constitutive promoter of Ubiquitin4-2 from Petroselinum crispum and 

terminated with the Arabidopsis Heat Shock Protein 18 terminator. The vector also 

contained a Gateway (GW) cassette, containing a gene conferring chloramphenicol 

antibiotic resistance and one for CcdB: a cytotoxic protein which affects DNA gyrase 

activity, functioning in vector maintenance.  

Individual gRNAs were carried by pEn-Chimera entry vectors pMR204, pMR298 and 

pMR306 (Table 5.3). Each gRNA was cloned into an individual pEn-Chimera, which were 

later recombined into pMR286 in a single reaction (as depicted in Figure 5.3). The pEn-

Chimeras each contained the aminoglycoside phosphotransferase gene conferring 

resistance to kanamycin and gRNA expression is under the control of the Arabidopsis U6-

26 promoter. Downstream of the promoter is the BbsI restriction sites for cloning the 

custom gRNA and this cassette is flanked by the appropriate “att” recombination sites 

(Table 5.3). Following recombination of the pEn-chimeras and the destination vector 

pMR286 (Figure 5.3), the GW cassette is exchanged for the three gRNAs carried by each 

pEn-chimera, removing the chloramphenicol resistance of the destination vector. Plasmid 

maps can be viewed in Appendix D.1. 
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Table 5.3 Plasmids used for cloning the custom CRISPR constructs 

Plasmid ID Size (bp) Promotor att sites Resistance genes 

pMR286 15635 Ubiquitin4-2 attR1 and attR2 Chloramphenicol and 

Streptomycin 

pMR298 2767 U6-26 attL1 and attL4 Kanamycin 

pMR204 3160 U6-26 attR4 and attR3 Kanamycin 

pMR306 2766 U6-26 attL3 and attL2 Kanamycin 

 

 

Figure 5.3 Cloning strategy used to generate the CRISPR constructs 

Each fragment (1-3), consisting of the gRNA oligo with BbsI overhangs, was first ligated 

into the appropriate pEn-chimera vector before recombining into the destination vector 

(containing the Cas9 gene) by LR recombination, generating the customised CRISPR 

construct.  
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5.3.2.2 Designing gRNAs and cloning into the Entry vectors 

The 20 bp gRNA protospacer, used to direct the Cas9 nuclease to the specific site within 

each candidate gene, were designed where possible in the first exon of the gene to 

maximise the likeliness of inducing a frame-shift mutation (Doench et al., 2016). In order 

to cut dsDNA, Cas9 must identify a Protospacer Adjacent Motif (PAM) with the sequence 

5’-NGG-3’ downstream of the 20 bp gRNA (Anders et al., 2014). All PAMs were 

identified in exon 1 of the target genes (in both the sense and antisense DNA strands) and 

each 23 bp sequence comprised of the 20 bp gRNA and 3 bp downstream PAM (all four 

possible PAM motifs tested) were used in an nBLAST search against the lettuce genome to 

identify any non-specific binding. gRNAs were excluded if the PAM and the first 12 bp 

upstream of the PAM (known as the seed sequence) had any exact hits. PAMs of CGG 

were prioritised as this has been suggested to be the optimal PAM for gRNA activity 

(Doench et al., 2014). For each target, three individual gRNAs were selected to maximise 

the likeliness of causing an editing event. In an attempt to generate editing events in 

multiple targets simultaneously, three aspecific gRNAs able to target two gene models 

within scaffold 2129 simultaneously were selected (Table 5.4).  

Table 5.4 gRNA sequences used for targeted gene knockout 

Gene target gRNA ID Orientation gRNA sequence 

67581 67581_gRNA1 3'-5' CCAGGTTTCTACCTGGTACTCCT 

 67581_gRNA2 5'-3' TTTGATATCACTTGGGGTAACGG 

 67581_gRNA3 5'-3' CTTGATAATTCATCTGGCTCCGG 

69800 69800_gRNA1 3'-5' CCCTACTGGGCTCCTGATCATTT 

 69800_gRNA2 5'-3' GGTTTACCTCTCTAGAATCATGG 

 69800_gRNA3 5'-3' CTTGTTGAGGGTGATTCTGCTGG 

67360 + 67401 67360-401_gRNA1 5'-3' ATCACCTGGGGTGATGGCCGAGG 

 67360-401_gRNA2 3'-5' CCTGGGGTGATGGCCGAGGTAAA 

 67360-401_gRNA3 3'-5' CCTGTTTGGCAAAATCGATATGC 

67301 + 67381 67301-381_gRNA1 5'-3' CTCTCCCTCGATAAATCATCTGG 

 67301-381_gRNA2 5'-3' GATTGATATGCAGCTGAAGCTGG 

  67301-381_gRNA3 3'-5' CCCTCGATAAATCATCTGGTTCT 

PAM motif highlighted in red.  
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Single stranded oligos with BsbI restriction enzyme overhangs were ordered from IDT 

(USA), for cloning into the pEn-Chimera plasmids. The forwards orientation oligo was 

designed as follows: 5’ATTG + 20 bp protospacer and the reverse: 5’ AAAC + reverse-

complemented protospacer, for example: 

5' 
 

A T T G A G G A G T A C C A G G T A G A A A C C 
     

3' 

      
T C C T C A T G G T C C A T C T T T G G C A A A 

  

 

Forwards and reverse orientation gRNA oligos were annealed in a reaction containing 2 µL 

of each oligo at 50 µM concentration in 46 µL distilled H2O, for 5 minutes at 95°C, 

followed by slow cooling to room temperature to maximise annealing. The pEn-Chimeras 

were digested with BbsI in a reaction mix containing 20 U of enzyme (2 µL, NEB, USA), 

10X NEB buffer 2.1 (containing 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2 and 100 

µg/ml BSA, pH 7.9), 1 µg of pEn-Chimera and dH2O to 30 µl, incubated for one hour at 

37  °C. Annealed oligos were then ligated into the digested pEn-Chimeras in a reaction mix 

containing ~30 ng of digested plasmid, 3 µL of annealed oligos, 600 U of T4 DNA ligase 

(NEB, USA), 10X T4 DNA ligase reaction buffer (containing 50 mM Tris-HCl, 10 mM 

MgCl2, 1 mM ATP and 10 mM DTT, pH 7.5), made up to 10 µL with dH2O. See Table 5.7 

for details on which gRNAs were ligated into each vector. The ligation reaction was 

incubated at room temperature for one hour before transformation into Subcloning 

Efficiency™ DH5α™ Competent Cells (Invitrogen, USA), as outlined by the 

manufacturer. Briefly, the competent E. coli cells were thawed on ice and 5 µL of the 

ligation mix was added to 25 µL of cells. Following a 30 minute ice incubation, cells were 

heat-shocked for 20 seconds at 42°C and returned to ice for a further 2 minutes before 

adding 950 µL of pre-warmed SOC medium and incubated at 37°C for one hour, 

oscillating at ~225rpm. To plate cells, 100 µL were added to a pre-warmed LB/Kanamycin 

plate (50 mg.ml-1) and incubated for 16 hours at 37 °C.  

To select colonies which were likely to have the gRNA insert, 20-30 colonies were 

randomly selected and used in a colony PCR reaction. A sample of the selected colony was 

diluted in 30 µL of dH2O to act as the PCR template and the rest of the colony was 

inoculated on a fresh LB/Kanamycin culture plate. A reaction mix containing 1 µL of the 

colony template, 2x GoTaq PCR mix (Promega, USA), 0.5 µM of each forwards and 

reverse primer and dH2O up to 25 µL was used for PCR. The M13F1 primer was used with 

the reverse gRNA oligo (see Appendix D.2 for primer sequences), using the following 
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program: 5 minutes at 95°C, 35 cycles of 30 seconds at 95°C, 30 seconds at 55°C and 30 

seconds at 72 °C, followed by a final 5 minutes at 72°C. Successfully cloned colonies were 

identified by the presence of a PCR product using the gRNA insert-specific primers, 

identified by gel electrophoresis with gels stained with ethidium bromide solution (BioRad, 

USA). Positive colonies were inoculated into 5 ml of LB/Kanamycin, grown for 16 hours 

at 37°C shaking, extracted using the QIAprep Spin Miniprep Kit (Qiagen, USA) and 

sequenced by Sanger sequencing at the UC Davis DNA Sequencing Facility 

(http://dnaseq.ucdavis.edu/) using primers 298306gRNAseqF for pMR298 and pMR306 

and 204gRNAseqF for pMR204 (Appendix D.2), to check the gRNA had inserted in the 

correct orientation without errors. 

5.3.2.3 Developing the Cas9 Destination vector 

One of each of the pEn-chimeras, pMR286, pMR204 and pMR306, each containing a 

single gRNA were recombined into the destination vector pMR286 in a single Gateway 

recombination reaction using LR Clonase® II Plus enzyme (Invitrogen, USA), according 

to the manufacturer’s instructions. Briefly, 10 fmoles of each Entry clone and 20 fmoles of 

the pMR286 destination vector were added to 2 µL of LR Clonase® II Plus enzyme, in a 

final reaction volume made up to 10 µL with TE buffer. Reactions were incubated at room 

temperature for 18 hours and inhibited by the addition 2 ng of Proteinase K solution for 10 

minutes at 37 °C. The Gateway reaction mix was then transformed into One Shot® 

Mach1™ -T1R Chemically Competent E. coli (Invitrogen, USA) according to the 

manufacturer’s instructions. 5 µL of the Gateway reaction mix was added to 50 µL of cells, 

mixed gently and incubated on ice for 30 minutes, before heat-shock treatment for 30 

seconds at 42 °C. To each reaction tube, 250 µL of S.O.C. medium (MP Biomedicals, 

LLC, USA) was added and cells were incubated for 1.5 hours at 37°C, shaking at 225rpm. 

Cells (all 300 µL) were then plated onto LB/spectinomycin plates (100 mg.ml-1) and 

incubated at 37°C for 16 hours.  

Successful clones were selected by colony PCR, set-up as previously described, with 10-20 

colonies tested per construct, using the Cas9F primer and reverse for each gRNA oligo 

(Appendix D.2), on the following program; 5 minutes at 95°C, 35 cycles of 45 seconds at 

95°C, 90 seconds at 55°C and 90 seconds at 72°C, followed by a final 5 minutes at 72°C. 

Three positive clones for each construct were inoculated into 5 mL of LB/spectinomycin 

and cultured at 37°C for 16 hours, before plasmids were extracted using the QIAprep Spin 
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Miniprep Kit (Qiagen, USA) and sent for sequencing confirmation at the UC Davis 

Sequencing Facility.  

5.3.3 Agrobacterium-mediated transformation  

CRISPR constructs were transformed into Agrobacterium tumefaciens strain 

ElectroMAX™ A. tumefaciens LBA4404 Cells by electroporation. Approximately 300 ng 

of each construct was added to 50 μl of LBA4404 cells, which were incubated on ice for 

20 minutes before adding to electroporation cuvettes (Gene Pulser, BioRad, USA) and 

electroporation at 1,440 volts (Multiporator®, Eppendorf). 500 μl of SOC media was 

added and cultures were transferred to a fresh Eppendorf tube for shaking incubation at 

28°C for 2 hours, before plating onto LB/spectinomycin agar plates. Following ~48 hours 

incubation at 28 °C, single colonies were inoculated into LB/spectinomycin media and 

incubated for a further 18 hours. Plasmids were extracted using the QIAprep Spin 

Miniprep Kit (Qiagen, USA) and insert-specific PCR was conducted, to confirm successful 

transformation of the destination vector. Agrobacterium strains which tested as positive 

were sent to the UC Davis Plant Transformation Facility (http://ucdptf.ucdavis.edu/) for 

infiltration into Lactuca sativa cv. Salinas. 

5.3.4 Preliminary screening of transformants for editing events 

Preliminary screening of T0 transformants (the primary transformed plant), was achieved 

by targeted next generation amplicon sequencing. Primers were designed to capture gRNA 

sequences within 100 bp of the forwards or reverse sequence reaction, with libraries 

intended for pooling into a lane of paired-end sequencing (sequencing in both forwards and 

reverse orientations), as a cost effective way of screening for editing events. Due to time 

constraints, libraries were pooled into the next available sequencing run and therefore, 

single read sequencing was conducted. For this reason, not all gRNAs were captured by 

analysis. The prepared library is scheduled to run by paired end sequencing by the end of 

September 2017. 

5.3.4.1 DNA extraction 

Primary lettuce transformants were received from the transformation facility after rooting 

and transferring to soil, and were maintained in the UC Davis glasshouse facility. Two 

independent leaf samples were collected from the youngest leaves of primary 

transformants post-rooting and a selection of samples were also taken from explants in 
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culture, due to a deleterious early phenotype observed in several of transformants 

inhibiting root formation and plant development past the culture stage, so that editing 

efficiency could still be measured. Samples previously snap-frozen and stored at -80°C 

were placed in liquid nitrogen and a zirconium bead was added to each Eppendorf before 

tissues were homogenised using a TissueLyser II (Qiagen, USA), fitted with the 

TissueLyser Adapter Set 2 x 24 (Qiagen, USA). DNA was extracted by the addition of an 

RLT lysis buffer (5 M guanidine isothiocyanate and 250 mM Tris pH 6.75), followed by 

thorough vortexing, centrifugation at 14,000rpm for 5 minutes and transfer of the 

supernatant to a DNA binding plate (Econospin 96 well DNA binding plate, Epoch Life 

Sciences, USA) placed in a waste collection plate (Epoch Life Sciences, USA). Plates were 

centrifuged at 2,400rpm for 5 minutes to bind DNA to the plate, the flow-through was 

discarded and plates were first washed with PB buffer (Qiagen, USA), followed by two 

subsequent 80% ethanol (EtOH) washes. The binding plate was thoroughly dried of EtOH 

before elution of DNA into 100 μl of dH2O by centrifugation at 3,000rpm for 5 minutes. 

DNA concentration was estimated using a nanodrop (Nanodrop 2000, ThermoFisher 

Scientific, USA). 

5.3.4.2 Amplicon library preparation 

Amplicon libraries were prepared following the protocol described for 16S Metagenomic 

Sequencing Library Preparation for the Illumina MiSeq system, with minor modifications. 

Forwards and reverse primers containing a 5’ transposase overhang adapter (Table 5.5) 

were used to generate amplicons to include the gRNA region, in a 25 µl reaction 

containing 200 μM dNTPs, 240 nM of each primer, ~25 ng of DNA, 0.14 U Phusion High 

Fidelity DNA polymerase (Promega, USA) and 5X Phusion High Fidelity buffer 

(Promega, USA) on a cycle of 95°C for 3 minutes, 29 cycles of 95°C for 30 seconds, 60°C 

for 30 seconds and 72°C for 30 seconds, with a final 5 minute extension. Amplicons were 

cleaned using Sera-Mag SpeedBeads Magnetic Carboxylate modified particles (GE 

Healthcare, UK) and concentration was estimated using a nanodrop. To prepare amplicons 

for multiplex DNA sequencing, unique barcodes from the Nextera XT Index Kit (Illumina, 

USA) were annealed to the 5’ and 3’ end of each amplicon in a second PCR reaction. 1 µM 

of each index with 25 ng of amplicon, along with 2x GoTaq DNA polymerase MasterMix 

(Promega, USA) was run on the thermocycler at 95°C for 3 minutes and 13 cycles of 95°C 

for 30 seconds, 55°C for 30 seconds and 72°C for 15 seconds, ending with 5 minutes at 

72°C. 
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Following a second magnetic bead clean-up as described, DNA concentrations were 

estimated using the Quantifluor dsDNA system (Promega, USA) following the 

manufacturer’s instructions and an equimolar ratio of each sample were pooled to create 

the sequencing library. This library was quality checked using a 2100 Bioanalyzer 

(Agilent, USA) to confirm expected amplicon size, before incorporating into the final 

sequencing library at a final concentration of 1% of the total library. The library was run 

on one lane of an Illumina MiSeq (Illumina, USA), by single read sequencing at the 

Sequencing Facility Core at the UC Davis Genome Center 

(http://dnatech.genomecenter.ucdavis.edu/). 

5.3.4.3 Amplicon sequencing data analysis 

Raw sequencing reads were obtained from the UC Davis Genome Center sequencing 

facility. Sequence reads, available as FASTQ files, were de-multiplexed using the allprep 

tool written by the Comai laboratory at UC Davis (available via: https://github.com/Comai-

Lab/allprep), which organises the FASTQ files into sub-folders depending on their barcode 

sequence. De-multiplexed reads were then mapped to the amplicon sequence, used as a 

reference, by Burrows-Wheeler alignment (BWA version 0.7.10; Li & Durbin, 2009) on 

command line. This generated a BAM file containing all the reads of each amplicon 

sequenced for each individual, mapped to the wild type (Salinas) amplicon sequence. 

Genome editing events were investigated from these BAM files using information of 

gRNA position in the form of a .bed file and figures depicting editing events were 

generated using the plotVariants function in the CrispRVariants R package (Lindsay et al., 

2016) implemented  in R studio (RStudio Team, 2015). BAM files were also imported into 

Geneious software (Kearse et al., 2012) in an attempt to characterise mutations classified 

as “other” by the CrispRVariants package. 
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Table 5.5 Screening for mutations by amplicon sequencing 

Gene 

sequenced 
Forwards primer Reverse Primer 

Amplicon 

length (bp) 
gRNA sequenced 

69800 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

CCATTCACACTTCAATTTCCAC 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

CGCATTTGAGTGAAAGTTTTAC 

321 69800_gRNA2 

 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

ATCTTCATGTTTTAGGTGCTG 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

GTTGGCTTGTCAACTAATCTA 

184 69800_gRNA3 

67581 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

GCTGCATATCGATTTTTCCAAAC 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

CTGAAAATGGTGTTTTCTTCTTC 

311 67581_gRNA3 

     

67301 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

CAGTGACAGTGCCGGCAG 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

TTCAACTTACTAACAACACCT 

369 67301-381_gRNA2 

67360 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

CAAAGCCAGAGCCAGAT 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

CACAATTCATGTCATTTATCTCA 

310 67360-401_gRNA2 

+     
67360-401_gRNA1 

67381 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

CAGTGACAGTGCCGGCGG 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

CGACTTTACTTCTGCTCTCTAT 

307 67301-381_gRNA2 

67401 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

CTTACATAGTAGGCAGTGACTG 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

CTTCAACTTATGAACAAGCA 

383 67360-401_gRNA3 

 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

ATCGAGGGAAAGGGTTAA 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

CTTCAACTTATGAACAAGCA 

267 67360-401_gRNA2 

+     
67360-401_gRNA1 

Transposase sequence to which a unique barcode was ligated to is shown in red text.
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5.4   Results 

5.4.1 Characterising the lettuce XTH gene family 

Initial nBLAST searches identified 41 putative XTH homologues from the L. sativa v5 

genome assembly, found on every chromosome, summarised in Table 5.6. The most XTHs 

were identified on chromosome 8 (8) followed by chromosome 4 (7) and the least (1) on 

chromosome 9. Two putative XTHs were located on scaffolds which have not yet been 

assigned to a chromosome (listed as chromosome 0). Phylogenetic analysis was conducted 

in an attempt to classify the putative lettuce XTHs into the three subgroups which have 

been proposed for the XTH gene family (Rose et al., 2002). In order to do this, three A. 

thaliana XTH sequences from each subgroup were included in analyses. A cluster of 7 

putative lettuce XTHs grouped with high node support (0.97) with the three A. thaliana 

XTHs in subgroup 3 (highlighted in blue, Figure 5.4). Another 14 XTH genes appeared to 

group into subgroup 1 (highlighted in purple, Figure 5.4), which included gene model 

69800 on scaffold 601, chromosome 4, targeted by CRISPR analysis (highlighted in red, 

Figure 5.4). The five other XTHs targeted clustered with high node support (1.00) within 

proposed subgroup 2, along with the A. thaliana XTHs classified into the same subgroup 

(highlighted in green, Figure 5.4). XTHs within the subgroup 3 cluster were mostly from 

chromosomes 7 and 8. One cluster of six genes separated from all other XTHs with high 

node support (1.00; Figure 5.4), with a longer branch length corresponding to evolutionary 

distance and may exist as secondary group of subgroup 3, which has been described in the 

literature (Eklof & Brumer, 2010).  
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Table 5.6 41 putative XTH genes identified from the lettuce genome 

Chromosome Scaffold Gene model 
CDS length 

(bp) 

0 256 3541 2004 

0 8495 42180 2097 

1 454 64420 873 

1 1544 620 2034 

1 6868 127501 909 

2 884 45920 843 

2 1160 40980 570 

2 2573 80380 882 

2 3799 41960 561 

3 444 84840 885 

3 1586 33121 879 

3 7292 43161 879 

4 32 22721 1050 

4 601 69800 873 

4 1695 181860 1995 

4 2910 6921 957 

4 3087 42380 1044 

4 3941 88681 2025 

4 6252 159341 882 

5 12 14880 2184 

5 591 147421 573 

5 1490 144400 969 

5 1490 144420 969 

5 1490 144460 969 

6 10 24740 780 

6 61 3400 936 

6 673430 44180 825 

7 426 54320 621 

7 426 54340 831 

7 1374 56941 846 

7 673395 83821 693 

7 673395 83841 864 

8 759 67261 870 

8 2129 67360 867 

8 2129 67401 867 

8 2129 67301 867 

8 2129 67381 847 

8 2211 109641 492 

8 673127 67581 864 

8 673379 96260 876 

9 3738 12641 885 

Scaffold and genome nomenclature according to the L. sativa version 5 genome assembly. 

Six genes targeted by CRISPR/Cas9 investigations highlighted in red.   
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Figure 5.4 Phylogenetic analysis of 41 putative XTH genes 

Putative XTH homologues identified from the lettuce genome (v5). ID is shown as 

chromosome number, followed by scaffold and gene model IDs (v5 genome assembly). 

The six XTH genes targeted by CRISPR/Cas9 genome editing are shown in red. The 

proposed subgroups are annotated in blue (subgroup 3), purple (subgroup 1) and green 

(subgroup 2) according to the A. thaliana gene nomenclature (stated as gene model 

ID_gene name_subgroup).   
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5.4.2 Targeting XTH genes by CRISPR/Cas9 genome editing 

The 6 XTHs under investigation showed high sequence similarity (Figure 5.5), particularly 

those within scaffold 2129 (gene models 67301, 67360, 67381 and 67401). For the genes 

within scaffold 2129, a strategy was undertaken whereby the same gRNA was designed to 

target two XTH genes simultaneously. The rationale was that with this approach, there was 

the potential to knockout multiple XTH at the same time. Three gRNAs were designed 

which targeted both gene models 67360 and 67401 and three targeting gene models 67301 

and 67381, each cloned into a separate pEn-Chimera plasmid (Table 5.7).When cloning 

into the destination vector, which encoded the Cas9 gene, 2/3 of the gRNAs designed to 

target both 67360 and 67401 genes (67360-401_gRNA 1 and 3) were recombined into the 

same destination vector along with 1/3 of the gRNAs targeting genes 67301 and 67381 

(67301-381_gRNA2), titled pMR286_2. The remaining three gRNAs, two of which 

targeted genes 67301 and 67381 (67301-381_gRNA1 and gRNA3) and one gRNA 

targeting 67360 and 67401 (67360-401_gRNA2) were cloned into destination vector 

pMR286_3 (Table 5.7). With this strategy, a single construct had the potential to knockout 

the four XTH genes on scaffold 2129, if all gRNAs were active. Constructs pMR286_2 and 

pMR286_3, were co-transfected into lettuce cultivar Salinas (Transformation 2, Table 5.7). 

Successful co-transformation would increase the likeliness of knocking out the four XTH 

genes on scaffold 2129 simultaneously, with a greater number of gRNAs targeting each 

gene (3 gRNAs targeting each).  

For gene model 67581 on scaffold 673127, three gRNAs were cloned into the three 

different pEn-Chimeras and later recombined into the same destination vector, pMR286_1 

(Table 5.7). Three gRNAs were also targeted to gene model 69800 on scaffold 601, 

recombined into pMR286_4 (Table 5.7). Constructs pMR286_1 and pMR286_4 were co-

transfected into lettuce cultivar Salinas (Transformation 1, Table 5.7). Successful co-

transformation could lead to editing of two genes, 67581 on chromosome 8 and 69800 on 

chromosome 4.  
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Table 5.7 CRISPR cloning strategy 

gRNA pEn-Chimera Destination vector Transformation ID 

67581_gRNA1 pMR298 pMR286_1 1 

67581_gRNA2 pMR204 pMR286_1 1 

67581_gRNA3 pMR306 pMR286_1 1 

67360-401_gRNA1 pMR298 pMR286_2 2 

67360-401_gRNA2 pMR204 pMR286_3 2 

67360-401_gRNA3 pMR306 pMR286_2 2 

67301-381_gRNA1 pMR298 pMR286_3 2 

67301-381_gRNA2 pMR204 pMR286_2 2 

67301-381_gRNA3 pMR306 pMR286_3 2 

69800_gRNA1 pMR298 pMR286_4 1 

69800_gRNA2 pMR204 pMR286_4 1 

69800_gRNA3 pMR306 pMR286_4 1 
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Figure 5.5 Alignment of the six XTHs targeted by CRISPR/Cas9 

Gene ID is the chromosome location, followed by gene model ID (L. sativa Salinas v5 genome). Shaded regions demonstrate regions of high homology.
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5.4.3 Screening transformants for editing events 

The first rooted T0 plants were collected from the UC Davis plant transformation facility 

approximately six months after submission of the Agrobacterium strains, three months 

later than anticipated based on previous transformations of the Salinas genotype, using the 

protocol optimised by the facility. In culture, it was recorded that although regeneration 

efficiency from callus after Agrobacterium transformation was as expected for Salinas, 

explants had an unusual phenotype in which root growth was severely stunted. This 

impacted the ability to acclimate the plants to soil, thus causing a delay to experiments. As 

of May 2017, a total of 18 T0 plants had been generated for transformation 1 and 11 for 

transformation 2, which were screened for editing events in a preliminary experiment 

(Table 5.8). For all T0 plants, samples of two independent leaves were taken to increase 

the chances of detecting editing events which have occurred in somatic cells, which may 

only be expressed in certain tissues. For six lines, leaf tissue was sampled at the culture 

stage (from the explant) and again after rooting (termed T0), enabling the comparison of 

the total editing events at two different time points (Table 5.8). An average of ~8,183 reads 

per individual were generated for each amplicon investigated. To screen for editing events, 

the CrispRVariants package was implemented in R statistics. This package identifies 

sequencing reads, previously mapped to the wild type Salinas amplicon sequence as a 

reference, which deviate from the wild type sequence at the gRNA site. Mutation alleles 

can be visualised schematically alongside the mutation frequency for each individual 

(Figures 5.6-5.9). 

Editing of gene 69800 was detected in 3/18 T0 plants directed by 69800_gRNA2 (Figure 

5.6A) and 2/3 of these plants were also detected to have mutations directed 69800_gRNA3 

(Figure 5.6C). Line 165004-013 was identified as a biallelic mutant at the site of 

69800_gRNA2, with ~52% of the sequence reads (~3,400) demonstrating a single 

nucleotide (A) insertion 2 bp downstream of the expected Cas9 cut site (position -2, 3 bp 

downstream of the PAM start site) and ~47% of the reads had a 17 bp deletion (~3,023; 

Figure 5.6A). A homozygous mutation was also observed in the same plant at the site of 

69800_gRNA3, with approximately 100% of sequence reads also demonstrating a 3 bp 

deletion at the Cas9 cut site (Figure 5.6C).This suggests the CRISPR construct 

(pMR286_1) had been inserted into the genome and initiated Cas9 and gRNA expression 

early in development, and perhaps in the germ line. As expected, 98-100% of the wild type 

Salinas control had no variant (Figure 5.6A and C).  
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Line 165004-014, which was sequenced at the explant (165004-014-A/B) and T0 stage 

(165004-014-2A/B) displayed a chimeric mutation profile (multiple low frequency 

deletion mutations at different frequencies in the four samples taken), indicative of somatic 

cell editing (Figure 5.6A and C). Directed by 69800_gRNA2, 14-35% of reads displayed 

editing (Figure 5.6A), however 69800_gRNA3 had a higher editing efficiency with 97-

100% of reads displaying a variant mutation (Figure 5.6C). The most frequent allele 

generated by 69800_gRNA3 was a 5 bp deletion, observed in 23-42% of the sequence 

reads (Figure 5.6C). For line 165004-009, an allele classed as “other” by CrispRVariants 

was identified in ~100% of the reads sequenced at the position of 69800_gRNA2 (Figure 

5.6A). This represents chimeric reads, in which the read maps as fragments to different 

regions of the reference sequence due to genomic deletions (Lindsay et al., 2016). 

Visualisation of the raw reads in Geneious (Kearse et al., 2012) indicated a 100 bp deletion 

had been generated between the expected Cas9 cut sites of 69800_gRNA2 and the 

downstream 69800_gRNA1 (Figure 5.6B).  

In this preliminary analysis, gene 67581 was only screened for editing events at the 

position of 67581_gRNA3 and no mutations were detected for any of the 18 lines. 

Screening at the position of the other two gRNAs targeting this gene may reveal mutations 

at the other gRNA target sites within the gene.  
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Table 5.8 Transformants screened for CRISPR/Cas9 genome editing 

Transfor

mation ID 

Line 

ID 
Constructs 

Gene models 

targeted 
Details 

1 165004-

001-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from tissue in culture and 

from plant after rooting 

1 165004-

002-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

003-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

004-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

005-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

006-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

007-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from tissue in culture and 

from plant after rooting 

1 165004-

008-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

009-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

010-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

011-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

012-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

013-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 165004-

014-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from tissue in culture and 

from plant after rooting 

1 165004-

015-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 175002-

002-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 175002-

005-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

1 175002-

006-A 

pMR286_1 + 

pMR286_4 

69800 and 67581 Sample collected from plant after rooting 

 
    

2 165003-

001-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 

2 165003-

002-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from tissue in culture and 

from plant after rooting 

2 165003-

003-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 

2 165003-

005-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 

2 165003-

006-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 

2 165003-

007-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 

2 175001-

001-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 

2 175001-

002-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from tissue in culture and 

from plant after rooting 

2 175001-

003-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 

2 175001-

004-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from tissue in culture and 

from plant after rooting 

2 175001-

005-A 

pMR286_2 + 

pMR286_3 

67301, 67360, 67381 

and 67401 

Sample collected from plant after rooting 
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Figure 5.6 Editing events detected in gene 69800 

Allele summary plot of mutations at 69800_gRNA2 site (A), with a schematic of the 

mutant alleles at the gRNA site (left plot) aligned to the Salinas wild type sequence 

(“Reference”). Positions of the 20 bp gRNA and 3 bp PAM site are highlighted at the top 

of the box in the reference sequence and expected Cas9 cut site is indicated by a vertical 

line. Mutations coded (far left) as position of the mutation relative to the expected cut site 

(+ for upstream, - for downstream) followed by the allele, with I for insertion (displayed as 

a symbol, described in legend below box) and D for deletion (dash). Box on the right 

depicts a heat map with the frequency of variants for each sample (displayed below the 



Chapter 5 

189 

box) as a percentage of reads. Mutations accounting for >1% of the reads are shown, with 

the total % of mapped reads accounted for by the alleles listed displayed at the top of the 

box. The “other” mutation at the 69800_gRNA2 site for 165004-009-A/B was visualised in 

Geneious software (B). gRNA positions are shown with reads mapped to the reference 

Salinas wild type sequence. C depicts the allele summary plot for edits by 69800_gRNA3. 

 

For transformation 2, no editing of gene 67301 by gRNA 67301-381_gRNA2 was 

observed for any of the 11 lines tested, but as the other two gRNAs targeting this gene 

were not investigated, the potential for editing at the other gRNA sites cannot be excluded. 

Editing of gene 67360 was detected in two lines; 175001-001 and 175001-002 (Figure 

5.7B). Line 175001-001 was identified as a chimera, with the two samples sequenced 

demonstrating highly different mutation profiles (Figure 5.7B). Sample A indicated that 

~90% of reads (3,726/4,001) mapped in CrispRVariants had a mutation, however only 

36% of reads (1,569/3,874) were detected to have edits for sample B (Figure 5.7B). This 

suggests the CRISPR construct has been integrated into a somatic cell, as opposed to an 

embryonic cell line, of 175001-001. For line 175001-002, from which two samples at the 

explant stage and two samples at the T0 stage were sequenced, ~65-68% of the reads 

(average of ~5,757) had a 1 bp insertion at the expected Cas9 cut site as directed by 67360-

401_gRNA1 and ~28-33% of reads (average ~2,705) had a 1 bp insertion 2 bp downstream 

(Figure 5.7B).  For gene 67381, one sample of 175001-002 (B) taken at the explant stage 

was determined to have a mutation classified as “other” by CrispRVariants at a frequency 

of 32% (Figure 5.8A). Visualisation of the reads in Geneious indicated there had been a 

deletion, with the reads failing to map to the wild type amplicon reference after 39 bp at 

the expected Cas9 cut site of 67301-381_gRNA 2 (Figure 5.8B). This deletion is predicted 

to extend for >237 bp, past the remainder of the amplicon sequence, as the rest of the 

chimeric read (~61 bp) did not map to the amplicon. As this mutation was only observed in 

one out of the four samples tested for line 175001-002, this indicates any editing has 

occurred in the somatic cell line and may segregate in the T1 progeny. 
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Figure 5.7 Editing events detected in gene 67360 

Two gRNAs, 67360-401_gRNA1 and 67360-401_gRNA2, targeted to overlapping sites in 

gene 67360 (A). Allele summary plot of mutations in gene 67360 (B), relative to gRNA1 

on the sense DNA strand. Position of gRNA1 and the PAM motif are outlined by black 

boxes in the Reference sequence gRNA2 is shown in red, with expected Cas9 cut sites 

indicated as black and red vertical lines, respectively. 
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Figure 5.8 Editing events detected in gene 67381 

Allele summary plot of mutations in gene 67381 (A). The “other” mutation observed in 

32% of the reads for sample 175001-002-B only was visualised in Geneious software (B). 

gRNA positions are shown in grey with reads mapped to the reference Salinas wild type 

sequence. Only 39 bp of the read could be mapped to the reference amplicon sequence, 

with the read ending at the expected Cas9 cut site as directed by 67301-381_gRNA2. 
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All three gRNAs targeting gene 67401 were captured by amplicon sequencing. Editing of 

lines 175001-001, 175001-002 and 175001-004 was observed at the overlapping site of 

67360-401_gRNA1 and gRNA2, which were all identified as chimeras by the mutation 

frequency profile (Figure 5.9A). For line 175001-001 sample A, ~84% of reads displayed a 

mutation with ~10% identifying with the wild type sequence (Figure 5.9A). The other ~6% 

of reads which are not represented in Figure 5.9A for 175001-001-A are likely to be other 

low frequency (<1% of reads) mutations. The most frequent allele detected was a 1 bp 

insertion at the expected Cas9 cut site as directed by 67360-401_gRNA2 (~42.5%, 

3,345/7,769 reads) and a 1 bp deletion at the same position (~30%, 2,329 reads; Figure 

5.9A). For sample B, the same 1 bp insertion was detected in ~52% of the reads 

(3,419/6,544) and ~34.5% of the reads identified with the wild type (2,284; Figure 5.9A). 

For line 175001-002, three out of the four samples sequenced demonstrated a 1 bp 

insertion at the expected Cas9 cut site as directed by 67360-401_gRNA1 at a frequency of  

~95% (average of ~5,600 reads), with >300 reads identified as wild type (Figure 5.9A). 

The same mutant allele was only observed in ~79% of the reads (4,617/5,859) for 175001-

001-2B, collected at the explant stage (Figure 5.9A). 

For 175001-004, all four of the samples analysed had a 1 bp insertion at the expected Cas9 

cut site as directed by 67360-401_gRNA1 at a frequency of ~55% (Figure 5.9A). The 

second highest frequency mutation was classified as “other” and observation of the 

sequence reads suggested there had been a 63 bp deletion at the expected Cas9 cut site, as 

directed by 67360-401_gRNA1 (Figure 5.9B). For three of the samples tested (A, B and 

2B) <4% of the reads identified with the wild type sequence, however for 175001-004-2A, 

~24% were wild type (Figure 5.9A). A low frequency of editing (~10%) was observed at 

the expected Cas9 cut site as directed by 67360-401_gRNA3 in one out of the four samples 

tested for line 175001-004 (2A), which was a 1 bp deletion (Figure 5.9C).   
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Figure 5.9 Editing detected in gene 67401 

Allele summary plot of mutations in gene 67401 relative to gRNA1 on the sense DNA 

strand (A). Position of gRNA1 and the PAM motif are outlined by black boxes in the 

Reference sequence gRNA2 is shown in red, with expected Cas9 cut sites indicated as 

black and red vertical lines, respectively. The “other” mutation observed for line 175001-

004 only was visualised in Geneious software (B), with the predicted 67 bp deleted region 

indicated by the red line. Allele summary plot of mutations in gene 67401 as directed by 

67360-401_gRNA3 (C).   
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5.5 Discussion 

5.5.1 Characterising the lettuce XTH gene family 

XTH genes are an important family of cell wall modifying enzymes which have been well 

characterised in a variety of monocot and dicot species. To characterise this gene family 

for lettuce, the coding sequences of six putative lettuce XTH genes identified from previous 

candidate gene analysis (Chapter 4) were used in an nBLAST search against the lettuce 

genome to identify putative homologues. A total of 41 XTH genes were identified by this 

approach (Table 5.6), comparable to the number of homologues previously identified in 

dicot species, with an average of 36 genes for the 11 dicot species investigated (Eklof & 

Brumer, 2010; Figure 5.2). The greatest number of XTH genes were identified on 

chromosomes 4 and 8, which have been previously identified as important for shelf life 

QTL (4.4.2). Genes identified provide further candidates for functional investigations.  

5.5.2 Targeted knockout of XTH genes in lettuce 

Preliminary screening of the T0 transformants has identified several lines which appear to 

have CRISPR/Cas9-induced mutations. The most frequently induced mutation generated 

by Cas9 was a single nucleotide base insertion, which has been previously reported to be 

the case in plants (Feng et al., 2014). Of particular interest is line 165004-009 identified as 

a homozygous mutant (both gene copies have the same mutation) for 69800, with ~100% 

of reads demonstrating a 100 bp deletion, highly likely to result in gene knockout (Figure 

5.6). Line 165004-013 was identified as a biallelic mutant (each gene copy has a different 

mutant allele) at the 69800_gRNA2 site, with approximately 50% of reads indicating a 1 

bp insertion, likely to induce a frameshift mutation and ~50% a 17 bp deletion, again likely 

to inhibit both gene copies (Figure 5.6). At the 69800_gRNA3 target site, the same line 

demonstrated a homozygous 3 bp deletion. Investigations have therefore generated 

homozygous and biallelic mutants in the first generation. For transformation 2, line 

175001-002 demonstrated ~100% editing of gene 67360 and a high level of editing of gene 

67401, all identified as 1 bp insertions which are likely to disrupt gene function by 

frameshift mutation (Figures 5.7 and 5.9). This indicates that targeting two genes with the 

same gRNA is a successful approach for generating double gene knockout mutants in 

lettuce, as has been described for Arabidopsis and tobacco (Shan et al., 2013). Line 

175001-001 displayed a chimeric genotype for mutations of genes 67360 and 67401, with 

in each case >40% of the sequence reads diverging from the wild type sequence.  
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Integration of CRISPR constructs and expression of Cas9 and the gRNAs early in 

development can generate mutations in the shoot apical meristem, which can enter the 

germ line and follow a Mendelian inheritance pattern (Fauser et al., 2014). Although germ 

line modification is preferred, as the fastest way of generating mutant plants with 

homozygous gene knockouts, as Cas9 is stably integrated and remains active, it is possible 

for germ line mutations to occur in later generations of plants which initially demonstrate a 

chimeric phenotype (Fauser et al., 2014). Homozygous and biallelic rice mutants have 

been observed in T0 plants, with mutations inherited by the T1 generation following a 

typical Mendelian pattern of inheritance (Zhang et al., 2014b). However Xu et al. (2015) 

found the genotype of biallelic T0 rice progeny to be unpredictable in the T1 generation, 

indicative of somatic cell editing. Further investigation of the T1 and later generations in 

the present investigation is therefore required, to reveal whether the CRISPR-induced 

mutations that have been observed are heritable.  

A number of lines were identified to have a mutation classified as “other” by the 

CrispRVariants package, representing chimeric reads, whereby segments of the read maps 

to different parts of the reference amplicon sequence (Lindsay et al., 2016). Lindsay et al. 

(2016) suggest that chimeric reads classified as “other” could represent genuine CRISPR-

induced deletions, which are initiated close to the gRNA site, or they could be sequencing 

errors (for example, resulting from recombination when amplified by PCR). However, 

since the predicted deletions observed all originate from an expected Cas9 cut site, the 

“other” variants observed are likely to be genuine deletions (Lindsay et al., 2016). 

Inducing double-stranded breaks at two sites on the same chromosome has been reported 

to result in genome deletions and even chromosome inversions in rice, tobacco and 

Arabidopsis (Zhou et al., 2014; Ordon et al., 2017). In the present investigation, a more in-

depth screening is required to classify these mutant alleles.  

Even in the lines which demonstrated close to 100% mutation, a low frequency of reads 

were still detected to identify with the wild type sequence (>0.5%) and the same was seen 

for Salinas, the wild type control (for example, in Figure 5.9A, 0.03% of reads have a 1 bp 

deletion). This may be attributed to index or barcode “switching”, a recently reported 

phenomena which can occur using newer Illumina sequencing chemistries, whereby free 

barcodes in the library pool which were unincorporated during the library preparation are 

able to switch with the barcodes ligated to amplicons (Sinha et al., 2017). This means that 

sequence reads are incorrectly assigned from one sample to another and was reported to 

occur in an astonishingly high rate of 5-10% of sequencing reads by Sinha et al. (2017), 
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with important implications for multiplex sequencing experiments. However, good library 

preparation, involving thoroughly cleaning the individual sequencing reactions before 

pooling to remove unincorporated barcodes, should mitigate this error to much lower 

frequencies, as observed in the present investigation.  

Given the issues encountered with root regeneration, plants were not available for 

phenotype analysis in the time scale of this project and it therefore remains to be seen 

whether the mutations observed will have an effect on the plant phenotype. It is possible 

that the issues with root regeneration observed in culture were a result of the XTH gene 

knockouts, as XTH expression has been detected in the roots and the root elongation zone 

(Becnel et al., 2006). Though for the five XTH genes targeted on chromosome 8, the 

closest Arabidopsis homologue was identified to be XTH6, which has been found to be 

expressed in the shoot but to be almost entirely absent in the roots (Becnel et al., 2006). 

The closest Arabidopsis homologue to gene model 69800 found on chromosome 4 was 

XTH9, which has been identified to be highly expressed in the meristem and root 

elongation and differentiation zones. Given that a gRNA which targeted this gene 

(69800_gRNA2) appeared to be highly active, demonstrating 100% editing efficiency in 

two plants (Figure 5.6), this may be why many explants failed in the root regeneration 

stage. Measuring XTH gene expression and quantifying XTH enzyme activity, as described 

by Wagstaff et al. (2010), will determine whether the mutations observed have indeed 

knocked out XTH. Assessing shelf life, cell wall biophysical traits (strength, elasticity and 

plasticity) and leaf physiology traits (such as leaf area, epidermal cell number and area), as 

described in 4.4.1, will provide further insight on whether reducing XTH gene expression 

can improve cell wall strength leading to an increase in shelf life, as previously observed 

by Wagstaff et al. (2010). 

5.5.3 CRISPR/Cas9 as a genome editing tool 

Despite the widespread adoption of CRISPR/Cas9 as a tool for genome editing (Sternberg 

& Doudna, 2015), the method is not without limitations. One cause for concern is the 

potential for Cas9 to edit off-target sites, which was not investigated in the present 

investigation. Despite modest off-target editing observed to date , a paper published 

recently in Nature Methods reported the identification of thousands of off-target indels and 

single nucleotide variants which were proposed to have been generated by CRISPR/Cas9 

in a mouse model (Schaefer et al., 2017). However, this study has been heavily criticised 

for having a low sample size (only two mice were studied) and for classifying all single 
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nucleotide variants identified as CRISPR/Cas9-induced, when these are in fact likely to 

reflect natural genetic variation between the two mice under investigation. Nevertheless, 

cautious design of gRNAs is essential to limit the potential for unintended genome editing 

events.  

It has been reported that up to 5 miss-matches between the gRNA and a non-target DNA 

site can be tolerated, with comparable editing efficiencies to the target site (Fu et al., 

2014). The insensitivity of Cas9 to detect mismatches may be an adaptive response of the 

natural immune system, enabling slightly mutated invading viral DNA to still be detected 

and initiate the immune response. It is generally understood that mismatches proximal to 

the PAM site are tolerated less well than those distal to the PAM, with Hsu et al. (2014) 

demonstrating that miss-match editing efficiency was governed by proximity to the PAM 

site and depended on the specific base pair substitution. Singh et al. (2016) used 

florescence resonance energy transfer (FRET), in which donor and acceptor fluorophores 

are added to the DNA target and crRNA, so that FRET can be observed when the two 

molecules come together, to observe the Cas-RNA interaction. It was demonstrated in real 

time that up to 12 bp mismatches at the PAM-distal site result in no measurable changes in 

binding efficiency and the first 4 bp proximal to the PAM site were essential for binding. 

However, whilst Cas9 binding with PAM-distal mismatches is possible, nuclease activity 

does not occur, but instead slow dissociation rates just delay the rate of editing (Singh et 

al., 2016). The S. pyogenes Cas9 has been demonstrated to recognise PAM sites with an 

alternative 5’-NAG motif, with one fifth of the editing efficiency (Hsu et al., 2014), 

emphasising the importance of cautious gRNA design to minimise off-target effects.  

In addition to the consideration of off-target effects, editing efficiency can be influenced by 

the gRNA sequence itself, with inconsistencies in the ability to generate mutations 

observed (Doench et al., 2014). This could increase the time taken to obtain homozygous 

knockouts and often means several gRNAs have to be screened prior to conducting an 

experiment, which can be time consuming and laborious (Doench et al., 2014). For 

example, gRNAs with low GC content have a lower editing efficiency and a G nucleotide 

at the position immediately prior to the PAM site significantly increased gRNA activity, 

whilst a C at the same position reduced activity (Doench et al., 2014). Given its importance 

to the experimental success of CRISPR/Cas, various tools have been developed to assist in 

on- and off-target gRNA predictions and design (Fusi et al., 2015; Doench et al., 2016; 

Listgarten et al., 2016). However, the relevance of these models, built mostly on data from 

human and animal studies, to CRISPR/Cas investigations in plant systems, is as yet 
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unknown. Haeussler et al. (2016) evaluated a number of these algorithms and determined 

that an important factor influencing the ability of the algorithms to make predictions of 

gRNA efficiency was the nature of the gRNA expression system; whether the gRNAs were 

expressed from a U6 promoter (as in the present investigation), or whether they were 

transcribed in vitro. They developed an online tool, CRISPOR, which can be used to 

compare predictions from a number of the most developed algorithms (Haeussler et al., 

2016) and after the lettuce genome was publicly released (Reyes-Chin-Wo et al., 2017), 

authors were contacted to include the lettuce genome on this site, which can be used for 

more informed gRNA design in future experiments.  

Secondly, as with all genome editing tools, one of the main problems is delivery of 

reagents to the cell. Agrobacterium transformation and particle bombardment methods, 

which are still the most common method of introducing DNA into plant cells, present a 

bottleneck to research, due partly to the inefficiency of stable DNA delivery and the time-

consuming tissue culturing required (Altpeter et al., 2016). The optimisation and 

improvement of current tissue culture protocols is likely to speed up this process, as will an 

improved understanding of the signalling coordinating somatic embryogenesis (Altpeter et 

al., 2016). Alternatively, delivering the Cas protein and gRNAs to cells as preassembled 

complexes, ribonucleoproteins (RNPs), has the potential to improve the editing efficiency 

of undifferentiated cells, as reagents do not have to be integrated into the genome and 

expressed from a plasmid and so editing can begin more rapidly (Woo et al., 2015). RNPs 

can be delivered to protoplasts (plant cells without a cell wall) by PEG-mediated 

transformation, Agrobacterium, particle bombardment or electroporation and whole plants 

can be regenerated from callus (Sander & Joung, 2014). Evidence also suggests that off-

target editing efficiency can be restricted by delivering CRISPR reagents by RNP delivery, 

as after a period of activation Cas is degraded, reducing the potential for off-target edits 

(Kim et al., 2014). Successful editing of lettuce using the RNP method has already been 

demonstrated (Woo et al., 2015). By transfecting lettuce protoplasts with Cas RNPs and a 

gRNA, homozygous and biallelic mutants were observed at the callus stage, from which 

whole plants were regenerated and progeny of these plants had inherited the mutation at 

expected frequencies (Woo et al., 2015). Total editing efficiency of lettuce was measured 

at 46% and no off-target editing was detected at 91 genomic positions with 1-5 bp 

differences to the target site (Woo et al., 2015).  

Modifications of the CRISPR/Cas9 systems that are being explored, in an attempt to 

reduce off-targeting editing effects, include mutating one of the catalytic domains of Cas9, 
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turning it into a single stranded DNA “nickase” (Figure 5.10A). Two versions of Cas9 are 

created to cut the sense and antisense DNA strands, each with either the HNH or RuvC 

catalytic domains inactivated, which are simultaneously introduced into the cell (Moore, 

2015). The premise for this is that in order for dsDNA break-induced NHEJ to occur, 

which leads to the insertions and deletions which ultimately result in gene knockout, two 

Cas9 enzymes must be directed to the same target site (Ran et al., 2013). This double-

nickase strategy was found to have a similar on-target editing efficiency as the dsDNA 

Cas9 nuclease, with 50-1500-fold reduction in unintended off-target editing (Ran et al., 

2013). Another approach is to fuse a catalytically inactive Cas9 (dCas9) to the FokI 

nuclease domain, creating an RNA-guided FokI nuclease (Figure 5.10B). As dimerization 

is required for FokI activity, this requires two gRNAs to simultaneously direct Cas9 to the 

target site, with >140-fold improvement to specificity reported (Guilinger et al., 2014). 

Mutant variants of the Cas9 enzyme have also been engineered which display reduced off-

target binding (Kleinstiver et al., 2016; Slaymaker et al., 2016).  

 

 

Figure 5.10 Modifications to the CRISPR/Cas9 system 

Cartoon of the paired-nickase (A) and dCas9-FokI fusion (B) modifications to the 

traditional CRISPR/Cas9 system to reduce off-target editing. Adapted from Bortesi et al. 

(2016). 

 

 

Given that the CRISPR/Cas system was identified as a naturally occurring mechanism in 

prokaryotes, new and improved technologies are likely to be found by further investigation 

of the natural systems. In an additional level of complication to the natural CRISPR/Cas 

immune system, it has recently been identified that phages encode proteins which impede 

A 

B 
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Cas9 in order to evade destruction; known as “anti-CRISPRs” (Shin et al., 2017). By 

simultaneously introducing Cas9 and anti-CRISPRs into cells in a co-ordinated and timely 

approach, anti-CRISPRs provide an “off-switch” enabling the reduction of off-target 

editing (Shin et al., 2017) and may prove useful for future control of the technology.  It is 

clear that the CRISPR/Cas editing system is a revolutionary tool, which is still in its 

infancy and it is perhaps likely that in the future, it will be replaced by even more accurate 

and efficient technologies identified from existing microbial systems. This places an 

importance on metagenomics analysis and so-called “blue skies” research. 

In the present investigation, a multiplex strategy was employed whereby several gRNAs 

targeting one or more XTH genes were co-transfected into lettuce. Preliminary sequence 

analysis indicates that homozygous, biallelic and chimeric mutants have been generated in 

the T0 generation. Double gene mutants were also identified using a strategy whereby a 

single gRNA is used to target a conserved region in both genes. Further analyses of the T1 

generation will determine whether the CRISPR-induced mutations have been inherited, 

creating stable gene knockouts and whether off-target editing has occurred. Phenotypic 

investigations will reveal whether disruption to the XTH genes targeted has an effect on 

shelf life.  
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Chapter 6 General discussion 

6.1 Progress towards improving the nutritional quality and shelf life of 

lettuce 

Lettuce is a widely consumed crop of global significance, ranking amongst the top ten 

most commonly consumed vegetables in the US, with production valued at almost $3 

billion in 2015 for head, leaf and romaine types (Buzby et al., 2015; USDA, 2016). 

Breeding efforts thus far have principally been driven by crop producers, who desire a crop 

with good disease resistance, which demonstrates a reliable and uniform field 

establishment and is suitable for harvesting with existing machinery, largely overlooking 

post-harvest quality traits. However, challenges presented by increasing climate variability 

and anticipated global population growth, of an additional 2.4 billion people by 2050, are 

forcing a paradigm shift in the agricultural industry towards focusing on the sustainable 

intensification of food crops (Campbell et al., 2014; Lipper et al., 2014). Ultimately, this 

means producing crops with higher yields of better quality, utilising fewer resources 

(Petersen & Snapp, 2015).  

Despite the fact that over 850 million people are estimated to have been undernourished 

from 2010-2012, it is estimated that up to a third of food produced for human consumption 

is lost or wasted (FAO, 2012, 2013). Wasted food utilises 250 km3 of surface and 

groundwater (equivalent to three times the volume of lake Geneva), accounts for 1.4 

billion hectares of land (30% of the total Earth’s land suitable for agriculture) and was 

ranked as the third highest greenhouse gas emitter in 2010, beaten only by the USA and 

China (FAO, 2013). Poor nutrition, as a result of insufficient fruit and vegetable 

consumption, is ranked amongst the global top 20 risk factors and up to 8 million deaths in 

2013 are thought to have been avoidable through increased fruit and vegetable 

consumption (Forouzanfar et al., 2015; Aune et al., 2017). Two billion people today are 

expected to suffer from micronutrient deficiencies, which could be mitigated by increasing 

fruit and vegetable consumption (Wheeler & von Braun, 2013).  

Although it contains an array of health-benefitting phytochemicals, lettuce ranks relatively 

poorly in terms of nutrient density in comparison to other vegetables (Song et al., 2010) 

and was estimated to be the most highly wasted vegetable or salad in the UK, equating to 

44,000 tonnes and £270 million in 2012 (WRAP, 2012). It is therefore critical that future 
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development of lettuce considers both the nutritional quality and shelf life, as was the 

objective of this thesis.  

Using the wealth of genetic mapping resources already developed for lettuce (see Table 

1.3), Chapter 2 investigated the genetic basis of the phytonutrient profile. Quantitative trait  

loci (QTL) for antioxidant (AO) potential, phenolic metabolites and the pigments, which 

are the key contributors to the phytonutrient content of lettuce, were identified (Damerum 

et al., 2015). Several QTL were found to cluster to the same position on linkage group 

(LG) 3, including total AO content, responsible for ~30% of the phenotypic variation, 

chlorophyll and carotenoids (pigments) and the flavonoids kaempferol and quercetin, 

measured from experiments in different environments. For the first time, using the lettuce 

genome (Reyes-Chin-Wo et al., 2017), candidate genes underlying these traits in lettuce 

were identified. Amongst these candidates were flavanone 3-hydroxylase (F3H), a key 

enzyme in the flavonoid biosynthetic pathway (Figure 2.5; Owens et al., 2008). 

Investigations identified wild lettuce to be a source of natural genetic variation for 

improving nutritional quality and an individual of the wild x cultivated recombinant inbred 

line (RIL) mapping population (Truco et al., 2007), RIL 112, demonstrated transgressive 

segregation for nutritional quality traits.   

Chapter 3 describes attempts to exploit the nutrient profile of RIL 112; by introgressing 

wild alleles for the cluster of QTL identified on LG (chromosome) 3 into an elite cultivar, 

in a commercially-led breeding programme. Using a backcross strategy, a variety 

designated SSC3227 was developed, which also demonstrated transgressive segregation 

for AO content. Commercial field trials demonstrated this novel green leaf variety 

contained double the antioxidants of a presently marketed green Batavia cultivar, with 

comparable shelf life and no impact on product flavour, as determined by sensory panel 

analyses. Attempts were made to utilise a PCR-based genotyping technology, high 

resolution melt (HRM), to determine whether the AO QTL on chromosome 3 had been 

introgressed into line SSC3227. HRM is emerging as a promising genotyping technology 

for the application to marker-assisted breeding (MAB) programmes, given that it has a 

lower cost relative to other popular PCR-based SNP genotyping platforms (such as 

TaqMan and KASP) and only requires standard molecular biology reagents and equipment 

(Semagn et al., 2014; Thomson, 2014). Whilst HRM genotyping produced variable results, 

sequencing revealed partial QTL introgression with SSC3227 demonstrating 

heterozygosity for wild alleles within two promising candidate genes for AO potential; 

Flavanone 3-hydroxylsae (F3H) and Ferulate-5-hydroxylase (F5H). Further breeding is 
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required to fix the wild alleles for this locus, so that it is homozygous for the wild parent 

introgression, and to determine how much of the wild parent genome is remaining, which 

can have unfavourable impacts on crop performance due to linkage drag (Hospital, 2005b). 

In Chapter 4, QTL mapping (utilising the same methods outlined in Chapter 2) identified 

several QTL for shelf life, leaf biophysical and physiological traits, and for the first time, 

candidate genes for the shelf life of a leafy vegetable are reported. From ~1,800 genes total 

identified under the 10 QTL of interest, over 200 candidate genes for shelf life were 

identified, several of which have roles in cell wall synthesis and remodelling (including 

XTHs and expansins) and transcription factors activated in response to hormones (such as 

ethylene responsive and small auxin up RNA transcription factors). Shifting the focus from 

the artificial RIL mapping population, investigations moved towards exploring the shelf 

life phenotype in a commercially relevant panel of baby leaf lettuce cultivars and breeding 

lines. A candidate gene association mapping approach was performed, to determine 

whether genes underlying the QTL identified from investigations on the RIL population 

were significantly associated with shelf life traits in the commercial panel. Significant 

marker-trait associations were identified with genes implicated in response to drought 

(MYB 44), leaf thickness and stomatal density (FHY3) and plant growth and development 

(DWARF and SHEPHERD), providing targets for further investigations. 

Building on observations of the Chapter 3 field trial, phenotyping the commercial panel 

revealed that red leaf varieties were found to have a shorter shelf life than green types, 

which on average was up to two days longer. However, green leaf varieties demonstrated 

the poorest nutritional quality in terms of AO content, suggesting there is a requirement for 

green leaf breeding material which is more nutrient dense, such as SSC3227 developed in 

Chapter 3. As identified in previous investigations of shelf life traits in the RIL population 

by Zhang et al. (2007), shelf life was positively correlated with cell wall strength 

(maximum load) and was found to be negatively correlated with cell wall irreversible 

extensibility (plasticity) in the present investigation. This suggests that these traits are good 

indicators of shelf life across a range of germplasm and can be used for more rapid 

phenotyping at the point of harvest, rather than waiting until end shelf life. Plastic 

extensibility occurs exclusively during growth, involving the loosening of the cell wall 

followed by water uptake and increased turgor pressure, leading to irreversible extension 

(Figure 6.1, (Cosgrove, 2016). Enzymes such as XTHs have been implicated in driving cell 

wall loosening by adding xyloglucan molecules (xyloglucan endotransglycosylase  
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 activity) to the xyloglucan chains which tether cellulose microfibrils together, forming the 

primary cell wall structure (Han et al., 2016). Reducing the activity of cell wall modifying 

enzymes may work to decrease cell wall plasticity, preventing cell wall loosening and in 

turn, increasing wall strength. Indeed, Wagstaff et al. (2010) found that reducing XTH 

expression in lettuce reduced cell and leaf area and increased cell wall strength, resulting in 

improved shelf life. 

 

Figure 6.1 Cell wall loosening during growth 

During plant growth, relaxation of the hemicelluloses (such as xyloglucan) tethering 

cellulose microfibrils results in loosening of the cell wall, increasing plasticity. Water 

uptake forces cell expansion by increased turgor pressure. Adapted from (Cosgrove, 2016). 

 

To further explore the proposed link between shelf life and the cell wall, CRISPR/Cas9 

genome editing was applied to generate lettuce knockout mutants for six XTH genes, 

identified in QTL investigations described in Chapter 4. A multiplex approach in which a 

single gRNA was designed to target multiple XTH genes was used and three gRNAs were 

cloned into the same construct, in an attempt to knockout the expression of up to four 

XTHs simultaneously. Preliminary screening by next generation sequencing suggested 

successful gene editing of lettuce. Future phenotyping of the mutants will firstly confirm 

gene knockout and determine whether complete gene knockout has a greater effect on 

improving shelf life compared to gene knockdown, achieved through RNAi by Wagstaff et 

al. (2010). One aspect which has not been explored in, or prior to, this thesis is how leaf 

age and stage of plant development may affect shelf life. In baby leaf cropping systems, 

leaves are usually harvested at the 5 leaf stage, at around 6 weeks (Wagstaff et al., 2010). 

Given that cell walls are more plastic during growth, it is plausible that harvesting leaves at 

a later stage could improve shelf life and may have important implications for lettuce 

production. This thesis has therefore uncovered more about the genetic basis of two 

important post-harvest lettuce traits, nutritional quality and shelf life and for the first time, 

identified genes which may be underlying these traits. QTL data provide MAB targets and 

knowledge of gene candidates can be utilised in fundamental functional investigations. The 

key aspects of this thesis are outlined in Figure 6.2.  
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Figure 6.2 Thesis overview 

Summary of the work presented in this thesis. 

Boxes are coloured according to Chapter 

number. Grey dashed boxes represent work pre-

dating PhD and red dashed boxes outline work 

to be completed in the future. 
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6.2 Conclusions and future perspectives 

For decades, lettuce research has utilised molecular breeding technologies to identify QTL 

and markers for MAB; but in contrast to the amount of QTL mapping data that has been 

generated (Table 1.5), few successful applications to MAB are described in the literature 

for post-harvest traits. Although many of these investigations discuss the possibility of 

applying QTL data to future breeding programmes, few demonstrate this in practice. 

Whilst MAB technologies provide attractive advantages to traditional breeding techniques, 

by enabling efficient and early selection of germplasm at the seedling stage, reducing the 

amount of material that needs to be phenotyped and requiring less time to inform 

selections, it can still take over a decade to produce an improved cultivar (Collard & 

Mackill, 2008; Scheben et al., 2017). For example, Beneforté, a novel broccoli variety with 

increased levels of the phytonutrient glucoraphanin, took over 20 years to commercialise 

(Figure 6.3; Traka et al., 2013).  

 

Figure 6.3 The development of Beneforté broccoli 

Timeline for the commercialisation of Beneforté, a broccoli variety with 2-3 higher 

glucoraphanin content, developed by exploiting the genetic variation in wild brassica 

germplasm (adapted from http://www.beneforte.com/). 
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It is clear that the use of genome editing tools, such as CRISPR/Cas9 employed in this 

thesis, have the potential to transform the field of plant breeding. Using genome editing, 

breeders are not limited by the existing genetic variation of cultivars, which are often 

highly inbred. Whilst utilising wild relatives of crops has the potential to introduce novel 

sources of variation, this has the added task of ensuring only the beneficial loci are 

introgressed due to the negative effects of linkage drag (Hospital, 2005b). This can require 

several generations of inbreeding as observed in the development of Beneforté (Figure 

6.3), even after the desirable trait has been introgressed, to minimise the presence of wild 

alleles which can negatively impact on crop performance (Jansen, 1996; Collard & 

Mackill, 2008). Making genome edits to already elite cultivars has the potential to 

eliminate this stage, accelerating novel cultivar development (Scheben et al., 2017). 

However, in order to make targeted genome modifications, we must have an understanding 

of the genes underlying quantitative traits, which can be ambiguous for complex and 

understudied post-harvest traits, such as shelf life.  

In the present investigation, QTL mapping followed by candidate gene mining was used to 

identify targets for future lettuce improvement. Though this approach was successful in 

identifying hundreds of candidate genes for shelf life, it would be unfeasible to investigate 

each one, even with the speed and multiplex capabilities of CRISPR/Cas. The publishing 

of the lettuce genome has presented the possibility of unifying the wealth of existing QTL 

data (Table 1.5). As many of the QTL studies described for lettuce have utilised different 

genetic maps and mapping populations, it can be difficult to make comparisons and 

translate between these studies. By mapping to the reference genome, comparative, 

genome-wide QTL analysis could be conducted, which has the potential to expose 

genomic regions that influence multiple traits, relevant across different germplasm, 

enabling multiple traits to be targeted for improvement simultaneously. Conducting a 

meta-analysis of QTL, in which a systematic approach is taken to quantitatively review 

independent studies and integrate data using statistical methodology, could increase QTL 

detection power and allow more accurate estimation of effect size and position (Goffinet & 

Gerber, 2000; Wu & Hu, 2012). The meta-QTL identified often have reduced confidence 

intervals, providing a smaller genomic regions for the identification of gene targets, 

helping to refine regions of interest (Courtois et al., 2009; Swamy et al., 2011). Having an 

interactive, user-friendly platform to share data and resources amongst academics, 

government and privately funded research institutions and breeding companies, for 

example in a “Leafy vegetables QTL Database” parallel to Gramene (Ni et al., 2009), 

would permit the collation of QTL data for relevant and overlapping traits for these crops, 
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which could permit finer genetic dissection of traits. Such developments could 

consequently promote commercial MAB applications, by identifying robust QTL deemed 

worthy of the time, effort and expense (Collard & Mackill, 2008).  

Knowing which genes to target is only one hurdle to the application of genome editing. As 

with genetic modification technologies, sociopolitical factors are likely to obstruct 

application to crop improvement. Indeed, reports of human embryo editing for the 

correction of human diseases (Ma et al., 2017) have generated a huge ethical debate over 

the use of the technology, with some labelling it as ‘eugenic’. This could have detrimental 

impacts on its sociopolitical success and thus application to crop improvement (Benston, 

2017). However, a major advantage to genome editing over prevailing transgenic 

technologies is the potential for generating genome edits without the presence of 

transgenes, providing hope that genome-edited crops will not be considered as 

“Genetically modified organisms” (GMOs) and increasing the likeliness of such crops 

entering the commercial market (Scheben & Edwards, 2017). Under the EU directive 

2001/18/EC, a GMO is “an organism, with the exception of human beings, in which the 

genetic material has been altered in a way that does not occur naturally by mating and/or 

natural recombination” (EC, 2001). Given that genome editing technologies involve 

endogenous cellular repair mechanisms and that in the case of gene knockout by non-

homologous end joining, there is no insertion of foreign DNA by the experimenter, 

genome edits could have theoretically occurred in nature by conventional breeding 

methods. There is therefore hope that application of the technology will not face the same 

costly and time-consuming regulatory hurdles as for GMOs (Hartung & Schiemann, 2014; 

Huang et al., 2016).  

Indeed, there have been two examples so far of genome-edited crops which have avoided 

GMO regulation in the USA by the United States Department of Agriculture; corn 

engineered to contain higher levels of amylopectin (utilised in processed foods and 

adhesives) and an anti-browning mushroom with reduced polyphenol oxidase expression 

(Waltz, 2016). After obtaining homozygous mutants by genome editing, organisms can be 

crossed with the wild type until loss of the Cas9 gene and gRNAs by recombination (whilst 

ensuring the mutation is maintained). In addition, utilising the transgene-free RNP method 

of Cas9 and gRNA delivery, described as “DNA-free” because of the absence of Cas9, 

gRNA or vector backbone in the genome of edited lines, is even more likely to allow 

avoidance of strict GMO regulation (Woo et al., 2015). Without the presence of a 

transgene, the genome-edited line is theoretically no different to a line generated by 
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chemical or radiation-induced mutagenesis, which are common practices in crop breeding 

(Wolter & Puchta, 2017).  Whilst in the USA, genome-edited crops may escape strict 

GMO regulation, the future of EU legislation is uncertain and may greatly impact direct 

application of the technology to crop improvement (Wolter & Puchta, 2017). A 

combination of robust QTL detection, candidate gene identification and functional 

characterisation using cutting-edge genome editing technologies, facilitated by the recent 

publishing of the lettuce genome (Reyes-Chin-Wo et al., 2017), is likely to revolutionise 

lettuce breeding via MAB and, depending on legislative rulings, genome editing 

technologies. 
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A.1 Trait  abbreviations and metabolite identification information 

Abbreviation Full name  lmax (nm)a MS 

(m/z)b 

MS/MS 

(m/z)c 

Reference 

CTA1 O-caffeoyltartaric acid 

isomer 1 

219, 328 311 179, 135 Llorach et al., 

2008 

CTA2 O-caffeoyltartaric acid 

isomer 2 

219, 328 311 179, 135 Llorach et al., 

2008 

DCTA di-O-caffeoyltartaric acid  220, 243, 327 473 311, 293 Llorach et al., 

2008 

mDCTA meso-di-O-caffeoyltartaric 

acid  

220, 329 473 311, 293 Llorach et al., 

2008 

CQA1 O-caffeoylquinic acid 

isomer 1 

220, 326 353 191 Llorach et al., 

2008 

CQA2 O-caffeoylquinic acid 

isomer 2 

218, 318 353 191 Llorach et al., 

2008 

CQA3 O-caffeoylquinic acid 

isomer 3 

219, 326 353 191 Llorach et al., 

2008 

DCQA di-O-caffeoylquinic acid  221, 328 473 311, 293 Llorach et al., 

2008 

3,5-DCQA 3,5-di-O-caffeoylquinic 

acid 

220, 329 473 311, 293 Llorach et al., 

2008 

Q-3Gc Quercetin-3-O-glucuronide 222, 256, 355 477 301 Llorach et al., 

2008 

Q-3G Quercetin-3-O-glucoside 222, 256, 355 463 301 Llorach et al., 

2008 

Q-3MG Quercetin-3-O-

malonylglucoside 

220, 256, 355 549 505 Llorach et al., 

2008 

Q-3MG-7Gc Quercetin-3-O-

malonylglucoside-7-O-

glucuronide 

218, 255, 351 725 681, 505 Llorach et al., 

2008 

Q-3MG-7G Quercetin-3-O-

malonylglucoside-7-O-

glucoside 

219, 343 711 667 Llorach et al., 

2008 

K-3Gc Kaempferol-3-O-

glucuronide 

220, 346 461 285 Llorach et al., 

2008 

K-3MG Kaempferol-3-O-

malonylglucoside 

220, 346 533 489 Llorach et al., 

2008 

L-7G Luteolin-7-O-glucoside 220, 346 447 285 Llorach et al., 

2008 

L-7Gc Luteolin-7-O-glucoronide 220, 346 461 285 Llorach et al., 

2008 
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CMA Caffeoyl malic acid 220, 327 295 179, 133, 

135 

Ribas-Augusti et 

al., 2011 

5-CoQA 5-p-coumaryl quinic acid 

isomer 1 

219, 311 337 191 Ribas-Augusti et 

al., 2011 

5-CoQA 5-p-coumaryl quinic acid 

isomer 2 

219, 302 337 191, 173, 

163 

Ribas-Augusti et 

al., 2011 

347 Unknown metabolite 347 219, 320 347 275, 257 

 

331 Unknown metabolite 331 220, 297 331 259, 215 

 

AO Total antioxidants 

    

Phenolics Total phenolics 

    

CHL  Total chlorophyll 

    

CAR Total carotenoids         

a Wavelength maxima of peak 

b Mass-charge ratio of parent ion 

c Mass-charge of ratio of daughter ions, the most abundant ion is highlighted in bold text 

 

A.2 RIL subset and molecular marker inheritance 

Available as Supplementary Table S1 via: 

https://www.nature.com/articles/hortres201555#supplementary-information 

 

A.3 Top ten BLASTn hits for the ten selected candidate genes against the 

GenBank database 

Gene 

symbol 
Rank 

 
Description Accession 

PAP2 1  Gynura bicolor GbMYB2b mRNA for 

transcription factor MYB2b, complete cds  

AB581527.1 

 2  Gynura bicolor GbMYB2a mRNA for 

transcription factor MYB2a, complete cds  

AB581526.1 

 3  Gynura bicolor GbMYB2 mRNA for 

transcription factor GbMYB2, complete cds  

AB550245.1 

 4  Gynura bicolor GbMYB1 mRNA for 

transcription factor GbMYB1, complete cds  

AB550244.1 

 5  Dahlia pinnata R3myb mRNA for transcription 

factor R3myb, complete cds  

AB621921.1 

 6  Gerbera hybrid cv. 'Terra Regina' mRNA for 

MYB10 protein 

AJ554700.1 

https://www.nature.com/articles/hortres201555#supplementary-information
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836931
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836931
http://www.ncbi.nlm.nih.gov/nucleotide/685836931?report=genbank&log$=nucltop&blast_rank=1&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836929
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836929
http://www.ncbi.nlm.nih.gov/nucleotide/685836929?report=genbank&log$=nucltop&blast_rank=2&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922321
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922321
http://www.ncbi.nlm.nih.gov/nucleotide/306922321?report=genbank&log$=nucltop&blast_rank=3&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922319
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922319
http://www.ncbi.nlm.nih.gov/nucleotide/306922319?report=genbank&log$=nucltop&blast_rank=4&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_327165090
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_327165090
http://www.ncbi.nlm.nih.gov/nucleotide/327165090?report=genbank&log$=nucltop&blast_rank=5&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_40643885
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_40643885
http://www.ncbi.nlm.nih.gov/nucleotide/40643885?report=genbank&log$=nucltop&blast_rank=6&RID=1Z7910KE01R
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 7  Pericallis cruenta MYB10 mRNA, partial cds JF499667.1 

 8  Dahlia pinnata DvMYB1 mRNA for R2R3-

MYB transcriptional factor, complete cds  

AB601003.1 

 9  Chrysanthemum x morifolium MYB10 mRNA, 

partial cds 

JF499668.1 

 10  PREDICTED: Sesamum indicum transcription 

factor MYB114-like (LOC105158544), mRNA  

XM_011075327.1 

MYB114 1  Dahlia pinnata R3myb mRNA for transcription 

factor R3myb, complete cds  

AB621921.1 

 2  Gynura bicolor GbMYB2b mRNA for 

transcription factor MYB2b, complete cds  

AB581527.1 

 3  Gynura bicolor GbMYB2a mRNA for 

transcription factor MYB2a, complete cds  

AB581526.1 

 4  Gynura bicolor GbMYB2 mRNA for 

transcription factor GbMYB2, complete cds  

AB550245.1 

 5  Gerbera hybrid cv. 'Terra Regina' mRNA for 

MYB10 protein 

AJ554700.1 

 6  Gynura bicolor GbMYB1 mRNA for 

transcription factor GbMYB1, complete cds  

AB550244.1 

 7  Pericallis cruenta MYB10 mRNA, partial cds JF499667.1 

 8  Chrysanthemum x morifolium MYB10 mRNA, 

partial cds 

JF499668.1 

 9  Dahlia pinnata DvMYB1 mRNA for R2R3-

MYB transcriptional factor, complete cds 

AB601003.1 

 10  Actinidia chinensis MYB family transcription 

factor mRNA, complete cds  

KF157390.1 

F3H 1  Hieracium pilosella flavanone-3-beta-

hydroxylase mRNA, complete cds 

EU561014.1 

 2  Lactuca sativa F3H mRNA for flavanone-3-

beta-hydroxylase, partial cds  

AB525910.1 

 3  Dendranthema x grandiflorum flavanone 3-

hydroxylase mRNA, complete cds 

U86837.1 

 4  Chrysanthemum x morifolium flavanone 3-

hydroxylase mRNA, complete cds 

JF834892.1 

 5  Nicotiana tabacum flavanone 3-hydroxylase 

mRNA, complete cds 

AF036093.1 

 6  Nicotiana tabacum flavanone 3-hydroxylase-

like mRNA sequence 

AF036169.1 

 7  Gynura bicolor GbF3H mRNA for flavanone 3-

hydroxylase, complete cds 

AB550252.1 

 8  Dahlia pinnata F3H mRNA for flavanone-3-

hydroxylase, complete cds 

AB591828.1 

 9  Pericallis cruenta flavanone 3-hydroxylase (f3h) 

mRNA, partial cds 

DQ471436.1 

 10  Silybum marianum isolate SmF3'H1 

naringenin,2-oxoglutarate 3-dioxygenase-like 

protein mRNA, partial cds 

KF767864.1 

http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_379054200
http://www.ncbi.nlm.nih.gov/nucleotide/379054200?report=genbank&log$=nucltop&blast_rank=7&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_312222648
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_312222648
http://www.ncbi.nlm.nih.gov/nucleotide/312222648?report=genbank&log$=nucltop&blast_rank=8&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_379054202
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_379054202
http://www.ncbi.nlm.nih.gov/nucleotide/379054202?report=genbank&log$=nucltop&blast_rank=9&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_747054803
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_747054803
http://www.ncbi.nlm.nih.gov/nucleotide/747054803?report=genbank&log$=nucltop&blast_rank=10&RID=1Z7910KE01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_327165090
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_327165090
http://www.ncbi.nlm.nih.gov/nucleotide/327165090?report=genbank&log$=nucltop&blast_rank=1&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836931
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836931
http://www.ncbi.nlm.nih.gov/nucleotide/685836931?report=genbank&log$=nucltop&blast_rank=2&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836929
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685836929
http://www.ncbi.nlm.nih.gov/nucleotide/685836929?report=genbank&log$=nucltop&blast_rank=3&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922321
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922321
http://www.ncbi.nlm.nih.gov/nucleotide/306922321?report=genbank&log$=nucltop&blast_rank=4&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_40643885
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_40643885
http://www.ncbi.nlm.nih.gov/nucleotide/40643885?report=genbank&log$=nucltop&blast_rank=5&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922319
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922319
http://www.ncbi.nlm.nih.gov/nucleotide/306922319?report=genbank&log$=nucltop&blast_rank=6&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_379054200
http://www.ncbi.nlm.nih.gov/nucleotide/379054200?report=genbank&log$=nucltop&blast_rank=7&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_379054202
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_379054202
http://www.ncbi.nlm.nih.gov/nucleotide/379054202?report=genbank&log$=nucltop&blast_rank=8&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_312222648
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_312222648
http://www.ncbi.nlm.nih.gov/nucleotide/312222648?report=genbank&log$=nucltop&blast_rank=9&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_543175119
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_543175119
http://www.ncbi.nlm.nih.gov/nucleotide/543175119?report=genbank&log$=nucltop&blast_rank=10&RID=1Z7M31W101R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_171906247
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_171906247
http://www.ncbi.nlm.nih.gov/nucleotide/171906247?report=genbank&log$=nucltop&blast_rank=1&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_299888981
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_299888981
http://www.ncbi.nlm.nih.gov/nucleotide/299888981?report=genbank&log$=nucltop&blast_rank=2&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2801406
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2801406
http://www.ncbi.nlm.nih.gov/nucleotide/2801406?report=genbank&log$=nucltop&blast_rank=3&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_347976717
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_347976717
http://www.ncbi.nlm.nih.gov/nucleotide/347976717?report=genbank&log$=nucltop&blast_rank=4&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2828005
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_2828005
http://www.ncbi.nlm.nih.gov/nucleotide/2828005?report=genbank&log$=nucltop&blast_rank=5&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_27549590
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_27549590
http://www.ncbi.nlm.nih.gov/nucleotide/27549590?report=genbank&log$=nucltop&blast_rank=6&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922333
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_306922333
http://www.ncbi.nlm.nih.gov/nucleotide/306922333?report=genbank&log$=nucltop&blast_rank=7&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_308035495
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_308035495
http://www.ncbi.nlm.nih.gov/nucleotide/308035495?report=genbank&log$=nucltop&blast_rank=8&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_94471632
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_94471632
http://www.ncbi.nlm.nih.gov/nucleotide/94471632?report=genbank&log$=nucltop&blast_rank=9&RID=22057MHX01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_575009756
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_575009756
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_575009756
http://www.ncbi.nlm.nih.gov/nucleotide/575009756?report=genbank&log$=nucltop&blast_rank=10&RID=22057MHX01R


Appendix A 

215 

F5H 1  Chrysanthemum x morifolium F5H mRNA for 

ferulate-5-hydroxylase, complete cds 

AB500858.1 

 2  Eutrema salsugineum hypothetical protein 

(EUTSA_v10024928mg) mRNA, complete cds  

XM_006411954.1 

 3  Isatis tinctoria cytochrome P450 mRNA, 

complete cds 

EF103135.1 

 4  Arabidopsis lyrata subsp. lyrata ferulate-5-

hydroxylase, mRNA  

XM_002866983.1 

 5  Arabidopsis lyrata subsp. petraea partial fah1 

gene for ferulate-5-hydroxylase, exons 1-3 

AJ295586.1 

 6  Arabidopsis thaliana fah1 gene for ferulate-5-

hydroxylase, exons 1-3 CVI-0 ecotype  

AJ295581.1 

 7  Arabidopsis thaliana fah1 gene for ferulate-5-

hydroxylase, exons 1-3 MH-0 ecotype  

AJ295580.1 

 8  Arabidopsis thaliana partial fah1 gene for 

ferulate-5-hydroxylase, exons 1-2, population 

variant RV2 

AJ492859.1 

 9  Arabidopsis thaliana partial fah1 gene for 

ferulate-5-hydroxylase, exons 1-2, population 

variant TV1 

AJ492840.1 

 10  Arabidopsis thaliana chromosome 4 sequence CP002687.1 

CCAoMT 1  Carthamus tinctorius CtCoAOMT3 mRNA for 

caffeoyl CoA O-methyltransferase, complete cds 

AB430462.1 

 2  Carthamus tinctorius CtCoAOMT4 mRNA for 

caffeoyl CoA O-methyltransferase, complete cds 

AB430463.1 

 3  PREDICTED: Prunus mume caffeoyl-CoA O-

methyltransferase (LOC103335243), mRNA  

XM_008238253.1 

 4  Prunus persica hypothetical protein 

(PRUPE_ppa010497mg) mRNA, complete cds 

XM_007201175.1 

 5  Eucalyptus camaldulensis caffeoyl-CoA O-

methyltransferase (CCoAOMT) mRNA, 

complete cds 

HM106291.1 

 6  Eucalyptus globulus caffeoyl-CoA 3-O-

methyltransferase (CCOMT) mRNA, complete 

cds 

AF046122.1 

 7  PREDICTED: Sesamum indicum caffeoyl-CoA 

O-methyltransferase (LOC105169526), mRNA  

XM_011089932.1 

 8  E.gunnii mRNA for caffeoyl-CoA O-

methyltransferase 

Y12228.1 

 9  PREDICTED: Eucalyptus grandis caffeoyl-CoA 

O-methyltransferase (LOC104418719), mRNA  

XM_010030135.1 

 10  PREDICTED: Nelumbo nucifera caffeoyl-CoA 

O-methyltransferase (LOC104601739), mRNA  

XM_010265186.1 

GGPS 1  Lactuca indica var. laciniata LivlGGPPS mRNA 

for putative GGPP synthase, partial cds 

AB055653.1 

 2  Lactuca indica var. laciniata LivlGGPPS mRNA 

for putative GGPP synthase, partial cds 

AB046111.1 

http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_418203659
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_418203659
http://www.ncbi.nlm.nih.gov/nucleotide/418203659?report=genbank&log$=nucltop&blast_rank=1&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_567216775
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_567216775
http://www.ncbi.nlm.nih.gov/nucleotide/567216775?report=genbank&log$=nucltop&blast_rank=2&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_118582213
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_118582213
http://www.ncbi.nlm.nih.gov/nucleotide/118582213?report=genbank&log$=nucltop&blast_rank=3&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_297798289
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_297798289
http://www.ncbi.nlm.nih.gov/nucleotide/297798289?report=genbank&log$=nucltop&blast_rank=4&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12578912
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12578912
http://www.ncbi.nlm.nih.gov/nucleotide/12578912?report=genbank&log$=nucltop&blast_rank=5&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12578902
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12578902
http://www.ncbi.nlm.nih.gov/nucleotide/12578902?report=genbank&log$=nucltop&blast_rank=6&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12578900
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12578900
http://www.ncbi.nlm.nih.gov/nucleotide/12578900?report=genbank&log$=nucltop&blast_rank=7&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_24740305
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_24740305
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_24740305
http://www.ncbi.nlm.nih.gov/nucleotide/24740305?report=genbank&log$=nucltop&blast_rank=8&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_24740213
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_24740213
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_24740213
http://www.ncbi.nlm.nih.gov/nucleotide/24740213?report=genbank&log$=nucltop&blast_rank=9&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_332656411
http://www.ncbi.nlm.nih.gov/nucleotide/332656411?report=genbank&log$=nucltop&blast_rank=10&RID=220DZTXK01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_207059701
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_207059701
http://www.ncbi.nlm.nih.gov/nucleotide/207059701?report=genbank&log$=nucltop&blast_rank=1&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_207059703
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_207059703
http://www.ncbi.nlm.nih.gov/nucleotide/207059703?report=genbank&log$=nucltop&blast_rank=2&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_645261817
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_645261817
http://www.ncbi.nlm.nih.gov/nucleotide/645261817?report=genbank&log$=nucltop&blast_rank=3&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_595797107
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_595797107
http://www.ncbi.nlm.nih.gov/nucleotide/595797107?report=genbank&log$=nucltop&blast_rank=4&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_297499578
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_297499578
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_297499578
http://www.ncbi.nlm.nih.gov/nucleotide/297499578?report=genbank&log$=nucltop&blast_rank=5&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_3319277
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_3319277
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_3319277
http://www.ncbi.nlm.nih.gov/nucleotide/3319277?report=genbank&log$=nucltop&blast_rank=6&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_747081875
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_747081875
http://www.ncbi.nlm.nih.gov/nucleotide/747081875?report=genbank&log$=nucltop&blast_rank=7&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1934858
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1934858
http://www.ncbi.nlm.nih.gov/nucleotide/1934858?report=genbank&log$=nucltop&blast_rank=8&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_702462514
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_702462514
http://www.ncbi.nlm.nih.gov/nucleotide/702462514?report=genbank&log$=nucltop&blast_rank=9&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_720023950
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_720023950
http://www.ncbi.nlm.nih.gov/nucleotide/720023950?report=genbank&log$=nucltop&blast_rank=10&RID=220KXCD501R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12862618
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12862618
http://www.ncbi.nlm.nih.gov/nucleotide/12862618?report=genbank&log$=nucltop&blast_rank=1&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12231185
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12231185
http://www.ncbi.nlm.nih.gov/nucleotide/12231185?report=genbank&log$=nucltop&blast_rank=2&RID=220TBHCR01R
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 3  Tagetes erecta GGDP synthase mRNA, 

complete cds 

AF251012.1 

 4  Youngia japonica YjGGPPs1 mRNA for 

putative GGPP synthase 1, partial cds 

AB049083.1 

 5  Sonchus oleraceus SoGGPPS mRNA for 

putative GGPP synthase, partial cds 

AB046107.1 

 6  Scoparia dulcis mRNA for geranylgeranyl 

pyrophosphate synthase, complete cds 

AB034250.1 

 7  Panax notoginseng isolate 

CL278Contig6_GGR_reverse geranylgeranyl 

diphosphate synthase mRNA, complete cds 

KJ804178.1 

 8  PREDICTED: Glycine max geranylgeranyl 

pyrophosphate synthase, chloroplastic-like 

(LOC100785539), mRNA  

XM_003547947.2 

 9  PREDICTED: Glycine max geranylgeranyl 

pyrophosphate synthase, chloroplastic-like 

(LOC100782362), mRNA  

XM_003518000.2 

 10  Glycine max cDNA, clone: GMFL01-25-G19  AK245263.1 

ZEP 1  Lactuca sativa LsZEP1 mRNA for Lactuca 

sativa zeaxantin epoxidase 1, complete cds 

AB120106.1 

 2  Chrysanthemum x morifolium ZEP mRNA for 

zeaxanthin epoxidase, complete cds 

AB205053.1 

 3  Chrysanthemum boreale zeaxanthin epoxidase 

mRNA, complete cds 

KC202431.1 

 4  Camellia sinensis zeaxanthin epoxidase (zep) 

mRNA, complete cds 

KM519985.1 

 

 5  PREDICTED: Nicotiana tomentosiformis 

zeaxanthin epoxidase, chloroplastic 

(LOC104104310), mRNA  

XM_009612360.1 

 6  Daucus carota subsp. sativus putative 

zeaxanthin epoxidase mRNA, complete cds 

DQ192197.1 

 7  PREDICTED: Jatropha curcas zeaxanthin 

epoxidase, chloroplastic (LOC105639709), 

mRNA  

XM_012223843.1 

 8  PREDICTED: Populus euphratica zeaxanthin 

epoxidase, chloroplastic-like (LOC105138970), 

mRNA  

XM_011045237.1 

 9  PREDICTED: Malus x domestica zeaxanthin 

epoxidase, chloroplastic (LOC103401379), 

transcript variant X3, mRNA  

XM_008340095.1 

 10  PREDICTED: Malus x domestica zeaxanthin 

epoxidase, chloroplastic (LOC103401379), 

transcript variant X2, mRNA  

XM_008340094.1 

XET 1  Dahlia pinnata xyloglucan endotransglycosylase 

(XET) mRNA, complete cds  

HM053613.1 

 2  Chrysanthemum x morifolium xyloglucan 

endotransglycosylase mRNA, complete cds  

HM752243.1 

http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_9971807
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_9971807
http://www.ncbi.nlm.nih.gov/nucleotide/9971807?report=genbank&log$=nucltop&blast_rank=3&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_13383250
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_13383250
http://www.ncbi.nlm.nih.gov/nucleotide/13383250?report=genbank&log$=nucltop&blast_rank=4&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12231183
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12231183
http://www.ncbi.nlm.nih.gov/nucleotide/12231183?report=genbank&log$=nucltop&blast_rank=5&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_6277255
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_6277255
http://www.ncbi.nlm.nih.gov/nucleotide/6277255?report=genbank&log$=nucltop&blast_rank=6&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_672930594
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_672930594
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_672930594
http://www.ncbi.nlm.nih.gov/nucleotide/672930594?report=genbank&log$=nucltop&blast_rank=7&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_571528322
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_571528322
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_571528322
http://www.ncbi.nlm.nih.gov/nucleotide/571528322?report=genbank&log$=nucltop&blast_rank=8&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_571438908
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_571438908
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_571438908
http://www.ncbi.nlm.nih.gov/nucleotide/571438908?report=genbank&log$=nucltop&blast_rank=9&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_210141344
http://www.ncbi.nlm.nih.gov/nucleotide/210141344?report=genbank&log$=nucltop&blast_rank=10&RID=220TBHCR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_84579403
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_84579403
http://www.ncbi.nlm.nih.gov/nucleotide/84579403?report=genbank&log$=nucltop&blast_rank=1&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_87299446
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_87299446
http://www.ncbi.nlm.nih.gov/nucleotide/87299446?report=genbank&log$=nucltop&blast_rank=2&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_537845529
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_537845529
http://www.ncbi.nlm.nih.gov/nucleotide/537845529?report=genbank&log$=nucltop&blast_rank=3&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_743066330
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_743066330
http://www.ncbi.nlm.nih.gov/nucleotide/743066330?report=genbank&log$=nucltop&blast_rank=4&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697113543
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697113543
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697113543
http://www.ncbi.nlm.nih.gov/nucleotide/697113543?report=genbank&log$=nucltop&blast_rank=5&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_79155189
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_79155189
http://www.ncbi.nlm.nih.gov/nucleotide/79155189?report=genbank&log$=nucltop&blast_rank=6&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_802642417
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_802642417
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_802642417
http://www.ncbi.nlm.nih.gov/nucleotide/802642417?report=genbank&log$=nucltop&blast_rank=7&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_743900477
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_743900477
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_743900477
http://www.ncbi.nlm.nih.gov/nucleotide/743900477?report=genbank&log$=nucltop&blast_rank=8&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_658006323
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_658006323
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_658006323
http://www.ncbi.nlm.nih.gov/nucleotide/658006323?report=genbank&log$=nucltop&blast_rank=9&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_658006321
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_658006321
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_658006321
http://www.ncbi.nlm.nih.gov/nucleotide/658006321?report=genbank&log$=nucltop&blast_rank=10&RID=220ZY6AR01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_300087129
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_300087129
http://www.ncbi.nlm.nih.gov/nucleotide/300087129?report=genbank&log$=nucltop&blast_rank=1&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_302035347
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_302035347
http://www.ncbi.nlm.nih.gov/nucleotide/302035347?report=genbank&log$=nucltop&blast_rank=2&RID=22168N9001R
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 3  Tagetes patula xyloglucan 

endotransglucosylase/hydrolase (XTH) mRNA, 

complete cds 

JN164663.1 

 4  Gossypium hirsutum cultivar Coker 312 

xyloglucan endotransglucosylase/hydrolase 

(XTH2) mRNA, complete cds 

HM749061.1 

 5  PREDICTED: Nicotiana sylvestris probable 

xyloglucan endotransglucosylase/hydrolase 

protein 6 (LOC104223372), mRNA  

XM_009774799.1 

 6  PREDICTED: Nicotiana tomentosiformis 

probable xyloglucan 

endotransglucosylase/hydrolase protein 7 

(LOC104118549), mRNA 

XM_009629819.1 

 7  PREDICTED: Nicotiana sylvestris probable 

xyloglucan endotransglucosylase/hydrolase 

protein 7 (LOC104239360), mRNA  

XM_009793982.1 

 8  PREDICTED: Nicotiana tomentosiformis 

probable xyloglucan 

endotransglucosylase/hydrolase protein 7 

(LOC104105066), mRNA  

XM_009613303.1 

 9  Nicotiana tabacum xyloglucan 

endotransglucosylase-hydrolase XTH7 (XTH7) 

mRNA, complete cds 

KJ730270.1 

 10  Lotus japonicus clone JCVI-FLLj-3M17 

unknown mRNA  

BT136351.1 

MYB44 1  PREDICTED: Solanum lycopersicum 

transcription factor MYB44-like 

(LOC101244577), mRNA  

XM_004238075.2 

 2  Solanum lycopersicum chromosome ch04, 

complete genome  

HG975516.1 

 3  PREDICTED: Solanum tuberosum transcription 

factor MYB44-like (LOC102581745), mRNA  

XM_006367359.1 

 4  Solanum lycopersicum cDNA, clone: 

LEFL3156L15, HTC in root 

AK329785.1 

 5  Solanum lycopersicum cDNA, clone: 

LEFL2016K12, HTC in fruit 

AK326899.1 

 6  Solanum tuberosum clone 16 tuber-specific and 

sucrose-responsive element binding factor (TSF) 

mRNA, partial cds 

AF122052.1 

 7  Solanum lycopersicum cDNA, clone: 

LEFL1098BH02, HTC in leaf 

AK325588.1 

 8  Solanum pennellii chromosome ch04, complete 

genome 

HG975443.1 

 9  A.thaliana mRNA for MYB-related protein 

(1195 bp) 

Z54136.1 

 10  Cloning vector pTACAtg1 DNA, complete 

sequence 

AB904499.1 

APX 1  PREDICTED: Nicotiana sylvestris L-ascorbate 

peroxidase 3, peroxisomal-like 

(LOC104243325), mRNA  

XM_009798505.1 

http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_340396651
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_340396651
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_340396651
http://www.ncbi.nlm.nih.gov/nucleotide/340396651?report=genbank&log$=nucltop&blast_rank=3&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_308229783
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_308229783
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_308229783
http://www.ncbi.nlm.nih.gov/nucleotide/308229783?report=genbank&log$=nucltop&blast_rank=4&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698564887
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698564887
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698564887
http://www.ncbi.nlm.nih.gov/nucleotide/698564887?report=genbank&log$=nucltop&blast_rank=5&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697147884
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697147884
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697147884
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697147884
http://www.ncbi.nlm.nih.gov/nucleotide/697147884?report=genbank&log$=nucltop&blast_rank=6&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698491768
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698491768
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698491768
http://www.ncbi.nlm.nih.gov/nucleotide/698491768?report=genbank&log$=nucltop&blast_rank=7&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697115349
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697115349
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697115349
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_697115349
http://www.ncbi.nlm.nih.gov/nucleotide/697115349?report=genbank&log$=nucltop&blast_rank=8&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_662552202
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_662552202
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_662552202
http://www.ncbi.nlm.nih.gov/nucleotide/662552202?report=genbank&log$=nucltop&blast_rank=9&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_388496159
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_388496159
http://www.ncbi.nlm.nih.gov/nucleotide/388496159?report=genbank&log$=nucltop&blast_rank=10&RID=22168N9001R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_723695239
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_723695239
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_723695239
http://www.ncbi.nlm.nih.gov/nucleotide/723695239?report=genbank&log$=nucltop&blast_rank=1&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_663680879
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_663680879
http://www.ncbi.nlm.nih.gov/nucleotide/663680879?report=genbank&log$=nucltop&blast_rank=2&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_565403963
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_565403963
http://www.ncbi.nlm.nih.gov/nucleotide/565403963?report=genbank&log$=nucltop&blast_rank=3&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_225319406
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_225319406
http://www.ncbi.nlm.nih.gov/nucleotide/225319406?report=genbank&log$=nucltop&blast_rank=4&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_225312161
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_225312161
http://www.ncbi.nlm.nih.gov/nucleotide/225312161?report=genbank&log$=nucltop&blast_rank=5&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_9954113
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_9954113
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_9954113
http://www.ncbi.nlm.nih.gov/nucleotide/9954113?report=genbank&log$=nucltop&blast_rank=6&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_225321571
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_225321571
http://www.ncbi.nlm.nih.gov/nucleotide/225321571?report=genbank&log$=nucltop&blast_rank=7&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_663673442
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_663673442
http://www.ncbi.nlm.nih.gov/nucleotide/663673442?report=genbank&log$=nucltop&blast_rank=8&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1263094
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1263094
http://www.ncbi.nlm.nih.gov/nucleotide/1263094?report=genbank&log$=nucltop&blast_rank=9&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_665899259
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_665899259
http://www.ncbi.nlm.nih.gov/nucleotide/665899259?report=genbank&log$=nucltop&blast_rank=10&RID=221B4KJM01R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698502290
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698502290
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_698502290
http://www.ncbi.nlm.nih.gov/nucleotide/698502290?report=genbank&log$=nucltop&blast_rank=1&RID=221GNWZ301R
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 2  PREDICTED: Jatropha curcas L-ascorbate 

peroxidase 3, peroxisomal-like 

(LOC105647126), mRNA  

XM_012233123.1 

 3  Morus notabilis L-ascorbate peroxidase 3 partial 

mRNA  

XM_010115021.1 

 4  Oryza sativa Japonica Group clone KCS004G09 

L-ascorbate peroxidase mRNA, complete cds  

HQ013288.1 

 5  Oryza rufipogon (W1943) cDNA clone: 

ORW1943C004J17, full insert sequence 

CU405801.1 

 6  Oryza sativa (indica cultivar-group) cDNA 

clone:OSIGCSN015H07, full insert sequence 

CT832438.1 

 7  Oryza sativa (indica cultivar-group) cDNA 

clone:OSIGCRA102O15, full insert sequence 

CT832436.1 

 8  Oryza sativa Japonica Group Os08g0549100 

(Os08g0549100) mRNA, complete cds 

NM_001068974.1 

 9  Oryza sativa Japonica Group cDNA 

clone:J023074O14, full insert sequence  

AK070842.1 

 10  Oryza rufipogon (W1943) cDNA clone: 

ORW1943C103I13, full insert sequence 

CT841589.1 

 

A.4 Primer sequences utilised for quantitative RT-PCR 

Gene 

symbol 
Accession a 

Primer sequence (5’-3’, 

forward/reverse) 

RT-PCR 

efficiency 
b 

Amplicon 

length 

(bp) 

ACT AY260165 * AGGGCAGTGTTTCCTAGTATTGTTG

/CTCTTTTGGATTGTGCCTCATCT 

1.98 106 

EIF2A EU028334.1 * TAGGCGAGTGGAGAAGCATT/GTA

GAAACAGCAACAGGCAAA 

1.92 71 

TIP41 Lact_sati.cst1.6123 * GAGAGATTTGCTGGAGGGAAACTA

/CCTTTGACTGATGATGTTTGGA 

1.90 101 

UBC21 AT5G25760 * TCTTAGATCACCGTCCCATCGT/TCT

GAGATTGTCCGAGGATATGAG 

1.93 89 

40S HS586765.1 * CAAGATTCGGTGACAGGGATG/CAC

CACCTCCAAATCCACCA 

2.00 137 

PAP2 Serrassy_T_P2_17469 GCATGGACTGCTGATGAAGA/TGAA

GCCTAAGCATGAGATCAA 

1.74 200 

MYB11

4 

Letassy_X1_6767 GCAGGGTTAAGCAGATGCAG/AAA

AGCTTGTGAAGCCTGAG 

1.88 139 

F3H Letassy_X1_4796 GATGGTGGCAAGAGTTGGAT/GAG

CAGGGTTTTGGAATGTC 

2.07 191 

F5H Letassy_X1_2126 TGTCCTGGAATGCAACTTGG/GCTT

TTGGTGCAGTGAGTCCA 

2.01 142 

CCAoM Letassy_X1_23820 CTTGAAACCTCCGTCTACCC/ATGG

TGTTCTTGGCGTTGAT 

1.88 152 

 

http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_802753529
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_802753529
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_802753529
http://www.ncbi.nlm.nih.gov/nucleotide/802753529?report=genbank&log$=nucltop&blast_rank=2&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_703163385
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_703163385
http://www.ncbi.nlm.nih.gov/nucleotide/703163385?report=genbank&log$=nucltop&blast_rank=3&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_341870576
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_341870576
http://www.ncbi.nlm.nih.gov/nucleotide/341870576?report=genbank&log$=nucltop&blast_rank=4&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_150171366
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_150171366
http://www.ncbi.nlm.nih.gov/nucleotide/150171366?report=genbank&log$=nucltop&blast_rank=5&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_116632634
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_116632634
http://www.ncbi.nlm.nih.gov/nucleotide/116632634?report=genbank&log$=nucltop&blast_rank=6&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_116632632
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_116632632
http://www.ncbi.nlm.nih.gov/nucleotide/116632632?report=genbank&log$=nucltop&blast_rank=7&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_115477686
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_115477686
http://www.ncbi.nlm.nih.gov/nucleotide/115477686?report=genbank&log$=nucltop&blast_rank=8&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_32980865
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_32980865
http://www.ncbi.nlm.nih.gov/nucleotide/32980865?report=genbank&log$=nucltop&blast_rank=9&RID=221GNWZ301R
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_157887856
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_157887856
http://www.ncbi.nlm.nih.gov/nucleotide/157887856?report=genbank&log$=nucltop&blast_rank=10&RID=221GNWZ301R
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GGPS Letassy_X1_21865 TTGATTTTTCGATCCCCAAC/GGCTT

TTGTTTCAGGTGGTG 

1.84 132 

ZEP Letassy_X1_1094 TGCATCACTGGTCAACGAAT/TTTC

TTCCCCAACAGCATCT 

1.73 166 

XET Letassy_X1_23118 TCCAGCCAATGGGAGTCTAC/GCAC

CCCTCAATGTCAAAGT 

1.92 131 

MYB44 Letassy_X1_21649 GTCGGACTGATAACGCCATT/ACGT

CAGATCCAGACGGACT 

2.06 190 

APX Letassy_X1_9546 TATCTCCGCCGCTATTCATC/GGCTC

GGAGAAGCTAAGGAT 

1.76 150 

a GenBank database 

b Calculated by LinRegPCR program (Ramakers et al., 2003) 

* Taken from Borowski et al. (2014) 

 

A.5 Pearson’s correlation coefficient analysis of traits measured from the RIL 

mapping population 

Correlation of mean trait values measured in both the field and glasshouse trials. *** P < 

0.001; ** P < 0.01 level and * P < 0.05 level. 

Available as Supplementary Table S4 via: 

https://www.nature.com/articles/hortres201555#supplementary-information 

 

  

https://www.nature.com/articles/hortres201555#supplementary-information
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A.6 QTL summary 

  

Glasshouse Trial Field Trial 

Trait LG1 QTL ID LOD2 Variance3 (%) Additive4 Position (cM) Marker ID QTL ID LOD Variance (%) Additive Position (cM) Marker ID 

AO 3 qAOX3.10 8.75 30.16 -0.09 90.45 BYFS_0 

      

 

4 qAOX4.8 3.88 12.73 -0.05 169.05 AYHC_0 

      

 

7 qAOX7.2 3.30 9.25 0.05 126.37 BLHX_2 

      

  9 qAOX9.7 5.20 16.16 -0.06 115.49 BJBR_0             

Total chlorophyll 3 qCHL3.11 7.28 25.04 10.28 90.45 BYFS_0 

      

 

7 qCHL7.3 5.23 16.44 -7.25 127.37 BLHX_2 

      

  9 qCHL9.2 5.01 15.29 7.33 24.33 AZLC_0             

Total carotenoids 3 qCAR3.12 3.73 12.67 1.10 90.45 BYFS_0 

      

  7 qCAR7.4 5.18 18.97 -1.21 126.37 BLHX_2             

Total phenolics 4 

      

qPH4.2 5.71 32.92 -10.85 31.05 BQGQ_0 

  8 qPH8.3 6.96 36.35 -9.42 67.12 ASQF_0             

CTA1 1 qCTA1.6 5.74 19.06 -2.16 81.24 BAXG_0 

      

 

5 qCTA5.4 6.04 18.96 -2.14 43.17 BWQW_0 qCTA5.3 3.22 16.56 -2.29 33.56 CALP_0 

  6 qCTA6.5 7.40 30.45 -2.60 94.51 BBRC_0 qCTA6.4 3.50 19.12 -2.99 73.94 AFGO_0 

CTA2 1 qCTA1.4 6.37 19.57 -24.33 77.5 AUDJ_0 
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5 qCTA5.6 6.77 20.04 -27.58 47.45 CACQ_0 

      

  6 qCTA6.6 4.80 12.83 -26.30 94.51 BBRC_0             

DCTA 4 qDTA4.5 8.25 47.89 -162.96 66.01 ANOY_0 

      

 

4 qDTA4.6 4.20 17.32 95.04 145.97 AXBP_0 

      

 

4 qDTA4.7 3.95 15.93 -114.29 164.75 BJPA_0 

      

  6             qDTA6.9 4.16 16.55 -96.67 117.89 BFHM_1 

mDCTA 1 qMDA1.7 4.56 14.59 -30.84 81.24 BAXG_0 

      

 

2 qMDA2.5 9.31 36.78 47.70 96.16 ANIB_0 

      

 

3 qMDA3.15 4.18 15.43 39.36 130.14 BRVA_0 

      

 

4 qMDA4.4 5.46 19.60 -32.97 56.59 ANEH_0 

      

  9             qMDA9.3 5.13 23.65 -40.44 76.43 AFES_0 

CMA 1 qCMA1.8 4.45 12.42 5.22 114.37 BFPM_0 

      

 

3 qCMA3.14 7.04 24.47 -19.00 122.13 AIID_0 

      

 

4 

      

qCMA4.15 5.02 19.19 -7.29 232.23 AADB_0  

5 

      

qCMA5.2 3.91 13.78 6.43 29.81 BTNJ_0  

6 

      

qCMA6.15 4.53 16.67 6.96 138.61 BHPB_0 

  8 qCMA8.7 4.23 11.62 5.27 185.17 AZQR_0             

CQA1 3 qCQA3.5 3.76 17.89 -27.43 60.78 BRNV_0 

      

  6 qCQA6.10 4.81 24.97 31.64 121.43 AGAL_0             
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CQA2 4 

      

qCQA4.10 3.54 13.35 -36.31 218.94 BDZD_0  

6 qCQA6.12 6.61 26.80 9.94 123.65 BHAX_0 

      

 

7 

      

qCQA7.1 4.33 15.82 -39.56 119.43 BIJT_0 

  9 qCQA9.1 8.69 42.37 16.49 13.31 BGQX_0             

CQA3 2 qCQA2.1 3.44 13.61 -0.32 24.11 AUNV_0 

      

 

4 

      

qCQA4.11 4.20 17.35 -9.46 218.94 BDZD_0 

  6 qCQA6.8 5.44 24.82 0.40 114.76 BLCL_0             

DCQA 4 

      

qDQA4.12 8.58 33.16 -10.04 222.23 BJJW_0  

5 qDQA5.7 4.47 19.47 -3.38 44.97 AYNY_0 

      

  8 qDQA8.9 6.74 37.83 4.68 192.73 BCKQ_0             

3.5-DCQA 2 qDA2.4 6.05 23.98 25.74 90.32 AXNC_0 

      

 

3 qDA3.4 5.16 18.49 -23.91 52.22 AYIC_0 

      

 

4 

      

qDA4.13 8.20 24.29 -60.13 221.23 BJJW_0 

  5 qDA5.5 7.35 31.73 31.85 44.97 AYNY_0             

5-CoQA2 2 qCOQ2.2 3.70 11.37 -1.77 37.27 ANAQ_0 

      

 

3 qCOQ3.6 6.37 25.12 -2.68 76.46 BHEW_0 

      

 

4 qCOQ4.3 3.74 11.55 -1.72 38.65 BKIS_0 

      

  6 qCOQ6.3 5.72 20.19 -2.31 53.69 ASEI_0             

Q-3G 1 

      

qQG1.1 3.91 12.00 6.22 9.34 ASCC_0 
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3 qQG3.13 3.48 16.50 -9.31 101.02 BWTL_0 qQG3.3 6.48 22.49 8.45 41.20 BVZI_0  

5 qQG5.1 3.72 18.71 6.18 28.64 AKSH_0 qQG5.10 5.19 17.25 7.70 225.30 AVYO_0 

  8             qQG8.6 3.42 10.29 -6.61 163.34 BTHF_0 

Q-3Gc 2 qQGC2.3 5.08 25.87 53.51 91.32 AXNC_0 

      

 

3 

      

qQGC3.1 3.85 15.01 52.75 24.82 BLLJ_0  

4 qQGC4.12 6.86 31.99 67.55 226.93 AFSM_0 

      

  8             qQGC8.1 4.43 26.81 -68.75 27.42 ANVY_0 

Q-3MG 1 

      

qQMG1.3 4.28 15.24 -46.47 50.01 BOCX_0  

3 qQGG3.2 4.12 17.76 -74.42 38.28 BWQG_0 qQMG3.2 5.55 24.15 59.13 38.28 BWQG_0  

5 

      

qQMG5.8 5.18 21.37 56.98 122.68 AXKC_0 

  9 qQMG9.2 3.39 32.94 91.83 50.07 AGCM_0 qQMG9.4 4.22 16.76 -47.30 110.94 AAZK_2 

Q-3MG-7G 3 

      

qQGG3.17 3.58 9.72 -7.82 163.22 BWXM_1  

6 

      

qQGG6.13 5.59 17.49 11.72 126.53 AZTG_0  

8 qQGG8.4 4.07 21.43 -17.92 93.9 BMLU_0 qQGG8.2 7.75 30.01 -14.17 27.42 ANVY_0 

  9 qQGG9.7 3.71 14.84 -15.62 124.23 BTDC_0             

Q-3MG-7Gc 5   

     

qQMC5.12 4.33 16.91 -12.69 231.08 AUDR_0  

6 

      

qQMC6.2 3.48 12.69 14.28 21.42 AYOB_0 

  8             qQMC58.5 4.83 19.61 -13.89 148.96 BFBT_0 

L-7G 1 

      

qLG1.2 5.00 21.12 4.44 23.83 BGQU_0 
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  2 qLG2.8 6.95 31.71 -4.00 129.97 BBKH_0 qLG2.9 6.19 28.29 -5.11 147.93 AONU_0 

L-7Gc 4 qLGC4.1 8.34 40.32 10.03 1.3 BHRL_2 

      

 

5 

      

qLGC5.11 5.58 25.23 5.75 225.30 AVYO_0 

  6 qLGC6.11 6.23 23.89 7.29 121.43 AGAL_0             

K-3Gc 3 qKG3.7 6.40 47.50 -0.86 83.51 BLJX_0 

      

  6             qKG6.1 5.59 19.40 -0.67 2.01 BIFQ_0 

K-3MG 1 

      

qKMG1.5 6.77 21.32 -3.84 82.24 BAXG_0  

3 

      

qKMG3.8 6.46 19.41 -3.84 85.05 BHUW_0  

4 qKMG4.9 3.89 21.96 -3.49 172.05 BCMA_0 

      

 

6 

      

qKMG6.7 3.77 10.67 -2.87 108.51 BNNW_0 

  8 

 

        

 

qKMG8.8 5.23 14.87 -3.18 187.63 BWYM_0 

331 3             qMET3.16 3.59 16.94 -16.91 142.02 ATNZ_0 

1 LG. Linkage group on which QTL was detected 

2 LOD. Logarithm of odds score. 1 LOD = 0.217 LR 

3 Variance. Percentage of phenotypic variance explained by the QTL 

4 Additive. The additive effect is the effect of substituting a L.serriola allele for a L.sativa allele. Positive values indicate that L.sativa increases the trait value and negative 

values indicate that L.serriola increases trait values. Position of the QTL peak given in centimorgans (cM) and marker closest to QTL stated. 
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A.7 QTL for nutritional traits 

Linkage map of the wild x cultivated lettuce RIL population with QTL for individual and total phenolics, antioxidant potential and total carotenoid and 

chlorophyll content indicated as bars on the right of the LGs. Marker positions are in cM. Filled bars indicate the one-LOD interval and the line extensions 

show the two-LOD interval. Blue indicates QTL identified in the field trial and red indicates QTL detected in the glasshouse trial. Positions of QTL for total 

antioxidant potential are highlighted. 



Appendix A 

227 

 

A.8 Alignments of the wild and cultivated lettuce protein sequences 

Cultivated and wild Lactuca transcriptome sequences were accessed via GenBank and 

translated (Gasteiger et al., 2003) before alignment to determine amino acid variations, 

which were identified for MYB114 (A), F3H (B), F5H (C) and APX (D). Amino acid 

changes are highlighted in red. * identical amino acid, - amino acid deletion, : substitution 

to amino acid with strongly similar properties, . substitution to amino acid with weakly 

similar properties and a missing symbol indicating change to dissimilar amino acid.     
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A.9 Quantitative RT-PCR expression analysis continued 

Quantitative RT-PCR expression analysis of gene candidates detected within the AO QTL 

on LG 3, continued from Fig 7. CCAoM (F), ZEP (G), XET (H), MYB44 (I), APX (J) 

were not determined to be significantly differentially expressed between wild (L. serriola) 

and cultivated (L. sativa) lettuce. Bars represent mean ± standard error. 
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Appendix B  

B.1 Sensory analysis score sheet 

Page 1/2 
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B.2 Identification of putative SNPs for HRM analysis 

Alignment of the L. sativa cv. Salinas (Letassy) and L. serriola (Serrassy) transcripts for 

PAP2 (1), F3H (2), F5H (3) and APX (4) generated using Clustal Omega (Sievers et al., 

2014). SNPs selected for HRM analysis are highlighted in yellow and primers in green (see 

Appendix B.3). 
 

1) Production of Anthocyanin Pigment 2 (PAP2) 
Letassy_X1_24755         GTGTGCACGTATGTGACATATTTAAGTGGACATGTGGATTGATAAAAATTTACTGCTGGA 

Serrassy_T_P2_45213      ------------------------------------------------------------ 

                                                                                      

 

Letassy_X1_24755         TTTACTATAAAAGAGTCATCGATTAGACGTATGCAAAGAGGAAATTAGCACATGAATTAA 

Serrassy_T_P2_45213      ------------------------------------------------------------ 

                                                                                      

 

Letassy_X1_24755         GATTCCAACTTCAACTCAGTGTATATGTGTGTATATACAACAACAAAATGAAACCTGGTA 

Serrassy_T_P2_45213      -----------------AGTGTATATGTGTGTATATACAACAACAAAATGAAACCTGGTA 

                                          ******************************************* 

 

Letassy_X1_24755         GTAACTCGGGTTTAGGGTTAAGGAAAGGTGCATGGACTGCAGACGAAGATATTCTTCTGA 

Serrassy_T_P2_45213      GTAACTCGGGTTTAGGTTTAAGGAAAGGTGCATGGACTGCAGACGAAGATATTCTTCTGA 

                         **************** ******************************************* 

 

Letassy_X1_24755         AGAACTATATTGAGAAATACGGCGAAGGGAAATGGCATATCGTTCCTCTGAAAGCAGGGT 

Serrassy_T_P2_45213      AGAACTATATTGAGAAATACGGCGAAGGGAAATGGCATATCGTTCCACTGAAAGCAGGGT 

                         ********************************************** ************* 

 

Letassy_X1_24755         TAAACAGGTGCAGGAAGAGTTGTAGGCTTCGGTGGTTAAACTATTTGAGGCCAAACATAA 

Serrassy_T_P2_45213      TAAACAGGTGCAGGAAGAGTTGTAGGCTTCGGTGGTTAAACTATTTGAGGCCAAACATAA 

                         ************************************************************ 

 

Letassy_X1_24755         AAAGAGGAAACTTTGGTGAAGATGAAGTTGATCTCATACTCAGACTTCATAAGCTATTAG 

Serrassy_T_P2_45213      AAAGAGGAAACTTTGGTGAAGATGAAGTTGATCTCATACTCAGACTTCATAAGCTATTAG 

                         ************************************************************ 

 

Letassy_X1_24755         GAAACAGGTGGTCATTAATTGCGGGAAGAATACCAGGGAGAACTGCTAATGACGTGAAGA 

Serrassy_T_P2_45213      GAAACAGGTGGTCATTAATTGCGGGAAGAATACCAGGGAGAACTGCTAATGACGTGAAGA 

                         ************************************************************ 

 

Letassy_X1_24755         ATTACTGGAACACTCGTACTCGACTTCGTTCCAAACCACAAAAGAAAGTAGGCCACGATG 

Serrassy_T_P2_45213      ATTACTGGAACACTCGTACTCGACTTCGTTCCAAACCACAAAAGAAAGTAGGCCACGATG 

                         ************************************************************ 

 

Letassy_X1_24755         AATCATTACAAGACACAAGGATCAAAATTATTAAACCTCAACCACGAAGCTTCTCCAAAA 

Serrassy_T_P2_45213      AATCATTAGAAGACACAAGGATCAAAATTATTAAACCTCAACCACGAAGCTTCTCCAAAA 

                         ******** *************************************************** 

 

Letassy_X1_24755         CCCTAAACAACAACAACTTAAATATGTGTTCCGGGTTTATCTCACCATCCAATCTACTTG 

Serrassy_T_P2_45213      CCCTAAACAACAACAACTTAAATATGTGTTCCGGGTTTATCTCACCATCCAATCTACTTG 

                         ************************************************************ 

 

Letassy_X1_24755         ATCATGAAACCGTTAATGAGTGTTTAGATGGTTTATTTGATGACCATGAAAAGGTAATTG 

Serrassy_T_P2_45213      ATCATGAAACCGTTAATGAGTGTTTAGATGGTTTATTTGATCACCATGAAAAGGAAATTG 

                         ***************************************** ************ ***** 

 

Letassy_X1_24755         ACGGAAAATTTGGTTGGTACTCGTTTGATAGTTCTTCGGCAGACGAAAAGGCTTTAAATG 

Serrassy_T_P2_45213      ACGGAAAATTTGGTTGGTACTCGTTTGATAGCTCTTCAGCAGACGA-------------- 

                         ******************************* ***** ********               

 

Letassy_X1_24755         GTGTCGAACATGAAGTTCATAACAATAGTTTATTCGATTTCCCGGTTGATGAGCTTACTT 

Serrassy_T_P2_45213      ------------------------------------------------------------ 

                                                                                      

 

Letassy_X1_24755         GGGAGCTTATAAATTCAGATGAATAATGATTTTGAAGCATCTCGATGTAATAAACGGAAT 

Serrassy_T_P2_45213      ------------------------------------------------------------ 

                                                                                      

 

Letassy_X1_24755         AAATAAAGTAAGGATGGTTGCTAGCCATCAAACGTAACATTGAATATTCTTCTTTATAGT 

Serrassy_T_P2_45213      ------------------------------------------------------------ 

                                                                                      

 

Letassy_X1_24755         ATAGGCTTAGACTATATTTATATGTGTATAAGGCTA 

Serrassy_T_P2_45213      ------------------------------------ 

 

2) Flavanone 3-hydroxylase (F3H) 
Serrassy_T_P2_12444   ------TGTAGTATTCGGTTTCCACGAACACGTCTTCTTCCTCCCTTGATAAACACAAAA 

Letassy_X1_4796      AAGCCATACAAACCCATGAAACCTGCAACACGTCTTCTTCCTCCCTTGATAAACACAAAA 

                       *  *       *   **   ********************************** 

 

Serrassy_T_P2_12444   ACTCTGTGAAAACCCTGAAATGGCACCCGCATCAATGGAATGGAACGAAAACTCGTTGCA 

Letassy_X1_4796      ACTCTGTGAAAACCCTGAAATGGCACCCGCATCAATGGAATGGAACGAAAACTCGTTGCA 

                  ************************************************************ 
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Serrassy_T_P2_12444   TGAAAAAGGCTTCATTCGTGACGAAGATGAACGGCCGAAGGTGCCTCATAATAAGTTCAG 

Letassy_X1_4796      TGAAAAAGGCTTCATTCGTGACGAAGATGAACGGCCGAAGGTGCCTCATAATAAGTTCAG 

                  ************************************************************ 

 

Serrassy_T_P2_12444   CGACGAGATTCCGGTGATCTCACTGGAAGGTATCGATGATTTGGAAGGTAGTGATGGTGG 

Letassy_X1_4796      CGACGAGATTCCGGTGATCTCACTTGAAGGTATCGATGATTTGGAAGGTAGTGATGGTGG 

                  ************************ *********************************** 

 

Serrassy_T_P2_12444   TGTTAAATCTCGTAGGGCGGAGATTTGTGAGAAGATTGTGAAAGCCTGTGAGGATTGGGG 

Letassy_X1_4796      TGTTAAATCTCGTAGGGCGGAGATTTGTGAGAAGATTGTGAAAGCCTGTGAGGATTGGGG 

                  ************************************************************ 

 

Serrassy_T_P2_12444   GATCTTTCAGGTGGTGGATCATGGCGTAGACGCGAAACTGTTGTCGGAGATGACAAGGCT 

Letassy_X1_4796      GATCTTTCAGGTGGTGGATCATGGCATAGACGCGAAACTGTTGTCGGAGATGACAAGGCT 

                  ************************* ********************************** 

 

Serrassy_T_P2_12444   TGCTAGAGAGTTTTTCCAGTTGCCGGCGGAGGAGAAGCTCCGGTTTGATATGACCGGTGG 

Letassy_X1_4796      TGCTAGAGAGTTTTTCCAGTTGCCGGCGGAGGAGAAGCTCCGGTTTGATATGACCGGTGG 

                  ************************************************************ 

 

Serrassy_T_P2_12444   GAAGAAAGGTGGGTTCATTGTTTCTAGCCATCTTCAGGGAGAAACGGTACGAGATTGGAG 

Letassy_X1_4796      GAAGAAAGGTGGGTTCATTGTTTCTAGCCATCTTCAGGGAGAAACGGTACGAGATTGGAG 

                  ************************************************************ 

 

Serrassy_T_P2_12444   AGAGATTGTAACATACTTCTCATATCCAATAAAAGCAAGAGACTACTCAAGGTGGCCCGA 

Letassy_X1_4796      AGAGATTGTAACATACTTCTCATATCCAATAAAAGCAAGAGACTACTCAAGGTGGCCCGA 

                  ************************************************************ 

 

Serrassy_T_P2_12444   TAAGCCCGAAGAGTGGAGGCCAGTCACTAAGGAATACAGCGAGGTGTTAATGGGTTTGGC 

Letassy_X1_4796      TAAGCCCGAAGAGTGGAGGCCAGTCACTAAGGAATACAGCGAGGTGTTAATGGGTTTGGC 

                  ************************************************************ 

 

Serrassy_T_P2_12444   GTGCAAACTACTAGAGATCTTATCAGAGGCAATGGGCCTTGAGAAAGAAGCCCTAACTAA 

Letassy_X1_4796      GTGCAAACTATTAGAGATCTTATCAGAGGCAATGGGCCTTGAGAAAGAAGCCCTAACTAA 

                  ********** ************************************************* 

 

Serrassy_T_P2_12444   AGCATGTGTTGATATGGACCAAAAAGTGGTAGTGAATTACTATCCGAAGTGTCCTCAACC 

Letassy_X1_4796      AGCATGTGTTGATATGGACCAAAAAGTGGTAGTGAATTACTATCCGAAGTGTCCTCAACC 

                  ************************************************************ 

 

Serrassy_T_P2_12444   CGATCTGACATTGGGCCTTAAGCGACATACCGATCCAGGAACGATCACATTGTTGCTTCA 

Letassy_X1_4796      CGATCTCACATTGGGCCTTAAGCGACATACCGATCCAGGAACGATCACATTGTTGCTTCA 

                  ****** ***************************************************** 

 

Serrassy_T_P2_12444   AGATCAAGTTGGAGGGCTCCAAGCCACCCGCGATGGTGGCAAGAGTTGGATAACGGTCCA 

Letassy_X1_4796      AGATCAAGTTGGAGGGCTCCAAGCCACCCGCGATGGTGGCAAGAGTTGGATAACGGTCCA 

                  ************************************************************ 

 

Serrassy_T_P2_12444   ACCTGTTGAAGGTGCATTCGTGGTCAATCTTGGTGATCATGGACATTATTTGAGCAACGG 

Letassy_X1_4796      ACCTGTTGAAGGTGCATTCGTGGTCAATCTTGGTGATCATGGACATTATTTGAGCAACGG 

                  ************************************************************ 

 

Serrassy_T_P2_12444   TAGGTTTAAGAACGCAGACCATCGGGCCGTTGTGAATTCAACAACCAGTCGGCTATCCAT 

Letassy_X1_4796      TAGGTTTAAGAACGCAGACCATCGGGCCGTTGTGAATTCAACAACCAGTCGGCTATCCAT 

                  ************************************************************ 

 

Serrassy_T_P2_12444   AGCGACATTCCAAAACCCTGCTCCAGAGGCGACTGTTTATCCGTTGAAGATCAACGAAGG 

Letassy_X1_4796      AGCGACATTCCAAAACCCTGCTCCAGAGGCGACTGTTTATCCGTTGAAGATCAACGAAGG 

                  ************************************************************ 

 

Serrassy_T_P2_12444   AGAGAAATCGATAATGGAAGAACCTATAACTTTTGTTGACATGTACAAGAAGAAAATGAG 

Letassy_X1_4796      AGAGAAATCGATAATGGAAGAACCTATAACTTTTGTTGACATGTACAAGAAGAAAATGAG 

                  ************************************************************ 

 

Serrassy_T_P2_12444   TGGAGACCTTGAGTTGGCTCGGCTCAAGAAGCTAGCCAAGGAAAAGCAAGAAAACTTGGA 

Letassy_X1_4796      TGGAGACCTTGAGTTGGCTCGGCTCAAGAAGCTAGCCAAGGAAAAGCAAGAAAACTTGGA 

                  ************************************************************ 

 

Serrassy_T_P2_12444   AAAAATGAAATCCGACAAAAATATACTTGTTTAGAAATTAAGATTTATGCATTTACCACC 

Letassy_X1_4796      AAAAATGAAATCCGACAAAAATATACTTGTTTAGAAATTAAGATTTATGCATCTACCACC 

                  **************************************************** ******* 

 

Serrassy_T_P2_12444   AATCATATGTAATGAATTTTATATGTCGTATTAGAGCATCTTCA---------------- 

Letassy_X1_4796      AATCATATGTAATGAATTTTATATGTCGTATTAGAGCATCTACCACCAATCATATGTAAT 

                  ***************************************** *                  

 

Serrassy_T_P2_12444   ------- 

Letassy_X1_4796      GAATTTT 

 

 

3) Ferulate-5-hydroxylase (F5H) 
Letassy_X1_2126           ATCTCATTTCAACCACTGCCCACCCTGTATATATACACATCACTT-GATCTTCCTTTACC 
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Serrassy_T_P2_6166        --CTCATTTCAACCACTGCCCACCCTGTATATATACACATCACTTGGATCTTCCTTTACC 

                            ******************************************* ************** 

 

Letassy_X1_2126           TAGCAGCGTTTTCTAGTTGCACTTCATTACGCTCATACTCCAATAGACTTACTGAACCGA 

Serrassy_T_P2_6166        TAGCAGCGTTTTCTAGTTGCACTTCATTACGCTCATACTTCGATAGACTTACTGAACCGA 

                          *************************************** * ****************** 

 

Letassy_X1_2126           AACTCTTTGCCGGAAAATATGGATCCTAAGTCCATCTTACTTTACGTTGTACTCCCTCTC 

Serrassy_T_P2_6166        AACTCTTTGCCGGAAAATATGGATCTTATGTCCATCTTACTTTACGTTGTACTCCCTCTC 

                          ************************* ** ******************************* 

 

Letassy_X1_2126           TTAACCTTCTTCCTTCTCTCCCGATTACGCCGAAAACCTCTTCCGCCTGGTCCAAGAGGG 

Serrassy_T_P2_6166        TTAACCTTCTTCCTTCTCTCCCGATTACGCCGAAAACCTCTTCCGCCAGGTCCAAGAGGC 

                          *********************************************** ***********  

 

Letassy_X1_2126           TGGCCGCTGATCGGTAACATGTTAATGATGGACCAACTCACCCACCGTGGCCTTGCTCGT 

Serrassy_T_P2_6166        TGGCCGCTGATCGGTAACATGTTAATGATGGACCAACTCACCCACCGTGGCCTTGCTCGC 

                          ***********************************************************  

 

Letassy_X1_2126           TTGGGAGAAAAATACGGTGGTCTTCTTCATCTGAAGATGGGTTTCAGCCATACCGTCGCT 

Serrassy_T_P2_6166        TTGGGAGAAAAATACGGTGGTCTTCTTCACCTGAAGATGGGTTTCAGCCATACCGTCGCT 

                          ***************************** ****************************** 

 

Letassy_X1_2126           GTCTCGTCCCCCGAAATAGCCAGGCAAGTACTCCAAGTTCAAGACAACATCTTCGCCAAC 

Serrassy_T_P2_6166        GTCTCGTCCCCCGAAATAGCCAGGCAAGTACTCCAAGTTCAAGATAACATCTTCGCAAAC 

                          ******************************************** *********** *** 

 

Letassy_X1_2126           CGCCCGGCCACCATCGCCATTAGTTACCTCACCTACGACCGGCAAGACATGGCGTTCGCC 

Serrassy_T_P2_6166        CGTCCGGCCACCATCGCCATTAGTTACCTCACCTACGACCGGCAAGACATGGCGTTCGCC 

                          ** ********************************************************* 

 

Letassy_X1_2126           AACTACGGTCCCTTTTGGCGTCAGATGCGTAAGCTTTGCGTCATGAAGCTGTTCAGCAGA 

Serrassy_T_P2_6166        AACTACGGTCCCTTCTGGCGTCAGATGCGTAAGCTTTGCGTCATGAAGCTGTTCAGCAGA 

                          ************** ********************************************* 

 

Letassy_X1_2126           AAGCGAGCTGAGTCTTGGGACTCCGTCAGAGACGAAGTTGTCTCCATGGTCAAAATCACC 

Serrassy_T_P2_6166        AAGCGAGCTGAGTCATGGGACTCCGTCAGAGACGAAGTTGTCTCCATGGTCAAAATCACC 

                          ************** ********************************************* 

 

Letassy_X1_2126           GCTGCAAGCTCCGGCACCGCTGTTAACCTTGGAGAGCTTGTTTTCGGGTTAACCCATGAT 

Serrassy_T_P2_6166        GCTGCAAGCTCCGGCTCCGCTGTTAACCTTGGAGAGCTTGTTTTCGGGTTAACCCATGAT 

                          *************** ******************************************** 

 

Letassy_X1_2126           ATCATTTACCGAGCAGCTTTCGGGTCTATCTCTCATGAAGGAAAAGAAGAATTCATCAGA 

Serrassy_T_P2_6166        ATCATTTACCGAGCAGCTTTCGGGTCTATTTCTCATGAAGGAAAAGAAGAATTCATCAGA 

                          ***************************** ****************************** 

 

Letassy_X1_2126           ATTCTACAAGAATACACAAAGCTTTTTGGTGCTTTCAATTTGGCAGATTTTGTCCCGTGG 

Serrassy_T_P2_6166        ATTCTACAAGAATACACAAAGCTTTTTGGTGCTTTCAATTTGGCAGATTTTGTCCCGTGG 

                          ************************************************************ 

 

Letassy_X1_2126           CTTGGATTTATCGACCCTGCCGGACTGAATACCCGTTTACCGAAGGCCAGGGCGGCGCTT 

Serrassy_T_P2_6166        CTTGGATTTATCGACCCTGCCGGACTGAATACCCGCTTACCGAAGGCCAGGGCGGCGCTT 

                          *********************************** ************************ 

 

Letassy_X1_2126           GACAGATTCATTGATAAAATCATCGACGAGCACCTTGCAAAAGAGAGGAAAACGGGCGAT 

Serrassy_T_P2_6166        GACAGATTCATTGATAAAATCATCGACGAGCACCTTGCAAAAGAGAGGAAAACCGGCGAT 

                          ***************************************************** ****** 

 

Letassy_X1_2126           GAGGAAGATAATGATATGGTGGATGAGATGTTGGCTTTTTACAGTGAAGAAGGAAAGGTA 

Serrassy_T_P2_6166        GAGGAAGATAATGATATGGTGGATGAGATGTTGGCTTTTTACAGTGAAGAAGGAAAGGTA 

                          ************************************************************ 

 

Letassy_X1_2126           AACGAAGGCGAGGATTTGCAGAACGCGATTAGACTCACCCGAAACAATATCAAAGCCATT 

Serrassy_T_P2_6166        AACGAAGGAGAGGATTTACAGAACGCGATTAGACTCACCCGAAACAATATCAAAGCCATT 

                          ******** ******** ****************************************** 

 

Letassy_X1_2126           ATTATGGATGTAATGTTTGGTGGGACTGAAACTGTTGCTTCTGCTATCGAATGGGCTTTA 

Serrassy_T_P2_6166        ATTATGGATGTAATGTTTGGTGGGACTGAAACTGTTGCTTCAGCTATCGAATGGGCTTTA 

                          ***************************************** ****************** 

 

Letassy_X1_2126           ACTGAGCTAATGCACACCCCAGAATCCTTAAAACGTGCACAACAAGAGCTCGCTGATGTT 

Serrassy_T_P2_6166        ACTGAGCTAATGCACACCCCAGAATCCTTAAAACGTGCACAACAAGAGCTCGCTGATGTT 

                          ************************************************************ 

 

Letassy_X1_2126           GTTGGCCTTGATCGTCGTGTAGAAGAATCAGATTTCGAGAAGCTAACTTACTTCAAATGT 

Serrassy_T_P2_6166        GTTGGCCTTGATCGGCGTGTAGAAGAATCAGATTTCGAGAAGCTAACTTACTTCAAATGT 

                          ************** ********************************************* 

 

Letassy_X1_2126           GTCATCAAAGAAACCTTACGTCTCCACCCTCCGATCCCTGTCCTTTTGCACCAATCATCA 

Serrassy_T_P2_6166        GTCATCAAAGAAACCTTACGTCTCCACCCTCCGATCCCTGTCCTTTTGCACCAATCATCA 

                          ************************************************************ 

 

Letassy_X1_2126           GAAGCCACGTCGGTTGCTGGCTACCACATACCTAAAGGGACACGTGTCATGGTTAACGCA 

Serrassy_T_P2_6166        GAAGCCACGTCGGTTGCTGGCTACCACATACCTAAAGGGACACGTGTCATGGTTAACGCA 

                          ************************************************************ 

 

Letassy_X1_2126           TTCGCCATTAATCGTGATAAGAACTCATGGAAGGATCCACACACGTTCAACCCATCACGT 

Serrassy_T_P2_6166        TTCGCCATTAATCGTGATAAGAACTCATGGAAGGATCCACACACGTTCAACCCATCACGT 

                          ************************************************************ 
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Letassy_X1_2126           TTCTTGCAAGATGGGGCACCCGACTTTAAAGGAAGCAATTATGAGTTTCTTCCATTTGGA 

Serrassy_T_P2_6166        TTCTTGCAAGATGGGGCACCCGACTTTAAAGGAAGCAATTATGAGTTTCTTCCATTTGGA 

                          ************************************************************ 

 

Letassy_X1_2126           TCTGGACGTAGATCATGTCCTGGAATGCAACTTGGATTGTACGCAATGGAGATGGCAGTG 

Serrassy_T_P2_6166        TCTGGACGTAGATCATGTCCTGGAATGCAACTTGGATTGTACGCAATGGAGATGGCAGTG 

                          ************************************************************ 

 

Letassy_X1_2126           GCTCACCTTCTTCATTCATTCACATGGCAGTTGCCTGATGGAATGAAACCAAGTGAGATT 

Serrassy_T_P2_6166        GCTCACCTTCTTCATTCATTCACATGGCAGTTGCCTGATGGAATGAAACCAAGTGAGATT 

                          ************************************************************ 

 

Letassy_X1_2126           GACATGAATGATGTGTTTGGACTCACTGCACCAAAAGCGATTCGACTTGTTGCTGTGCCA 

Serrassy_T_P2_6166        GACATGAATGATGTGTTTGGACTCACTGCACCAAAAGCGATTCGACTTGTTGCTGTGCCA 

                          ************************************************************ 

 

Letassy_X1_2126           ACTCCTCGGTTGTTGTGTCCGCTGTATTGAGAAACGGCGAAAAGTTTGATATTGTGAAAA 

Serrassy_T_P2_6166        ACTCCTCGGTTGTTGTGTCCGCTGTATTGAGAAACGGCGAAAAGTTTGATATTGTGAAAA 

                          ************************************************************ 

 

Letassy_X1_2126           TTTGTTTATGTTGCATCATGCATCAAATCAGATTGCTTTTCTTTTACATCTTTCTAGTCA 

Serrassy_T_P2_6166        TTTGTTTATGTTGCATCATGCATCAAATCAGATTGCTTTTCTTTTACATCTTTCTAGTCA 

                          ************************************************************ 

 

Letassy_X1_2126           TCTTCCATAAAGAAAGATATACACAAATTGAATAATGCGTAAAGATTATATTTTCATGTA 

Serrassy_T_P2_6166        TCTTCCATAAAGAAAGATATACACAAATTGAATAATGCGTAAAGATTATATTTTCATGTA 

                          ************************************************************ 

 

Letassy_X1_2126           CATTTTGAAATGTTCAAACTCCTTGTGTTTCTTGTGTTCATATTATATTTTCTTCCTCAG 

Serrassy_T_P2_6166        CATTTTGAAATGTTCAAACTCCTTGTGTTTCTTGTGTTCATATTATATTTTCTTCGTCAG 

                          ******************************************************* **** 

 

Letassy_X1_2126           AGAATTACACGCATGCTTTGTGTTCATATTTGGG 

Serrassy_T_P2_6166        AGAATTACACGCATGCTTTGTGTTCATATTTGGG 

                          ********************************** 

 

4) Ascorbate peroxidate (APX) 
Serrassy_T_P2_46272      GGAGGAATTAAGTGAACAAAGCATAAATGGCGGCAGCAGCAGCTCTTGTAGTGGATGCAG 

Letassy_X1_9546          ----------------------------GGCGGCAGCAGCAGCTCTTGTAGTGGATGCAG 

                                                     ******************************** 

 

Serrassy_T_P2_46272      AGTATTTGAAGGAGATAGAAAAGGCCCTTCGAGATCTTCGTGCCCTCATCTCCAACAAAA 

Letassy_X1_9546          AGTATTTGAAGGAGATAGAAAAGGCCCTTCGAGATCTTCGTGCCCTCATCTCCAACAAAA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      AATGTGCTCCAATTATGCTTCGATTAGCATGGCATGATGCAGGGACTTATGATGCTAAAA 

Letassy_X1_9546          AATGTGCTCCAATTATGCTTCGATTAGCATGGCATGATGCAGGGACTTATGATGCTAAAA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CAAAGACAGGAGGCCCAAATGGTTCAATCAGGAACAAGGAAGAGTATATGCATGCAGCAA 

Letassy_X1_9546          CAAAGACAGGAGGCCCAAATGGTTCAATCAGGAACAAGGAAGAGTATATGCATGCAGCAA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      ACACTGGTCTGAAAATTGCTATTGATCTTTGTGAAGAAGTGAAAGCCAAACACCCGAGAG 

Letassy_X1_9546          ACACTGGTCTGAAAATTGCTATTGATCTTTGTGAAGAAGTGAAAGCCAAACACCCGAGAG 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TTACATATGCTGATCTCTATCAGCTTGCTGGAGTTGTTGCAGTTGAGGTGACTGGAGGCC 

Letassy_X1_9546          TTACATATGCTGATCTCTATCAGCTTGCTGGAGTTGTTGCAGTTGAGGTGACTGGAGGCC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CCACCATTAACTTCAAACCTGGAAGGAAGGATTCAAAAGTGTCCCCTAATGAAGGACGTC 

Letassy_X1_9546          CCACCATTAACTTCAAACCTGGAAGGAAGGATTCAAAAGTGTCCCCTAATGAAGGACGTC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TTCCTGATGCCAAACAAGGTCCAGCACATCTCAGGGATGTGTTCTACAGGATGGGGCTAT 

Letassy_X1_9546          TTCCTGATGCCAAACAAGGTCCAGCACATCTCAGGGATGTGTTCTACAGGATGGGGCTAT 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CAGACAAAGATATAGTTGCACTTTCTGGTGCTCACACTTTGGGAAAGGCACATCCAGAAA 

Letassy_X1_9546          CAGACAAAGATATAGTTGCACTTTCTGGTGCTCACACTTTGGGAAAGGCACATCCAGAAA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      GGTCAGGATTTGATGAAAAACCATGGACCAAAGATCCTTTCAAGTTTGACAACTCTTATT 

Letassy_X1_9546          GGTCAGGATTTGATGAAAAACCATGGACCAAAGATCCTTTCAAGTTTGACAACTCTTATT 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TCCTGGAGCTTCTAAAAGGAGATTCAGAAGGATTGCTGAAACTTCCCACTGATAAAGCTT 

Letassy_X1_9546          TCCTGGAGCTTCTAAAAGGAGATTCAGAAGGATTGCTGAAACTTCCTACTGATAAAGCTT 

                         ********************************************** ************* 

 

Serrassy_T_P2_46272      TACTCCATGACCCAAACTTTCGTACCTATGTTGAACTTTATGCAAATGATGAAGACGTGT 

Letassy_X1_9546          TACTCCATGACCCAAACTTTCGTAACTATGTTGAACTTTATGCAAAGGATGAAGATGTGT 

                         ************************ ********************* ******** **** 

 

Serrassy_T_P2_46272      TCTTCAAAGACTATGCTGAATCACACAAAAAGCTTTCAGAACTTGGGTTCACCCCACAAC 

Letassy_X1_9546          TCTTCAAAGACTATGCTGAATCACACAAAAAGCTTTCAGAACTTGGGTTCACCCCACAAC 

                         ************************************************************ 
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Serrassy_T_P2_46272      GCTCAAAGACTGTATTATTTGCACAAACTACTGTAGGAGTTGTTGCTGCTGCTACTGTGG 

Letassy_X1_9546          GCTCAAAGACTGTATTATTTGCACAAACTGCTGTAGGAGTTGTTGCTGCTGCTACTGTGG 

                         ***************************** ****************************** 

 

Serrassy_T_P2_46272      TCATCCTCAGTTACTTATATGAAATCAACAAAAAGTGCTAAATTTATACATGTTATATAA 

Letassy_X1_9546          TCATCCTCAGTTACTTATATGAAATCAACAGAAAGTGCTAAATTTATACATGTTATAATA 

                         ****************************** **************************  * 

 

Serrassy_T_P2_46272      TAATAATAATAATAATAATAAACCCAAACCTGAGACTCATCATCATGATTTGCATTCATA 

Letassy_X1_9546          AT----------------AATAATAAAACCTGAGACTCATCATCATGATTTGCATTCATA 

                                            * *   *********************************** 

 

Serrassy_T_P2_46272      TAAATAAGATTGATACAATGCTTATTGTTTTAAACTATCGCCTACATTGTGAAGGCAAAT 

Letassy_X1_9546          TAAATAAGATTGATACAATGCTTATTGTTTTAAACTATCGCCTACATTGTGAAGGCAAAT 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TTTCAATTAAGTTAAACAAAGAAAAAAAAACATGAGTTGGGTGCACAAACACTCCAACAA 

Letassy_X1_9546          TTTCAATTAAGTTAAACAAAGAAAAAAAAACATGAGTTGGGTGCACAAACACTCCAACAA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CTAACACCAAACCAAATTACCCAACCACAGTGAGAGAAGAACAAGTCTATCTTCTCCATC 

Letassy_X1_9546          CTAACACCAAACCAAATCACCCAACCACAGTGAGAGAAGAACAAGTCTATCTTCTCCATC 

                         ***************** ****************************************** 

 

Serrassy_T_P2_46272      ATCATCCTATTCCATTAAATTAAAAAGTCAGTAATCATCTTCAGTTCTTCAAGCTCTTGG 

Letassy_X1_9546          ATCATCCTATTCCATTAAATTAAAAAGTCAGTAATCATCTTCAGTTCTTCAAGCTCTTGG 

                         ************************************************************ 

 

Serrassy_T_P2_46272      ACTAAGAGTCGAAGTAATATCTTGAAAAACCTTCAACCTCTTCTCAATTTTCCTCCCAAC 

Letassy_X1_9546          ACTAAGAGTCGAAGTAATATCTTGAAAAACCTTCAACCTCTTCTCAATTTTCCTCCCAAC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      AACCTTTCCTGTCTCAATCTTCATCTTCTCCGGTTCAGTCGTCGTCGTCGTGGAACCCAA 

Letassy_X1_9546          AACCTTTCCTGTCTCAATCTTCATCTTCTCCGGTTCAGTCGTCGTCGTCGTGGAACCCAA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      AACCGCCGCAAGAATCGCCTCCTCAAAATCCTTACTATCCGGCAAAAGCCCACTCCAGTC 

Letassy_X1_9546          AACCGCCGCAAGAATCGCCTCCTCAAAATCCTTACTATCCGGCAAAAGCCCACTCCAGTC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      GTTTTTCTCCGGCGACCCTGATTTCCTTCTCGCCTTCACCTCCATTTCTCCGGCGTCTTT 

Letassy_X1_9546          GTTTTTCTCCGGCGACCCTGATTTCCTTCTCGCCTTCACCTCCATTTCTCCGGCGTCTTT 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TTCTCCGTTCACTGACCTCGTTCTCTTTAGCCCCTCCGCCGCATTTTCACCGGTTTTCAC 

Letassy_X1_9546          TTCTCCGTTCACTGACCTCGTTCTCTTTAGCCCCTCCGCCGCATTTTCACCGGTTTTCAC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      GTAAAAAGGCTTAGCATCGATATTCAGTGAATTAGAATTCGAATT------------CGA 

Letassy_X1_9546          GTAAAAAGGCTTAGCATCGATATTCAGTGAATTAGAATTAGAATTAGAATTCGAATTCGA 

                         *************************************** *****            *** 

 

Serrassy_T_P2_46272      ATTCGAATTTGAATTGGAATTGGAATTAGGATTGAGAATCCCAGGTGGGCCCACCACCAC 

Letassy_X1_9546          ATTCGAATTTGAATTGGAATTGGAATTAGGATTGAGAATCCCAGGTGGGCCCACCACCAC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CACCGGTTTTTTATTCTCATCACCAAAACCATCTTCGGTTTTTTTGTTTGAAACAGGTAC 

Letassy_X1_9546          CACCGGTTTTTTATTCTCATCACCAAAACCATCTTCGGTTTTTTTGTTTGAAACAGGTAC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      AGGTGCAGAAGATAAATGTTCTTTGCAAGGTTGAGGTTGCCAAAGTGCTGAAGAACCCAA 

Letassy_X1_9546          AGGTGCAGAAGATAAATGTTCTTTGCAAGGTTGAGGTTGCCAAAGTGCTGAAGAACCCAA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      GAAAGCATCGAACAGTTTCCGCTGTTCAACTCTATCTCCGCCGCTATTCATCATCTCTGA 

Letassy_X1_9546          GAAAGCATCGAACAGTTTCCGCTGTTCAACTCTATCTCCGCCGCTATTCATCATCTCTGA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TTCCAAATCACGTAACATCTGTTGAGCTCTTTCGTATGCTTTCAGATGTGAATCCACCCC 

Letassy_X1_9546          TTCCAAATCACGTAACATCTGTTGAGCTCTTTCGTATGCTTTCAGATGTGAATCCACCCC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      ACGTGGCCCATCCACCACCGCAGGTTTCACTAACCTTAAAGTATCCTTAGCTTCTCCGAG 

Letassy_X1_9546          ACGTGGCCCATCCACCACCGCAGGTTTCACTAACCTTAAAGTATCCTTAGCTTCTCCGAG 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CCTCCCTTGTTTCATCAAACAAATCCCTAAATTACACATCTTGTTGTTGTCAGGCGCTAT 

Letassy_X1_9546          CCTCCCTTGTTTCATCAAACAAATCCCTAAATTACACATCTTGTTGTTGTCAGGCGCTAT 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CACTAAAGCTCTCCTGTATGCATCTTCTGCTTCGATGTAGTTGTTCTGTTGCATCAACGC 

Letassy_X1_9546          CACTAAAGCTCTCCTGTATGCATCTTCTGCTTCAATGTAGTTGTTCTGTTGCATCAACGC 

                         ********************************* ************************** 

 

Serrassy_T_P2_46272      CCACCCCAAATTCCCGAGTAGTCGAGTTGCCTCTTGTTCGACTGACACTTGGAATTTCTT 

Letassy_X1_9546          CCACCCCAAATTCCCGAGTAGCCGAGTTGCCTCTTGTTCGACTGACACTTGGAATTTCTT 

                         ********************* ************************************** 

 

Serrassy_T_P2_46272      TCCTTGAGATCTTGCTGTTTTTGTTCGTTTCCCATTGAAGGCCATTCCTTGTTGGATTAA 

Letassy_X1_9546          TCCTTGAGATCTTGCTGTTTTTGTTCGTTTCCCATTGAAGGCCATTCCTTGTTGGATTAA 

                         ************************************************************ 
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Serrassy_T_P2_46272      GAACAATTTGTGTCTTAATAATCCGATTTGGTCATCCAATCTTCCGCATCTCTTGTAGAG 

Letassy_X1_9546          GAACAATTTGTGTCTTAATAATCCGATTTGGTCATCCAATCTTCCGCATCTCTTGTAGAG 

                         ************************************************************ 

 

Serrassy_T_P2_46272      ATCTAAAAGGATGTTATCGAGAGACTCTTGAGCTTGATCTGAGCATCTTCTTCGCAACGA 

Letassy_X1_9546          ATCTAAAAGGATGTTATCGAGAGACTCTTGAGCTTGATCTGAGCATCTTCTTCGCAACGA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CTTAATCGCTTCAATGGCTTCTTCTGCTCGATTCTGTTGTTTCATAACAATCGCCATGTC 

Letassy_X1_9546          CTTAATCGCTTCAATGGCTTCTTCTGCTCGATTCTGTTGTTTCATAACAATCGCCATGTC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TTTCAGAGCACTATCCACTCTATCTCCGGCGTTAATGGCTGCCCAAAACAACGGAATCGC 

Letassy_X1_9546          TTTCAGAGCACTATCCACTCTATCTCCGGCGTTAATGGCTGCCCAAAACAACGGAATCGC 

                         ************************************************************ 

 

Serrassy_T_P2_46272      CCTCTCCGGATCCTTCTCTACCAATTGAACGTTTTTCGCTCTGACATAAGGAGAATCGCC 

Letassy_X1_9546          CCTCTCCGGATCCTTCTCTACCAATTGAACGTTTTTCGCTCTGACATAAGGAGAATCACC 

                         ********************************************************* ** 

 

Serrassy_T_P2_46272      AACTGGGACTTTATGGGTAACATGGAAAGATTCAGACCGAGTTGAGTTCGAGTTCAACGA 

Letassy_X1_9546          GACTGGGACCTTATGGGTAACATGGAAAGATTCAGATCGAGTTGAGTTCGAGTTCAACGA 

                          ******** ************************** *********************** 

 

Serrassy_T_P2_46272      GTCAGACCGAGTCAAGTTTGAAATCATGGACTCGGATCGAGTTGGATTCAAATTAAACGA 

Letassy_X1_9546          GTCAGACCGAGTCAAGTTTGAAATCATTGACTCGGATCGAGTTGGATTCAAATTAAACGA 

                         *************************** ******************************** 

 

Serrassy_T_P2_46272      CTCAGACCGAGTCCTCAATACCCCAGCACCCAGAGGTTTTAATGGCGATGACGGCGCCGA 

Letassy_X1_9546          CTCAGACCGAGTCCTCAATACCCCAGCACCCAGAGGTTTTAATGGCGATGACGGCGCCGA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      TTTGGTGGGTCTGAACCCTGGCGGAGCGTTCCACATATCTTGCATCATCTTGATTGATTT 

Letassy_X1_9546          TTTGGTGGGTCTGAACCCTGGCGGAGCGTTCCACATATCTTGCATCATCTTGATTGATTT 

                         ************************************************************ 

 

Serrassy_T_P2_46272      GATTTTTTGAAGGGTTCTTCAAAAAAGATGAATCTTTATTAGAAGATATGTGGATTTGCA 

Letassy_X1_9546          GATTTTTTGAAGGGTTCTTCAAAAAAGATGAATCTTTATTAGAAGATATGTGGATTTGCA 

                         ************************************************************ 

 

Serrassy_T_P2_46272      GAGTGAGAGTGATATAACCAGTGACAATGGTGGCGGAGGCTGAGAAAAAGAGAGAGATAG 

Letassy_X1_9546          GAGTGAGAGTGATATAACCAGTGACAATGGTGGCGGAGGCTGAGAAAAAGAGAGAGATAC 

                         ***********************************************************  

 

Serrassy_T_P2_46272      GGCGGAGGGTTTGAGGGAGAGAAAGAGAAAGAGATGAAGGAGGAAGAGGGGAGAGGCGG- 

Letassy_X1_9546          GGCGGAGGGTTCGACAGAGAGAAAGAGAAAGAGATGAAGGAGGAAGAGGGGAGAGGCGGG 

                         *********** **  *******************************************  

 

Serrassy_T_P2_46272      -- 

Letassy_X1_9546          GG 

 

B.3  Primers used for HRM and sequencing analyses 

 
Primer ID Sequence 

Amplicon 

size 

Sequencing APX_F1 TCCTGGAGCTTCTAAAAGGAGATTC 
240 

APX_R2 AGTAGCAGCAGCAACAACTC 

F3H_F1 TCCTATTCATAATTCATCCCTAC 
704 

F3H_R1 TTGCATACCACGTGCTTCTC 

F5H_F1 GGGAGAAAAATACGGTGGTCTTC 
583 

F5H_R2 CTCTTTTGCAAGGTGCTCGTCGATG 

PAP2_F1 TCGTACTCGACTTCGTTCCA 
260 

PAP2_R2 ACCAACCAAATTTTCCGTCA 
    
HRM APX_F2 AACTTGGGTTCACCCCACAAC 

77 
APX_R2 AGTAGCAGCAGCAACAACTC 

F3H_F2 GGAATGGAACGAAAACTCG 
176 

F3H_R2 TCTCACAAATCTCCGCCC 

F5H_F1 GGGAGAAAAATACGGTGGTCTTC 92 
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F5H_R1 GGAGTACTTGCCTGGCTATTTCGG 

PAP2_F2 TGTTCCGGGTTTATCTCACC 
112 

PAP2_R2 ACCAACCAAATTTTCCGTCA 

 

 

B.4 Sequencing of line SSC2183 

Alignment of the RIL 112, Rampage and SSC2183 amplicons analysed by HRM analysis in APX 

(A), F3H (B), F5H (C) and PAP2 (D). Primers are underlined in red and the SNP(s) are highlighted 

by a red box. E is a screenshot from the LGR, demonstrating that for 20 L. sativa cultivars, no 

polymorphisms were identified for the F3H gene. 
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Appendix C  

 

C.1 Representatives of each leaf type investigated in the commercial panel 

Representative image of red oak leaf (A), red romaine (B), red leaf (C), red cosberg (D), 

red cosberg-gemburg (E),  red multileaf (F), red multileaf x red romaine (G), green leaf (I), 

green cosberg (J), green romaine (K), green oak leaf x green tango (L), green multileaf 

(M), lollo verde (N), green Chinese (O) and green oak leaf (P) types,  with scale bar of 2 

cm for size indication shown. 

 

C.2 List of leaf types used in association analyses, with commercialised varieties 

named. 

Leaf type  Name (if 
commercialised) 

Leaf type  Name (if 
commercialised) 

Green chinese   Green romaine   

Green chinese SSC 3226 Green romaine   

Green cosberg   Green romaine   

Green cosberg   Green romaine   

Green leaf Burton Green romaine   

Green leaf   Green tango SSC LX-4 

Green leaf Silverwood Green tango Mojito 

Green leaf   Green tango   

Green multi-leaf   Lollo rossa Fortress 

Green oak 
leaf/green tango   Lollo rossa SSC 3225 

Green romaine   Lollo rossa Zion 

Green romaine   Lollo rossa SSC 3250 

Green romaine SSC 3234 Lollo rossa   

Green romaine SSC LX-1 Red cosberg SSC 3238 

Green romaine   Red cosberg   

Green romaine   Red cosberg   

Green romaine   Red cosberg   
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Leaf type  Name (if 
commercialised) 

Leaf type  Name (if 
commercialised) 

Red cosberg   Red leaf   

Red cosberg   Red multileaf   

Red cosberg   Red multileaf   

Red cosberg SSC 3240 
Red multileaf, 
red x romaine   

Red cosberg   
Red multileaf, 
red x romaine   

Red cosberg SSC 3240 Red oak leaf   

Red cosberg-
gemberg   Red oak leaf   

Red cosberg-
gemberg   Red oak leaf   

Red cosberg-
gemberg   Red oak leaf   

Red cosberg-
gemberg   Red oak leaf   

Red cosberg-
gemberg   Red oak leaf   

Red cosberg-
gemberg   Red oak leaf   

Red cosberg-
gemberg   Red romaine   

Red cosberg-
gemberg   Red romaine   

Red cosberg-
gemberg   Red romaine Daredevil 

Red cosberg-
gemberg   Red romaine Annapolis 

Red cosberg-
gemberg   Red romaine Showdown 

Red leaf Blackhawk Red romaine   

Red leaf   Red romaine   

Red leaf SSC 3224 Red romaine   

Red leaf Scaramanga Red romaine   

Red leaf   Red romaine   

Red leaf   Red romaine   

Red leaf   Red romaine SSC LX-2 

Red leaf SSC 3230 Red romaine   

Red leaf   Red romaine   

Red leaf   Red romaine   

Red leaf   
Red romaine, 
green x romaine   

Red leaf   Red tango Spritzer 
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C.3 Search terms used for candidate gene mining 

cellulose osmolarity 

xyloglucan cell division 

mannan anaphase-promoting complex/cyclosome 

xylan GROWTH-REGULATING FACTOR  

B-glucan TEOSINTE BRANCHED1/CYCLOIDEA/PCF 

(TCP)  

pectin cyclin 

extensin brassinosteroids  

arabinogalactan  SMALL AUXIN UP RNA (SAUR) 

proline-rich auxin binding protein 1 (ABP1)  

glycine-rich  DELLA proteins 

expansins Helix-Loop-Helix (bHLH) transcription factors 

transporter ethylene  

glycosyltransferase cytokinin 

arabinofuranohydrolase YUCCA 

xyloglucan transglycosylases/hydrolases 

(XTH) 

SAG 

transporter WRKY 

 

C.4 Candidate (CG) and background (BG) SNP datasets 

SNP locus Gene ID Gene ID (v5) 
CH

Ra  

POSb 

(Mbp) 

LE_SNP_Q

00330 

APX Lsat_1_v5_gn_3

_72581 

3 118.87 

LE_SNP_Q

00264 

MYB44 Lsat_1_v5_gn_3

_88960 

3 157.81 

LE_SNP_Q

00106 

BEL1-LIKE HOMEODOMAIN 4 (BLH4)  Lsat_1_v5_gn_3

_93460 

3 170.17 

LE_SNP_Q
00355 

Leaf senescence protein-like  Lsat_1_v5_gn_3
_94360 

3 171.93 

LE_SNP_Q

00246 

ALTERED XYLOGLUCAN 4-LIKE (AXY4L) Lsat_1_v5_gn_3

_94900 

3 173.47 

LE_SNP_Q

00107 

ALTERED XYLOGLUCAN 4-LIKE (AXY4L) Lsat_1_v5_gn_3

_94900 

3 173.48 

LE_SNP_Q
00012 

PECTIN METHYLESTERASE 31 (PME31)   Lsat_1_v5_gn_3
_99700 

3 188.30 

LE_SNP_Q

00245 

PECTIN METHYLESTERASE 31 (PME31)   Lsat_1_v5_gn_3

_99700 

3 188.30 

LE_SNP_Q

00013 

EMBRYO DEFECTIVE 30 (EMB30) Lsat_1_v5_gn_3

_99741 

3 188.32 

LE_SNP_Q

00332 

Glucan synthase like 7  (GSL7) Lsat_1_v5_gn_3

_100320 

3 190.48 

LE_SNP_Q

00003 

GAST1 PROTEIN HOMOLOG 4 (GASA4) Lsat_1_v5_gn_3

_101621 

3 193.82 
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LE_SNP_Q

00348 

ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 81 (anac081) Lsat_1_v5_gn_3

_101901 

3 194.49 

LE_SNP_Q

00346 

GLCA TRANSFERASE 14B (GLCAT14B)  Lsat_1_v5_gn_3

_102000 

3 194.74 

LE_SNP_Q
00235 

PLANT GLYCOGENIN-LIKE STARCH INITIATION PROTEIN 1 
(PGSIP1) 

Lsat_1_v5_gn_3
_106960 

3 211.09 

LE_SNP_Q

00335 

ATCCR4A Lsat_1_v5_gn_3

_107041 

3 211.27 

LE_SNP_Q

00381 

CITRATE SYNTHASE 5 (CSY5) Lsat_1_v5_gn_4

_46541 

4 81.96 

LE_SNP_Q
00396 

Ethylene-responsive transcription factor 11  Lsat_1_v5_gn_4
_47640 

4 83.43 

LE_SNP_Q
00397 

Boron transporter 2 Lsat_1_v5_gn_4
_47661 

4 83.68 

LE_SNP_Q

00024 

SWELLMAP 1 (SMP1)  Lsat_1_v5_gn_4

_49140 

4 86.60 

LE_SNP_Q

00366 

SWELLMAP 1 (SMP1)  Lsat_1_v5_gn_4

_49140 

4 86.60 

LE_SNP_Q
00359 

Ethylene-responsive transcription factor 2  Lsat_1_v5_gn_4
_50000 

4 88.78 

LE_SNP_Q

00037 

Ethylene-responsive transcription factor 2  Lsat_1_v5_gn_4

_50020 

4 88.81 

LE_SNP_Q

00025 

TRICHOME BIREFRINGENCE-LIKE 37 (TBL37)  Lsat_1_v5_gn_4

_50041 

4 88.85 

LE_SNP_Q
00038 

Ethylene-responsive transcription factor 2  Lsat_1_v5_gn_4
_50080 

4 88.97 

LE_SNP_Q

00026 

Apoptosis inhibitory protein 5 (API5) Lsat_1_v5_gn_4

_50661 

4 89.79 

LE_SNP_Q

00042 

Ethylene-responsive transcription factor 2  Lsat_1_v5_gn_4

_50941 

4 90.43 

LE_SNP_Q
00378 

Ethylene-responsive transcription factor 2  Lsat_1_v5_gn_4
_51081 

4 90.56 

LE_SNP_Q

00379 

Ethylene-responsive transcription factor 2  Lsat_1_v5_gn_4

_51121 

4 90.61 

LE_SNP_Q

00027 

CYTOKININ RESPONSE FACTOR 7 (CRF7) Lsat_1_v5_gn_4

_51260 

4 90.78 

LE_SNP_Q
00028 

HOMEOBOX-3 (HB-3) Lsat_1_v5_gn_4
_51320 

4 90.84 

LE_SNP_Q

00029 

ERF DOMAIN PROTEIN 9 (ERF9) Lsat_1_v5_gn_4

_52000 

4 92.05 

LE_SNP_Q

00030 

 ENHANCER OF SHOOT REGENERATION 1 (ESR1) Lsat_1_v5_gn_4

_52080 

4 92.16 

LE_SNP_Q
00031 

TPLATE Lsat_1_v5_gn_4
_52201 

4 92.32 

LE_SNP_Q

00389 

SENSITIVE TO FREEZING 6 (SFR6) Lsat_1_v5_gn_4

_52460 

4 92.80 

LE_SNP_Q

00048 

Auxin response factor 4  Lsat_1_v5_gn_4

_55580 

4 99.76 

LE_SNP_Q
00377 

Auxin response factor 6  Lsat_1_v5_gn_4
_55600 

4 99.81 

LE_SNP_Q

00049 

Auxin response factor 6  Lsat_1_v5_gn_4

_55600 

4 99.81 

LE_SNP_Q

00365 

Ethylene-responsive transcription factor 11  Lsat_1_v5_gn_4

_56001 

4 101.29 

LE_SNP_Q
00384 

TREHALOSE -6-PHOSPHATASE SYNTHASE S6 (TPS6) Lsat_1_v5_gn_4
_64821 

4 119.95 

LE_SNP_Q

00133 

Auxin-induced SAUR-like protein  Lsat_1_v5_gn_4

_65581 

4 121.57 

LE_SNP_Q

00386 

Cell division protein kinase 10  Lsat_1_v5_gn_4

_66541 

4 122.99 

LE_SNP_Q
00387 

 FLYING SAUCER 1 (FLY1) Lsat_1_v5_gn_4
_66820 

4 123.53 

LE_SNP_Q
00382 

DNA polymerase Lsat_1_v5_gn_4
_66900 

4 124.46 

LE_SNP_Q

00117 

GLYCOSYL HYDROLASE 9C2 (GH9C2)  Lsat_1_v5_gn_4

_67320 

4 124.89 

LE_SNP_Q

00370 

ALDEHYDE DEHYDROGENASE 10A8 (ALDH10A8) Lsat_1_v5_gn_4

_68980 

4 128.81 

LE_SNP_Q
00120 

XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 9 (XTH9) Lsat_1_v5_gn_4
_69800 

4 130.16 

LE_SNP_Q

00392 

Ethylene-responsive transcription factor 11  Lsat_1_v5_gn_4

_71481 

4 134.24 

LE_SNP_Q

00136 

Ethylene-responsive transcription factor 11  Lsat_1_v5_gn_4

_71481 

4 134.24 

LE_SNP_Q

00398 

RHO-RELATED PROTEIN FROM PLANTS 10 (ROP10) Lsat_1_v5_gn_4

_72861 

4 138.34 

LE_SNP_Q

00394 

Rhamnogalacturonate lyase family protein Lsat_1_v5_gn_4

_76140 

4 146.78 
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LE_SNP_Q

00367 

GLUCAN SYNTHASE-LIKE 8 (GSL8)  Lsat_1_v5_gn_4

_79080 

4 151.09 

LE_SNP_Q

00403 

msbA Lsat_1_v5_gn_6

_69660 

6 133.11 

LE_SNP_Q
00446 

NEURAL PRECURSOR CELL EXPRESSED, DEVELOPMENTALLY 
DOWN-REGULATED GENE 1 (NEDD1) 

Lsat_1_v5_gn_8
_14640 

8 23.55 

LE_SNP_Q

00447 

DELTA 1-PYRROLINE-5-CARBOXYLATE SYNTHASE 2 (P5CS2) Lsat_1_v5_gn_8

_14780 

8 23.70 

LE_SNP_Q

00448 

Dehydration-responsive family protein  Lsat_1_v5_gn_8

_14860 

8 23.76 

LE_SNP_Q
00179 

P-glycoprotein  20 (PGP20) Lsat_1_v5_gn_8
_16161 

8 26.65 

LE_SNP_Q
00436 

UDP-XYL SYNTHASE 5 (UXS5) Lsat_1_v5_gn_8
_16781 

8 27.28 

LE_SNP_Q

03738 

INCREASED TOLERANCE TO NACL (ITN1) Lsat_1_v5_gn_8

_18121 

8 29.65 

LE_SNP_Q

00466 

SENESCENCE-ASSOCIATED GENE 12 (SAG12) Lsat_1_v5_gn_8

_18720 

8 30.26 

LE_SNP_Q
00188 

Auxin response factor 16  Lsat_1_v5_gn_8
_20161 

8 31.73 

LE_SNP_Q

00497 

TONNEAU 1B (TON1B) Lsat_1_v5_gn_8

_21240 

8 32.92 

LE_SNP_Q

00439 

STEROL GLUCOSYLTRANSFERASE (SGT) Lsat_1_v5_gn_8

_23700 

8 36.37 

LE_SNP_Q
00440 

ANGUSTIFOLIA 3 (AN3) Lsat_1_v5_gn_8
_24961 

8 37.80 

LE_SNP_Q

00504 

Hydroxyproline-rich glycoprotein-like  Lsat_1_v5_gn_8

_25641 

8 39.25 

LE_SNP_Q

03468 

CYCLIN-DEPENDENT KINASE B2;2 (CDKB2;2) Lsat_1_v5_gn_8

_26000 

8 39.69 

LE_SNP_Q
00478 

STARCH BRANCHING ENZYME 2.1 (SBE2.1) Lsat_1_v5_gn_8
_26220 

8 39.85 

LE_SNP_Q

00169 

CYCLIN-DEPENDENT KINASE B2;2 (CDKB2;2) Lsat_1_v5_gn_8

_26701 

8 40.58 

LE_SNP_Q

00185 

Glucan endo-1 3-beta-glucosidase  Lsat_1_v5_gn_8

_27461 

8 41.28 

LE_SNP_Q
00165 

PHOSPHOLIPASE D DELTA (PLDDELTA) Lsat_1_v5_gn_8
_28580 

8 44.04 

LE_SNP_Q

00164 

ALPHA-AMYLASE-LIKE 2 (AMY2)  Lsat_1_v5_gn_8

_29040 

8 44.58 

LE_SNP_Q

00240 

EXPANSIN 11 (EXPA11) Lsat_1_v5_gn_8

_29600 

8 45.55 

LE_SNP_Q
00483 

SHEPHERD (SHD) Lsat_1_v5_gn_8
_30781 

8 47.97 

LE_SNP_Q

00158 

DWARF 1 (DWF1)  Lsat_1_v5_gn_8

_32421 

8 51.11 

LE_SNP_Q

00445 

FAR-RED ELONGATED HYPOCOTYLS 3 (fhy3) Lsat_1_v5_gn_8

_33061 

8 52.03 

LE_SNP_Q
00157 

FAR-RED ELONGATED HYPOCOTYLS 3 (fhy3) Lsat_1_v5_gn_8
_33061 

8 52.03 

LE_SNP_Q

00156 

INDETERMINATE(ID)-DOMAIN 14 (IDD14) Lsat_1_v5_gn_8

_34221 

8 54.96 

LE_SNP_Q

00492 

MICROTUBULE-ASSOCIATED PROTEINS 70-2 (MAP70-2)  Lsat_1_v5_gn_8

_35461 

8 56.40 

LE_SNP_Q
00502 

GAMMA-TUBULIN (TUBG1) Lsat_1_v5_gn_8
_36261 

8 57.77 

LE_SNP_Q

00475 

SUCROSE TRANSPORTER 2 (SUT2) Lsat_1_v5_gn_8

_52120 

8 89.59 

LE_SNP_Q

00470 

PUTATIVE INDOLE-3-ACETIC ACID-AMIDO SYNTHETASE GH3.9 

(GH3.9)  

Lsat_1_v5_gn_8

_53361 

8 91.65 

LE_SNP_Q
00487 

FOUR LIPS (FLP)  (MYB124) Lsat_1_v5_gn_8
_53780 

8 92.17 

LE_SNP_Q
00228 

FOUR LIPS (FLP)  (MYB124) Lsat_1_v5_gn_8
_53780 

8 92.17 

LE_SNP_Q

03657 

NRT1/ PTR FAMILY 4.6 (NPF4.6) Lsat_1_v5_gn_8

_54020 

8 92.59 

LE_SNP_Q

00226 

ALPHA-AMYLASE-LIKE 3 (AMY3) Lsat_1_v5_gn_8

_54140 

8 92.68 

LE_SNP_Q
00488 

ALPHA-AMYLASE-LIKE 3 (AMY3) Lsat_1_v5_gn_8
_54140 

8 92.68 

LE_SNP_Q

03801 

CULLIN 1 (CUL1) Lsat_1_v5_gn_8

_54481 

8 93.11 

LE_SNP_Q

03802 

AUTOPHAGY 18A (ATG18a) Lsat_1_v5_gn_8

_54600 

8 93.17 

LE_SNP_Q

00463 

RNA-BINDING PROTEIN-DEFENSE RELATED 1 (RBP-DR1)  Lsat_1_v5_gn_8

_55081 

8 93.89 

LE_SNP_Q

00219 

ERD (early-responsive to dehydration stress) family protein Lsat_1_v5_gn_8

_55761 

8 94.96 
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LE_SNP_Q

00217 

NIMA-RELATED KINASE 2 (NEK2) Lsat_1_v5_gn_8

_57100 

8 97.10 

LE_SNP_Q

00468 

RAS-RELATED NUCLEAR PROTEIN-1 (RAN-1)  Lsat_1_v5_gn_8

_57620 

8 98.46 

LE_SNP_Q
00482 

Ethylene-responsive transcription factor 11  Lsat_1_v5_gn_8
_57801 

8 99.04 

LE_SNP_Q

00494 

GLCA TRANSFERASE 14B (GLCAT14B) Lsat_1_v5_gn_8

_58381 

8 100.72 

LE_SNP_Q

03803 

AUTOPHAGY 18A (ATG18a)  Lsat_1_v5_gn_8

_60780 

8 105.14 

LE_SNP_Q
00234 

GDP/GTP exchange factor Lsat_1_v5_gn_8
_63421 

8 109.46 

LE_SNP_Q
00501 

Cellulose synthase 3  Lsat_1_v5_gn_8
_63861 

8 109.81 

LE_SNP_Q

00449 

ECERIFERUM 3 (CER3) Lsat_1_v5_gn_8

_64421 

8 111.28 

LE_SNP_Q

00207 

TETRASPANIN7 (TET7)  Lsat_1_v5_gn_8

_64521 

8 111.47 

LE_SNP_Q
00208 

UDP-D-GLUCURONATE 4-EPIMERASE 1 (GAE1) Lsat_1_v5_gn_8
_64581 

8 111.55 

LE_SNP_Q

00498 

AP2-like ethylene-responsive transcription factor Lsat_1_v5_gn_8

_64920 

8 112.09 

LE_SNP_Q

00205 

STAUROSPORIN AND TEMPERATURE SENSITIVE 3-LIKE A (STT3A)  Lsat_1_v5_gn_8

_65321 

8 113.03 

LE_SNP_Q
00480 

Xylose isomerase family protein Lsat_1_v5_gn_8
_66460 

8 114.66 

LE_SNP_Q

00444 

Galactose mutarotase-like superfamily protein Lsat_1_v5_gn_8

_68201 

8 117.99 

LE_SNP_Q

00451 

SMALL AUXIN UPREGULATED RNA 14 (SAUR14)  Lsat_1_v5_gn_8

_127461 

8 238.31 

LE_SNP_Q
00452 

SMALL AUXIN UPREGULATED RNA 14 (SAUR14)  Lsat_1_v5_gn_8
_127500 

8 238.31 

LE_SNP_Q

00088 

SMALL AUXIN UPREGULATED RNA 14 (SAUR14)  Lsat_1_v5_gn_8

_127781 

8 238.53 

LE_SNP_Q

00101 

Beta-amylase 6 (BAM6) Lsat_1_v5_gn_8

_129860 

8 244.19 

a Chromosome number 

b Position in chromosome (Mbp) 

 

SNP ID Locus ID Gene model ID 

(UCDv5) 

Chromosome  Position 

(Mbp) 

LE_SNP_Q00593 background Lsat_1_v5_gn_1_13660 1 20.2 

LE_SNP_Q00273 background Lsat_1_v5_gn_1_69320 1 101.9 

LE_SNP_Q00316 background Lsat_1_v5_gn_1_92920 1 144.9 

LE_SNP_Q00787 background Lsat_1_v5_gn_2_7260 2 16.3 

LE_SNP_Q00759 background Lsat_1_v5_gn_2_29860 2 74.8 

LE_SNP_Q00322 background Lsat_1_v5_gn_2_60460 2 148.3 

LE_SNP_Q00783 background Lsat_1_v5_gn_2_95580 2 198.9 

LE_SNP_Q00616 background Lsat_1_v5_gn_2_125100 2 238.8 

LE_SNP_Q01724 background Lsat_1_v5_gn_3_39980 3 64.9 

LE_SNP_Q00810 background Lsat_1_v5_gn_3_131600 3 272.1 

LE_SNP_Q00361 background Lsat_1_v5_gn_4_57760 4 104.1 

LE_SNP_Q00288 background Lsat_1_v5_gn_4_94421 4 186.5 

LE_SNP_Q00883 background Lsat_1_v5_gn_4_124120 4 264.3 

LE_SNP_Q00878 background Lsat_1_v5_gn_4_159100 4 368.4 

LE_SNP_Q02487 background Lsat_1_v5_gn_5_61200 5 157.9 

LE_SNP_Q00400 background Lsat_1_v5_gn_5_98420 5 243.4 

LE_SNP_Q00401 background Lsat_1_v5_gn_5_142000 5 311.8 

LE_SNP_Q00295 background Lsat_1_v5_gn_5_178460 5 372.0 

LE_SNP_Q01088 background Lsat_1_v5_gn_6_59140 6 102.1 

LE_SNP_Q00302 background Lsat_1_v5_gn_7_37060 7 60.8 
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LE_SNP_Q01180 background Lsat_1_v5_gn_7_88240 7 174.5 

LE_SNP_Q02898 background Lsat_1_v5_gn_7_109900 7 216.2 

LE_SNP_Q00467 background Lsat_1_v5_gn_8_12620 8 20.1 

LE_SNP_Q00474 background Lsat_1_v5_gn_8_52100 8 89.6 

LE_SNP_Q00309 background Lsat_1_v5_gn_8_124300 8 228.5 

LE_SNP_Q01202 background Lsat_1_v5_gn_8_154480 8 315.9 

LE_SNP_Q00311 background Lsat_1_v5_gn_9_13060 9 17.2 

LE_SNP_Q03780 background Lsat_1_v5_gn_9_99100 9 185.1 

LE_SNP_Q00508 background Lsat_1_v5_gn_9_116800 9 225.0 

 

 

C.5 Selecting significant principal components 

The number of significant principal components to incorporate into the P model was 

determined using the broken stick method, implemented in R statistics. Two principal 

components were determined to be significant according to the scree plot, accounting for 

~55% of the neutral genetic variation.   
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C.6 Summary statistics for the commercial panel phenotype data 

  

Trait Minimum Maximum Mean 

population 

Mean red 

types 

Mean green 

types 

Mean mixed 

types 

Shelf life (days) 3.67 (±1.2) 22.67 
(±11.89) 

11.33 (±0.20) 10.90 (±0.16) 12.75 (±0.55) 9.86 (±0.87) 

Leaf area (mm2) 1210.16  
(±88.90) 

7425.70  
(±1353.81) 

3702.36 
(±38.90) 

3459.89  
(±50.77) 

4102.81  
(±62.85) 

4321.30  
(±357.06) 

Dry weight (g) 0.001  
(±0.0002) 

0.002  
(±0.0002) 

0.002 (±1.4E-
05) 

0.002 
(±1.34E-05) 

0.002  
(±3.43E-05) 

0.002 (±8.18E-
05) 

Specific leaf area 
(m2.g-1) 

0.028  
(±0.0004) 

0.092  
(±0.024) 

0.05 (±6.09E-
05) 

0.05 (±0.007) 0.05 (±0.001) 0.05 (±0.003) 

Chlorophyll 

content index (%) 

5.70  (±0.46) 31.18 

(±2.47) 

16.69 (±0.11) 16.42 (±0.13) 18.51 (±0.21) 11.76 (±1.79) 

Antioxidant 

potential 

28.47 (±7.02) 530.58 

(±67.40) 

199.25 

(±7.57) 

234.74 

(±8.94) 

121.70 (±9.58) 226.28 

(±29.69) 

Epidermal cell 
number (106) 

0.66  (±0.18) 7.18  
(±1.97) 

1.40 (±0.11) 2.47  (±0.15) 2.38 (±0.17) 2.35  (±0.39) 

Epidermal cell 
area (μm2) 

459.04 (±21.73) 3697.58 
(±253.54) 

1522.02 
(±28.09) 

1431.44 
(±33.44) 

1665.92 
(±59.88) 

1749.10 
(±130.91) 

Epidermal cell 
perimeter (μm2) 

128.46  (±4.13) 564.76  
(±20.14) 

320.82  
(±3.52) 

309.25 
(±4.19) 

331.58 (±6.99) 384.43 
(±20.37) 

Maximum load 
(N) 

0.27  (±0.03) 1.32 
(±0.05) 

0.71 (±0.01) 0.70 (±0.01) 0.75 (±0.01) 0.60 (±0.09) 

Elasticity (%) 30.72  (±3.08) 99.65  
(±27.03) 

54.05 (±0.57) 57.38 (±0.63) 45.16 (±0.75) 60.58 (±4.82) 

Plasticity (%) 63.96  (±15.23) 637.95  

(±145.16) 

216.97 

(±5.74) 

232.46 

(±7.00) 

170.82 

(±10.81) 

268.51 

(±32.62) 

Elasticity + 

Plasticity (%) 

105.12  

(±19.09) 

699.50  

(±150.17) 

271.02 

(±5.85) 

289.84 

(±7.20) 

215.98 

(±10.90) 

329.09 

(±32.91) 

Stomatal density 
(stomata.mm2) 

33.56  (±4.95) 188.20  
(±25.62) 

90.36  (±1.48) 96.49 (±1.99) 82.59  (±1.89) 66.05 (±7.02) 

Stomatal index 
(%) 

8.33  (±0.48) 17.31  
(±1.17) 

12.51  (±0.08) 12.37  (±0.08) 12.99  (±0.18) 11.70  (±0.32) 
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C.7 Trait comparison by leaf type 

Comparison of shelf life (A), antioxidant potential (B), chlorophyll content index (C), 

maximum load (D), elasticity (E) , plasticity (F), elasticity:plasticity (G), leaf area (H), dry 

weight (I), specific leaf area (J), stomatal density (K), stomatal index (L), epidermal cell 

number (M), epidermal cell area (N) and epidermal cell perimeter (O) traits in the 

commercial panel depending on leaf type. Bars represent mean ± standard error and are 

coloured according to leaf colour, with an orange fill for mixed red and green leaf 

varieties. Different letters above each bar represent significant differences, with an absence 

of letters means no significant differences were observed. 
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C.8 QTL for shelf life associated traits 

Trait abbreviation LG1 Position (cM) LOD2 PVE3 Additive4 Trial 

RGR (UK) 1 13.72 4.003779 17.96299 1.024223 UK 

sluk-day12 1 26.64 2.495178 10.25621 0.08693 UK 

L5_P+E (Por) 1 34.43 5.610806 19.39722 2.268932 Portugal 

L5_E (Por) 1 39.54 5.769705 17.94789 0.501867 Portugal 

L5_P+E (Por) 1 40.54 6.151742 20.44089 2.273027 Portugal 

L5_P (Por) 1 41.54 5.75143 21.19592 1.830678 Portugal 

LAf (UK) 1 46.16 3.840033 13.28524 181.5571 UK 

L5_E (Por) 1 47.16 4.703351 15.90601 0.473901 Portugal 

l7dwp (UK) 1 48.12 5.184781 24.02441 -0.42381 UK 

L5_P (Por) 1 50.01 4.412625 16.37079 1.628631 Portugal 

l7dwp (UK) 1 53.21 7.812763 33.13763 -0.56188 UK 

LAf (UK) 1 53.21 3.759656 12.30768 180.2741 UK 

l7dwp (UK) 1 58.79 5.216817 24.48174 -0.5312 UK 

l4sla (Por) 1 59.31 4.449356 19.06472 -1.59181 Portugal 

leaf7dw (UK) 1 66.69 4.164339 16.5391 0.01641 UK 

sl_uk (UK) 1 69.88 5.363057 22.89818 1.032803 UK 

SL-H_(UK) 1 69.88 5.363057 22.89818 1.032803 UK 

sluk-day11 1 69.88 3.972113 17.30411 0.138899 UK 

sluk-day11 1 76.5 4.381076 18.76495 0.148095 UK 

l2sd (Por) 1 84.71 4.245189 15.27921 -32.1132 Portugal 

l8si (UK) 1 84.71 4.640453 17.52095 -0.71311 UK 

l8si (UK) 1 91.77 6.161691 22.83609 -0.80637 UK 

l8sd (UK) 1 98.3 7.401764 29.64309 -14.8565 UK 

leaf8ca (UK) 1 99.09 4.113612 14.21714 218.8943 UK 

leaf3_la (Por) 1 114.37 3.956865 14.32821 -104.983 Portugal 

L8_P_(UK) 2 3.22 3.482549 14.83375 -0.4744 UK 

l5sd (Por) 2 5.46 4.790188 13.20975 22.66839 Portugal 

leaf6_la (Por) 2 5.46 3.65073 13.96142 -386.042 Portugal 

l5cn (Por) 2 39.49 4.820353 15.5736 -0.46779 Portugal 

leaf8cn (UK) 2 50.06 3.595073 13.28325 -0.24181 UK 

l8si (UK) 2 57.82 3.704858 14.09552 0.622085 UK 

l1sla (Por) 2 73.18 4.369435 19.50157 1.559137 Portugal 

AGR (UK) 2 85.3 5.111746 16.22268 1.269998 UK 

leaf4dwp (Por) 2 87.3 3.904631 13.82668 -0.50735 Portugal 

leaf7dwp (Por) 2 88.29 4.524698 12.05409 -0.4435 Portugal 

sluk-day12 2 95.16 3.141649 13.7184 0.103477 UK 

slpor-day10 2 139.49 3.960027 16.59311 0.21066 UK 
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l1sla (Por) 2 147.93 3.752984 15.83702 -1.35047 Portugal 

l2cn (Por) 2 147.93 4.363302 13.86931 0.410572 Portugal 

l4chl (Por) 3 21.82 3.774542 18.30018 -0.03121 Portugal 

l5cn (Por) 3 25.33 4.065332 12.56182 -0.41042 Portugal 

LA_mean (Por) 3 25.33 4.333981 16.11878 -353.816 Portugal 

leaf5_la (Por) 3 25.33 5.674466 22.54606 -318.29 Portugal 

leaf7_dw (Por) 3 25.33 4.498277 19.29764 -0.03114 Portugal 

leaf7_la (Por) 3 25.33 5.932958 25.39278 -587.18 Portugal 

leaf8_la (Por) 3 25.33 3.997208 15.05627 -489.474 Portugal 

leaf4_la (Por) 3 30.03 3.889869 14.27832 -181.465 Portugal 

leaf3_la (UK) 3 48.35 3.871786 14.90416 153.1176 UK 

LA_mean (Por) 3 65.99 4.716126 17.78184 -396.95 Portugal 

leaf4_la (Por) 3 70.1 3.726211 14.38486 -171.456 Portugal 

leaf3_la (UK) 3 72.83 4.248858 15.60085 -145.899 UK 

leaf1dwp (Por) 3 78.46 5.232527 29.80632 -1.19307 Portugal 

osm (UK) 3 78.46 3.330418 15.56704 -8.90177 UK 

leaf1_la (Por) 3 79.46 3.591198 16.74527 -31.0858 Portugal 

L8_E_(Por) 3 82.51 3.655596 15.16009 0.407184 Portugal 

leaf1dwp (Por) 3 83.51 5.029943 27.40991 -1.22308 Portugal 

l2_cell (Por) 3 84.51 4.642035 15.09526 -65.2075 Portugal 

leaf7dwp (Por) 3 87.95 8.367986 26.22049 -0.69592 Portugal 

leaf4dwp (Por) 3 88.95 5.151372 18.68525 -0.65209 Portugal 

Dr_FWDW_transf 3 89 3.949839 0.076304 0.285277 Field 

leaf2_la (Por) 3 90.45 3.502272 20.83756 -75.3358 Portugal 

leaf3_la (Por) 3 90.45 5.215618 27.32194 -158.674 Portugal 

leaf7chl (UK) 3 90.45 8.154561 31.20626 0.012949 UK 

L8_E_(Por) 3 91.45 3.429269 13.40582 0.392223 Portugal 

leaf6_la (UK) 3 101.02 3.792277 15.10232 -463.025 UK 

Leaf_area (UK) 3 104.81 4.219621 14.24318 -425.559 UK 

leaf4_la (Por) 3 106.53 4.453496 16.68465 -326.208 Portugal 

slpor-day14 3 106.53 1.723686 5.51341 0.065565 Portugal 

sluk-day12 3 106.53 2.688536 14.97213 -0.1771 UK 

sluk-day13 3 109.53 2.893973 32.66863 -0.17192 UK 

leaf5_la (Por) 3 113.21 3.535065 12.81569 -914.717 Portugal 

slpor-day7 3 119.21 6.040476 42.70674 0.440753 Portugal 

sluk-harvest 3 119.44 5.61401 23.8077 4.462679 UK 

sluk-process 3 119.44 4.574865 19.79022 3.962647 UK 

slpor-day13 3 124.13 3.367223 12.9102 0.157748 Portugal 

slpor-day14 3 124.13 1.918454 13.06917 0.112017 Portugal 

slpor-day13 3 134.67 6.924366 38.14881 -0.20401 Portugal 
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slpor-day14 3 138.57 2.600887 17.97133 -0.09754 Portugal 

L8_P+E_(Por) 3 147.11 4.706289 19.06129 -1.34026 Portugal 

leaf3_la (UK) 4 34.41 5.815411 23.15338 -180.6 UK 

leaf7dw (UK) 4 35.41 3.474777 14.24726 -0.0143 UK 

leaf8_la (UK) 4 36.41 5.00907 19.99739 -540.505 UK 

Leaf_area (UK) 4 37.41 5.155308 18.58188 -332.448 UK 

leaf7_la (UK) 4 37.41 4.131542 19.06674 -432.451 UK 

L2_P (Por) 4 42.35 6.705192 33.68197 -4.30223 Portugal 

SL(Mean) 4 66.01 4.339175 15.54353 -0.70378 Portugal 

slpor-day11 4 66.01 3.741189 23.40457 -0.19904 Portugal 

slpor-day12 4 66.01 2.98449 15.73452 -0.13111 Portugal 

l8_cell (Por) 4 87.99 3.725814 12.57195 -81.7938 Portugal 

LAo (UK) 4 87.99 4.152889 15.67275 -99.7102 UK 

l2si (Por) 4 88.99 6.137729 23.09133 -1.78668 Portugal 

slpor-day7 4 88.99 3.445557 18.9406 -0.20964 Portugal 

l5_cell (Por) 4 89.52 7.160093 24.31367 -89.1134 Portugal 

L5_ML (Por) 4 91.28 4.72061 15.96998 -0.06513 Portugal 

LAo (UK) 4 97.96 3.953604 14.59239 -100.333 UK 

l5_cell (Por) 4 99.96 4.146664 15.73312 -72.3328 Portugal 

slpor-day7 4 102.72 2.661726 11.46409 0.181929 Portugal 

AGR (UK) 4 110.2 3.571072 10.62865 -1.06001 UK 

LAf (UK) 4 111.2 5.518157 19.35015 -232.078 UK 

l7dwp (UK) 4 131.01 4.661234 16.99019 -0.34409 UK 

L8_E_(UK) 4 141.04 3.339303 12.0628 0.233865 UK 

slpor-day13 4 150.97 1.372627 4.10781 0.038736 Portugal 

L5_ML (Por) 4 182.91 4.542846 15.37182 0.063642 Portugal 

L8_E_(Por) 4 185.66 5.174643 20.85848 -0.59372 Portugal 

L8_ML_(Por) 4 203.94 9.135654 31.52544 0.115069 Portugal 

L2_P (Por) 4 207.14 4.240456 18.53817 -2.98532 Portugal 

L5_P+E (Por) 4 207.33 3.436726 10.73556 -1.64205 Portugal 

L8_P_(UK) 4 207.33 3.691143 15.48331 -0.46746 UK 

L8_ML_(UK) 4 218.94 7.800284 26.20842 0.083206 UK 

l8sd (Por) 4 223.24 7.058151 20.55353 -22.1047 Portugal 

l5sd (Por) 4 230.23 4.774612 13.23753 -21.8926 Portugal 

L8_ML_(Por) 5 13.35 3.688089 10.2794 0.071317 Portugal 

leaf7sla (UK) 5 14.35 5.499709 23.35381 -1.60803 UK 

leaf7dw (UK) 5 29.64 3.539887 13.83759 0.014143 UK 

L8_ML_(Por) 5 29.81 4.964711 14.49896 -0.08535 Portugal 

leaf7_la (UK) 5 29.81 5.929105 21.87732 472.6135 UK 

leaf8_la (UK) 5 29.81 3.461553 11.68621 408.0121 UK 
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L5_ML (Por) 5 31.56 3.755243 12.19506 -0.05761 Portugal 

sluk-day11 5 67.95 4.619286 19.94567 -0.1582 UK 

L8_P+E_(UK) 5 69.95 4.536305 19.9214 1.316562 UK 

slpor-day14 5 71.15 1.710991 4.77425 -0.03246 Portugal 

L8_E_(UK) 5 85.17 5.049481 19.91942 -0.41899 UK 

L8_P+E_(UK) 5 85.17 6.005408 26.39067 -1.30674 UK 

L8_E_(UK) 5 96.98 3.768443 15.52043 -0.30752 UK 

L8_P+E_(UK) 5 96.98 3.914871 18.59737 -0.90614 UK 

sluk-day9 5 116.41 3.376222 14.8335 -0.19321 UK 

slpor-process 5 130.97 3.988241 16.53296 -1.1471 Portugal 

L8_P+E_(Por) 5 135.18 4.523038 18.48497 1.125119 Portugal 

L8_P_(Por) 5 139.69 3.892371 17.01506 0.774328 Portugal 

L8_P_(Por) 5 146.47 3.621179 15.83098 0.742695 Portugal 

L8_ML_(UK) 5 153.2 3.32827 13.65787 -0.0601 UK 

l8_cell (Por) 5 181.54 3.484923 12.2742 -80.667 Portugal 

L2_E (Por) 5 205.37 4.678942 20.83055 -0.91735 Portugal 

l8sd (UK) 5 205.37 3.89366 12.13602 6.338079 UK 

L8_E_(Por) 5 209.78 6.660425 29.02888 0.538544 Portugal 

l4sla (Por) 5 219.45 6.269868 29.57565 1.486608 Portugal 

l7sla (Por) 5 219.45 5.729513 23.15754 0.884382 Portugal 

leaf7dwp (Por) 5 219.45 4.687124 12.7623 -0.48827 Portugal 

l1sla (Por) 5 220.45 4.022055 17.36173 1.429253 Portugal 

sluk-day11 6 87.46 2.657002 8.69326 0.10355 UK 

ModDr_FW 6 88.46 3.838541 0.197875 0.9519 Field 

sl_uk (UK) 6 89.67 5.617219 24.93492 1.019447 UK 

SL_UK_trial 6 89.67 5.617219 24.93492 1.019447 UK 

SL(Mean) 6 94.51 5.174063 19.61385 0.782026 UK 

sluk-day9 6 94.51 3.55237 14.75407 0.186922 UK 

sluk-harvest 6 94.51 4.125828 15.98725 0.935831 UK 

sluk-process 6 94.51 4.127475 16.859 0.935945 UK 

sluk-day8 6 104.95 3.751493 16.86173 0.21368 UK 

slpor-day13 6 107.51 2.808142 9.88701 -0.06728 Portugal 

leaf8_la (Por) 6 109.51 4.247673 17.00315 527.7457 Portugal 

LA_mean (Por) 6 110.59 5.664834 22.29488 425.4213 Portugal 

leaf7_la (Por) 6 112.59 4.987883 20.90263 529.6609 Portugal 

leaf6_la (Por) 6 114.76 5.369296 22.06843 490.1187 Portugal 

l2si (Por) 6 126.53 8.995228 33.61439 -2.06302 Portugal 

l5_cell (Por) 6 126.53 4.130417 12.27427 -64.4453 Portugal 

L5_E (Por) 6 126.53 5.731662 17.97564 0.501364 Portugal 

l7chl (Por) 6 126.53 3.467977 15.80765 -0.02966 Portugal 
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slpor-day13 6 126.53 1.425095 4.78083 0.045359 Portugal 

l5si (Por) 6 128.53 10.01979 46.44102 -1.6919 Portugal 

l8si (Por) 6 128.53 5.733777 25.75491 -1.24624 Portugal 

l2_cell (Por) 6 131.86 3.613646 10.48121 -49.1223 Portugal 

l8si (UK) 7 1.01 7.106931 25.14231 -0.83927 UK 

leaf8_la (UK) 7 6.32 5.027358 17.82291 681.5702 UK 

l2sd (Por) 7 9.38 3.661981 14.17661 -30.8873 Portugal 

l5sd (Por) 7 9.38 5.667677 17.43503 -24.9448 Portugal 

l8sd (Por) 7 9.38 6.390096 18.04821 -20.5837 Portugal 

leaf4dw (Por) 7 9.38 5.33822 23.39156 0.015202 Portugal 

Dr_lftempLI 7 9.4 3.173356 0.063227 0.371679 Field 

L8_ML_(Por) 7 12.09 4.090155 10.01509 0.062144 Portugal 

l8si (UK) 7 12.09 7.155294 24.87208 -0.8394 UK 

leaf5_la (Por) 7 14.09 3.948934 15.40912 279.3059 Portugal 

L5_E (Por) 7 14.8 6.271106 19.9165 -0.54525 Portugal 

leaf4dw (Por) 7 16.8 5.007513 23.83185 0.015674 Portugal 

l2sd (Por) 7 18.14 5.009902 18.4543 -35.7803 Portugal 

l5sd (Por) 7 18.14 6.616272 19.67387 -26.3529 Portugal 

l5sd (Por) 7 25.64 3.941664 12.91798 -21.8078 Portugal 

l2sd (Por) 7 27.61 4.650656 17.35998 -33.7498 Portugal 

L8_E_(Por) 7 46.28 3.170244 11.91459 0.350577 Portugal 

slpor-day13 7 73.22 1.259782 3.78654 -0.03856 Portugal 

WW_stc 7 84.7 4.608047 0.116703 -28.9846 Field 

leaf1_fw (Por) 7 97.07 4.119685 17.29619 0.012919 Portugal 

l8sd (Por) 7 113.17 4.224183 11.50043 16.95262 Portugal 

l8sd (Por) 7 118.2 3.444512 10.04325 16.11519 Portugal 

L8_P_(UK) 7 119.43 3.619699 15.55349 0.471513 UK 

leaf8cn (UK) 7 119.43 4.437738 17.03131 0.266945 UK 

AGR (UK) 7 120.43 8.309651 30.96995 1.760832 UK 

LAf (UK) 7 120.43 9.44882 39.66706 323.973 UK 

LAo (UK) 7 120.43 7.421681 33.49839 145.6205 UK 

sluk-day12 7 124.61 2.993184 12.60161 0.092692 UK 

LAo (UK) 7 125.61 4.377307 20.75276 115.219 UK 

L2_E (Por) 7 127.37 6.246971 30.65359 1.119827 Portugal 

WW_stc 7 132.9 3.52379 0.087337 -24.9883 Field 

leaf7chl (UK) 7 135.16 4.81066 15.92633 -0.0082 UK 

L8_ML_(Por) 8 4.01 3.934975 10.96228 -0.06613 Portugal 

l5_cell (Por) 8 6.81 3.4878 12.37401 -64.0719 Portugal 

L5_P+E (Por) 8 6.81 4.808012 17.46205 2.085574 Portugal 

l8_cell (Por) 8 6.81 4.118108 14.51974 -90.1651 Portugal 
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l8sd (Por) 8 6.81 3.868747 9.81241 15.66413 Portugal 

l5_cell (Por) 8 14.47 6.0879 19.72358 -83.4143 Portugal 

L5_P (Por) 8 14.47 4.901705 26.53628 2.002185 Portugal 

L5_P+E (Por) 8 14.47 5.876166 20.52836 2.25964 Portugal 

l8_cell (Por) 8 14.47 4.360935 15.23325 -89.128 Portugal 

l8sd (UK) 8 15.47 3.469141 11.89835 6.341493 UK 

leaf8ca (UK) 8 19.15 5.559987 21.98894 -263.522 UK 

leaf8ca (UK) 8 27.42 7.395335 28.1991 -308.775 UK 

slpor-process 8 29.41 3.361595 14.14119 -1.03067 Portugal 

leaf4_fw (Por) 8 32.41 3.926286 16.00859 -0.10323 Portugal 

slpor-day13 8 47.42 1.6074 4.81697 -0.04079 Portugal 

WW_lftempIR 8 56.15 3.387806 0.104436 -0.42811 Field 

leaf4dwp (Por) 8 71.05 4.548249 16.19128 -0.58273 Portugal 

sluk-day7 8 73.33 4.008273 18.59861 -0.20978 UK 

l8cn (Por) 8 76.33 4.069493 16.14498 0.726482 Portugal 

Dr_FWDW_transf 8 77.3 3.826239 0.071606 0.269047 Field 

L5_ML (Por) 8 80.71 5.950732 21.16439 -0.07526 Portugal 

leaf4_fw (Por) 8 81.29 4.736037 20.4493 0.114981 Portugal 

WW_transpiration 8 81.3 3.186968 0.098081 0.49577 Field 

L8_P_(Por) 8 83.29 4.517432 20.90615 0.844535 Portugal 

Leaf_area (UK) 8 83.29 3.888561 13.61425 309.4038 UK 

L8_P+E_(Por) 8 84.21 5.309962 21.61861 1.241834 Portugal 

leaf7_fw (Por) 8 84.21 5.165686 20.78429 0.316925 Portugal 

l5cn (Por) 8 85.21 8.874376 34.06784 0.713453 Portugal 

l2cn (Por) 8 87.05 8.756775 33.85703 0.638818 Portugal 

WW_stc 8 91.4 4.583513 0.117099 28.8271 Field 

WW_transpiration 8 91.4 4.273158 0.128565 0.559148 Field 

l5cn (Por) 8 93.37 7.675481 30.94628 0.655429 Portugal 

leaf7dwp (Por) 8 93.9 7.401764 22.84313 -0.59775 Portugal 

l7chl (Por) 8 141.02 3.588047 17.54089 -0.02973 Portugal 

SL(Mean) 8 141.02 4.186986 15.74023 0.702445 Portugal 

sl_por (Por) 8 141.02 4.32295 17.57709 1.07422 Portugal 

slpor-day10 8 141.02 4.435053 19.67909 0.23161 Portugal 

sl_por (Por) 8 147.96 5.203569 21.96224 1.261722 Portugal 

SL(Mean) 8 148.96 5.494713 21.49281 0.860285 Portugal 

slpor-day10 8 149.81 3.583062 15.92891 0.214036 Portugal 

sluk-day8 8 149.81 4.539479 20.34421 0.2337 UK 

SL-H(_portugal) 8 150.81 7.013351 35.87366 2.039794 Portugal 

slpor-process 8 150.81 5.826607 27.12211 1.4638 Portugal 

sluk-process 8 150.81 3.213456 13.24042 0.853954 UK 
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leaf7dw (UK) 8 186.17 4.333802 18.84507 0.017943 UK 

slpor-day11 9 0.01 3.71348 17.75667 0.184665 Portugal 

l5si (Por) 9 62.02 4.767274 17.63211 -0.97384 Portugal 

leaf4dw (Por) 9 62.02 5.292068 23.14224 -0.01485 Portugal 

sluk-day11 9 66.79 2.692227 10.56943 -0.1126 UK 

l2si (Por) 9 80.66 4.576096 15.23679 -1.45175 Portugal 

l1sla (Por) 9 106.13 2.968151 13.79222 1.311642 Portugal 

leaf7_dw (Por) 9 129.47 3.695432 16.16921 0.029621 Portugal 

1 LG. Linkage group on which QTL was detected 

2 LOD. Logarithm of odds score. 1 LOD = 0.217 likelihood ratio 

3 PVE. Percentage of phenotypic variance explained by the QTL 

4 Additive. The additive effect is the effect of substituting a L.serriola allele for a L.sativa 

allele. Positive values indicate that L.sativa increases the trait value and negative values 

indicate that L.serriola increases trait values. Position of the QTL peak in centimorgans 

(cM). 

 

 

C.9 K=8 STRUCTURE plot 

Population structure of 92 genotypes estimated using the background SNP dataset. 

Subpopulation membership for K=8, which demonstrated the second highest delta K value 

after K=2. Different bar colours represent different subpopulation membership.   
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C.10 PCA loading plot of neutral genetic variation  

A principal component analysis for 92 individuals using the background SNP dataset, 

comprising 32 SNPs, with the loadings for PC1 plotted against PC2. Points are coloured 

according to leaf type and colour, as described in the key to the right of the figure. “Red 

other” includes red Multileaf and Tango varieties and “Green other” includes green 

Multileaf, Oak leaf, Tango, Cosberg and Chinese varieties. Possible clustering has been 

circled.    
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C.11 QQ plots for the six models tested for candidate gene association analysis 

QQ plots for the six models (named above each plot) tested for association analyses, with the 

optimal model (chosen according to the BIC) highlighted by a red box, for each of the 15 traits: A; 

shelf life, B; antioxidants, C; chlorophyll, D; maximum load, E; elasticity, F; plasticity, G; 

elasticity:plasticity, H; leaf area, I; dry weight, J; specific leaf area, K; stomatal density, L; stomatal 

index, M; epidermal cell number, N; epidermal cell area and O; epidermal cell perimeter.
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Appendix D  

 

D.1 Plasmid maps utilised to generate the CRISPR construct 

The pMR286 destination vector (A) and pEn-Chimera entry vectors pMR204 (B), pMR298 

(C) and pMR306 (D) using in cloning the CRISPR constructs. 
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D.2  gRNA oligos and primers utilised in CRISPR construct cloning 

Primer ID Sequence 

M13F1 GGATGTTTTCCCAGTCACGAC 

AD298306gRNAseqF TTCAAAAGTCCCACATCGATCAG 

AD204gRNAseqF CATCGCTTAGATAAGAAAACGAA 

ADCas9F2 TGATTCAAGGGCTGATCCTAAGAA 

ADCas9R2 GGACGTCTTAATTAACCATGGAC 

67581_gRNA1_F ATTGAGGAGTACCAGGTAGAAACC 

67581_gRNA1_R AAACGGTTTCTACCTGGTACTCCT 

67581_gRNA2_F ATTGTTTGATATCACTTGGGGTAA 

67581_gRNA2_R AAACTTACCCCAAGTGATATCAAA 

67581_gRNA3_F ATTGCTTGATAATTCATCTGGCTC 

67581_gRNA3_R AAACGAGCCAGATGAATTATCAAG 

67360-401_gRNA1_F ATTGATCACCTGGGGTGATGGCCG 

67360-401_gRNA1_R AAACCGGCCATCACCCCAGGTGAT 

67360-401_gRNA2_F ATTGTTTACCTCGGCCATCACCCC 

67360-401_gRNA2_R AAACGGGGTGATGGCCGAGGTAAA 

67360-401_gRNA3_F ATTGGCATATCGATTTTGCCAAAC 

67360-401_gRNA3_R AAACGTTTGGCAAAATCGATATGC 

67301-381_gRNA1_F ATTGCTCTCCCTCGATAAATCATC 

67301-381_gRNA1_R AAACGATGATTTATCGAGGGAGAG 

67301-381_gRNA2_F ATTGGATTGATATGCAGCTGAAGC 

67301-381_gRNA2_R AAACGCTTCAGCTGCATATCAATC 

67301-381_gRNA3_F ATTGAGAACCAGATGATTTATCGA 

67301-381_gRNA3_R AAACTCGATAAATCATCTGGTTCT 

69800_gRNA1_F ATTGAAATGATCAGGAGCCCAGTA 

69800_gRNA1_R AAACTACTGGGCTCCTGATCATTT 

69800_gRNA2_F ATTGGGTTTACCTCTCTAGAATCA 

69800_gRNA2_R AAACTGATTCTAGAGAGGTAAACC 

69800_gRNA3_F ATTGCTTGTTGAGGGTGATTCTGC 

69800_gRNA3_R AAACGCAGAATCACCCTCAACAAG 
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