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Abstract 
 

European canker, caused by the fungal pathogen Neonectria ditissima, is a devastating 

disease in commercial apple production. N. ditissima is principally a wood pathogen, which 

causes trunk cankers and dieback in apple orchards. Due to a lack of efficient cultural and 

chemical methods to control European canker, host resistance remains one of the most 

effective means of limiting disease spread. Despite its importance to the apple growing 

community, the genetic basis underlying this resistance is still not well understood which 

hinders efficient breeding of cultivars with improved tolerance to the disease. The work in 

this thesis was conducted to aid the development of apple cultivars with a high tolerance to 

infection by N. ditissima. This was done by exploring the genetics behind host resistance in 

apple scion germplasm as well as investigating the potential of developing apple cultivars 

with canker-suppressing endophytic microbiomes.  

 

This thesis describes the identification of seven quantitative trait loci (QTL) associated with 

resistance to European canker in apple through Bayesian analysis. Single nucleotide 

polymorphism (SNP) haplotypes associated with resistant alleles for each QTL are also 

reported. The molecular basis of this quantitative resistance was further explored through a 

transcriptome analysis. The host response to Neonecria infection was studied in two partially 

tolerant cultivars; the scion variety ‘Golden Delicious’ and the rootstock cultivar ‘M9’ . 

Furthermore, a comparative transcriptome analysis of full-sibling apple genotypes carrying 

resistant and susceptible alleles at six resistance QTL was conducted to identify candidate 

genes underlying the quantitative resistance to this wood pathogen. Host resilience to plant 

pathogens is not only dependent on host resistance but can also be influenced by microbial 

communities colonising the phyllosphere. The work within this thesis therefore further 

explores the feasibility to breed apple cultivars amenable to endophyte colonization through 

a QTL analysis in a bi-parental population of apple. 
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Introduction 

 

1. The host: Malus x domestica 

 

The cultivated apple, Malus x domestica Borkh (syn. Malus pumila) belongs to the subfamily 

Amygdaloideae  of the Rosaceae family (Zhang et al., 2023). Apple is included in the tribe 

Malae within Amygdaloideae, which includes many species of horticultural importance, such 

as pear (Pyrus communis), loquat (Eriobotrya japonica), hawthorn (Crataegus pinnatifida), 

and quince (Cydonia oblonga) (Zhang et al., 2023). Phylogenetic studies based on genetic 

data suggest that the domestication of apple started in Central Asia from the species Malus 

sieversii, after which migration and trade brought the cultivated apple towards Europe during 

which hybridisations occurred with at least four wild species of Malus, particularly Malus 

sylvestris (Chen et al 2021., Cornille et al., 2012; Duan et al., 2017; Harrison & Harrison, 

2011; Sun et al., 2020; Velasco et al., 2010). In a comparison of three M. x domestica 

reference genomes with those of M. sylvestris and M. sieversii it was shown that approximately 

25-40 % of the domesticated apple’s genome is likely to be derived from each of the two 

progenitor species (Sun et al., 2020). There are signs of directional selection for fruit related 

traits, such as fruit size, acidity and colour in the apple genome (Sun et al., 2020; Chen et al., 

2021) 

 

Most commercially grown apple varieties are functional diploids (2n=34), although triploids 

such as ‘Jonagold’ and ‘Bramley’s Seedling’ also occur (Chagné et al., 2015). Domesticated 

apples are highly heterozygous due to gametophytic self-incompatibility and inbreeding 

depression (Spengler, 2019, Velasco et al., 2010). Genetic studies and breeding of this crop 

therefore relies on F1 progeny derived from heterozygous parents. The first whole genome 

assembly of apple was produced by Velasco et al in 2010 from a whole genome sequence of 

‘Golden Delicious’ which has an estimated genome size of approximately 700 Mb. The 

sequencing of the apple genome revealed that it is likely the result of a genome wide 

duplication event of an ancestral 9-chromosome Rosaceae ancestor, resulting in homology 

between pairs of chromosomes (Velasco et al., 2010). Subsequent reference level apple 

genomes with improved quality include a doubled-haploid derivative of “Golden Delicious” 
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known as GDDH13 (Daccord et al 2017), a trihaploid line derived from ‘Hanfu’ (HFTH1, Zhang 

et al., 2019) and diploid ‘Gala’ (Sun et al., 2020).   

 

There are twenty-five reported species of Malus and more than 7,000 varieties of 

domesticated apple described (Noiton & Alspach, 1996). The majority of existing Malus 

species originate from East Asia (Southern China, Northern Vietnam, Northern Laos), but wild 

Malus species are also found in Central Asia, North America and Europe (Chen et al., 2021).  

Interspecific crosses between M. x domestica and other species within the genus of Malus 

produce fertile offspring and have been used to introduce disease resistance and red flesh 

colour in the germplasm of the cultivated apple (Evans & James, 2003; Koller et al., 1994; 

Spengler, 2019; van Nocker & Gardiner, 2014) 

2. Apple production and breeding 
 

Apple is a commercially important crop in the United Kingdom, which grows both cider apples, 

culinary apples and dessert apples for fresh consumption, on a total area of ~14 thousand 

hectares (FAOSTAT, 2023). The UK dessert apple production constitutes approximately 40% 

of the total apple producing area but makes up 60% of the farm-gate value of all apples 

produced (£183 million in 2022, DefraStats, 2022; FAOSTAT, 2023). The most widely grown 

dessert cultivar in the UK is ‘Gala’, which is planted in 48% of all dessert apple orchards  

(DefraStats, 2022).  

The following section provides further introduction to the global production of apple and to 

apple breeding. It consists of a pre-print of an excerpt from a book chapter by Karlström et al 

(2019) published in Achieving sustainable cultivation of temperate zone tree fruits and berries 

(DOI: 10.19103/AS.2018.0040.21). The section numbering has been changed in line with the 

rest of the thesis introduction. 
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Advances and challenges in apple breeding 

Amanda Karlström, NIAB EMR and University of Reading, UK; Magdalena Cobo Medina, 

NIAB EMR and University of Nottingham, UK; and Richard Harrison, NIAB EMR, UK 

 

2.1 Current production 

Apple, Malus × domestica (Borkh), is one of the most important global fruit crops, both in 

terms of its cultural symbolism and with respect to the extent of production, which amounts 

to an average of 87 million tonnes of annual production globally for the years 2014–16 

(FAOSTAT, 2018). Apple is primarily a temperate crop due to the chilling requirements for 

the initiation of blossoming (Heide and Prestrud, 2005), nevertheless there are varieties 

with lower requirements for chilling, which can be grown in subtropical climates 

(Labuschagné et al., 2002). 

Global apple production has increased 117% between the mid-1980s and the mid-2010s 

(FAOSTAT, 2018). The growth in production is mainly attributed to a higher productivity per 

ha as the area utilised for apple production has increased by only 20% during the same 

period (FAOSTAT, 2018). As illustrated in Fig. 1, Asia surpassed Europe as the major apple-

producing region of the world in the 1990s. Mainland China has been the major contributor 

to this large expansion of apple production in Asia and today represents 75% of the Asian 

production (Fig. 2). Any development towards a more sustainable cultivation of apple, 

either genetic or agronomic, will therefore have the most significant impact if adopted by 

commercial production in Asia. 

Modern apple production systems are characterised by trees grown on dwarfing or semi -

dwarfing rootstocks which allows for high-density planting. Such production systems have 

the benefit of earlier cropping trees and a higher production efficiency per ha (Robinson, 

2007). Two clonally propagated dwarfing rootstocks, the varieties M9 and M26 (the M 

denoting ‘Malling’), dominate the European and North American apple industry, although 

both were commercially released before 1950 and susceptible to certain pests and 

diseases (Marini et al., 2009, 2014, 2017). In China, 80–90% of apple production systems use 

seedlings from wild species of Malus (M. sieversii, M. baccata, M. prunifolia and M. 

hupehensis) as rootstocks. Due to genetic variation among the seedling rootstocks these 
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Figure 1 (a) The total annual production quantity of apple in million tonnes shown by continent. (b) Total area used for apple product ion in 

1000 ha shown by continent. Source: data retrieved from the Food and Agriculture Organization of the United Nations (FAO) website, 

FAOSTAT (2018
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Figure 2 Breakdown of the total apple production quantity in 2016 by country and region in Asia and 

Europe, the two major apple producing regions of the world. Source: data retrieved from 

FAOSTAT (2018) 
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systems suffer from heterogeneity in vigour and a late onset of fruiting due to rootstock 

juvenility (Li et al., 2015). 

While there is diversity in the apple scion varieties that are commercially grown, the 

genetic base from which they are derived is narrow (Bannier, 2011; Noiton and Alspach, 

1996). A study which considered 500 apple varieties, predominantly with a Central 

European and/or US origin, found that ‘Golden Delicious’ occurred at least once in 51% of 

the pedigrees, whereas ‘McIntosh’ occurred in 35% of the varieties, ‘Jonathan’ in 31%, ‘Cox’s 

Orange Pippin’ in 30%, ‘Red Delicious’ in 18% and ‘James Grieve’ in 15% (Bannier, 2011). The 

inclusion of these progenitor varieties and their derivatives in breeding programmes is 

principally attributed to their fruit quality, storability and cropping (Bannier, 2011). Because 

of the relatively narrow genetic pool of commercial apple production, negative traits 

originating from these founder varieties may be incorrectly attributed to be intrinsic to 

modern apple cultivation, rather than genetic weaknesses. 

Novel apple varieties are released continuously, and there are currently 821 pending 

applications for Malus domestica variety registrations across 40 countries (CPVO, 2018). 

However, the adoption and spread of new varieties is limited due to a high degree of 

competition within the industry. Grower adoption of new varieties is also associated with a 

large financial risk as orchard establishment requires a high initial capital investment (Badiu 

et al., 2015) and there is therefore a need for growers to be reassured that there is a 

market demand for the variety once the trees begin to crop. For that reason the success of a 

novel variety tends to be reliant on the backing of grower associations and marketing 

organisations following extensive trialling. Many vigorously marketed apples are ‘club’ or 

‘managed’ varieties for which exclusive rights to grow and sell the variety are licensed to 

specific grower organisations and nurseries. Such varieties are often granted patent and 

plant variety rights under a variety name or selection number and then trademarked and 

marketed under a separate name (Legun, 2015). Examples of club varieties are ‘Cripps 

Pink’ which is trademarked under the name Pink Lady® by Apple and Pear Australia Limited 

(APAL) and ‘Scifresh’, trademarked as Jazz® and owned and licensed by ENZAFRUIT 

International Ltd (Brown, 2009).
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2.2 Current breeding of apple scions and rootstocks 

As with other perennial tree crops, the breeding cycle of apple scions is long and the 

development of a new variety takes a minimum of 15–20 years (Fruitbreedomics, 2014a). 

This timeframe is further prolonged if germplasm with suboptimal fruit quality is used for 

the introduction of a new trait such as disease resistance (Flachowsky et al., 2011). 

The most common breeding strategy in apple utilises controlled- pollinated crosses 

between elite selections or varieties to produce large full- sibling families, which are 

phenotypically evaluated in the field (Kumar, 2010). Genotypes which are considered to 

be outstanding are selected from the seedling trial and clonally propagated and planted 

in replicated advanced trials. The selected genotypes are thereafter assessed for fruit 

quality traits across multiple sites, years and harvests (Harshman et al., 2016). The breeding 

cycle is completed when elite clones, either from the advanced trials or after 

commercialisation, are used as breeding parents. The different stages of apple breeding are 

shown in Fig. 3. Due to the long juvenility phase (the period prior to reproductive maturity) 

of apple, a period of 4–7 years is required from when the initial cross is made until the 

progeny start to produce fruit and can be evaluated (Edge-Garza et al., 2015). The time 

and money invested in each 

 

 

 

 

 

 

 

 

 

 

Figure 3 Illustration of a generalisation of the breeding cycle of apple, which can be seen as 

consisting of a population improvement cycle and a separate entity of variety development. 
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seedling that reaches cropping is therefore substantial (Edge-Garza et al., 2015; Ru et al., 

2015). Hence, in breeding programmes with resistance to biotic stress as a major breeding 

objective, where possible, it is common to select for resistance at an early seedling stage 

(Kellerhals et al., 2017). A small percentage of individuals are moved forward to the advanced 

trialling stage, nevertheless the long period of trialling and the labour-intensive fruit 

phenotyping can contribute substantially to the costs of the breeding programme 

(Harshman et al., 2016). 

Fruit quality traits, such as texture, attractiveness, aroma and storability, as well as tree 

productivity and consistent bearing are universally important breeding objectives of apple 

scion breeding programmes across the world (Centro de Pomaceas, 2019; Evans, 2011; 

Fruitbreedomics, 2012, 2013a,b,c; Johan Kriel, pers. comm.; Sansavini et al., 2004). In 

warmer regions with high exposure to sunlight, the development of varieties with low 

winter chilling requirement and fruits that are less prone to be damaged by sunburn are 

also priorities (Centro de Pomaceas, 2019; Johan Kriel, pers. comm.). Disease resistance 

objectives differ depending on region, with the major diseases being apple scab (Venturia 

inaequalis), powdery mildew, (Podosphaera leucotricha), fire blight (Erwinia amylovora) and 

European apple canker (Neonectria ditissima) (Fruitbreedomics, 2012, 2013a,b,c; Johan 

Kriel, pers. comm.; Sansavini et al., 2004). A major biotic constraint in apple growing 

regions in eastern Asia is Valsa canker, caused by the fungus Valsa mali (Abe et al., 2007). 

The genetic improvement of resistance levels to this pathogen is therefore a priority within 

this region (Abe et al., 2007; Tan et al., 2017a,b). 

The breeding cycle for apple rootstocks can last even longer than for breeding for scion 

varieties due to the period of time required to replicate rooted material as well as extensive 

periods of trialling. The objectives of modern rootstock breeding programmes include 

vigour control of the scion (ranging from dwarfing to semi-invigorating depending on the 

target market), increased yield efficiency and precocity, good nursery performance (good 

production of liners in stoolbeds as well as adventitious rooting ability and grafting 

compatibility), resistance to woolly apple aphid (Eriosoma lanigerum), fire blight (E. 

amylovora), collar rot (Phytophthora cactorum), European apple canker (N. ditissima) and 

tolerance to the apple replant disease complex (Gregory et al., 2013). 
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2.3 Current genomic tools in apple 

The first draft apple genome became available in 2010 (Velasco et al., 2010) and has since 

been a valuable resource of this economically important perennial crop and a crucial tool 

to advance the development of new and improved apple varieties. In 2017, a high-quality 

apple genome generated from a double haploid of ‘Golden Delicious’ was released, from a 

combination of long reads (PacBio) and short sequencing reads (Illumina). The new 

genome provides an excellent foundation for future genetic studies not only in apple but 

also for other species of Rosaceae (Daccord et al., 2017). 

Simple sequence repeat (SSR) markers have been routinely utilised in apple research and 

breeding for decades. This is not surprising given their advantages: they are co-dominant, 

multi-allelic, abundant and, generally, are uniformly distributed (Gianfranceschi et al., 1998). 

A significant amount of progress in apple genetics has relied upon the utilisation of SSRs, for 

example, fine mapping of the rosy apple aphid resistance locus (Pagliarani et al., 2016), 

rootstock linkage map construction (Celton et al., 2009; Fernández-Fernández et al., 

2012) as well as from the development of linkage maps of scion varieties (Liebhard et al., 

2002, 2003; Kenis and Keulemans, 2005; N’Diaye et al., 2008; Ziya Motalebipour et al., 

2015; Liu et al., 2016). 

Several single nucleotide polymorphism (SNP) arrays have been developed specifically for 

apple. In 2012, the IRSC apple Infinium II 8K array became available. This was developed 

from a SNP-discovery panel consisting of 27 apple cultivars from around the world which were 

re-sequenced at low coverage (Chagné et al., 2012). Shortly after, a 20K Illumina apple array 

was developed using re-sequencing data from 13 apple cultivars and one crab apple 

species (Bianco et al., 2014). Both have been used to generate saturated linkage maps of 

an apple rootstock progeny (Antanaviciute et al., 2012), in genomic selection for fruit 

quality traits (Kumar et al., 2013) and in multiple studies to detect quantitative trait loci 

(QTL) for several traits including apple skin russeting (Falginella et al., 2015), sugar and 

soluble solid content (Guan et al., 2015) and budbreak and flowering time (Allard et al., 2016). 

These arrays have been useful for the generation of saturated genetic linkage maps and QTL 

detection. Nevertheless, these arrays also have certain limitations since the low- medium 

density of markers limits its applicability to genome-wide association studies (GWAS) 

(Bianco et al., 2016). 
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In 2016, the Axiom Apple 480K array was developed after high-depth re-sequencing of 

63 different cultivars and two doubled haploids (Bianco et al., 2016). It became an 

important tool for GWAS, thanks to the high percentage of well-distributed and robust SNPs 

(Bianco et al., 2016). It was subsequently used for this purpose for the mapping of flowering 

and ripening periods in apples (Urrestarazu et al., 2017). There are also limitations to array-

based genotyping, since the genotype calls often result in useless or unreliable data due 

to the high levels of off-target polymorphism in varieties which are absent from the initial 

discovery panel (Miller et al., 2013). Furthermore, as a closed genotyping system, limited by 

the discovery panel used, arrays often suffer from built -in ascertainment biases leading 

to limitations when applying some population genetic analyses (Albrechtsen et al., 2010). 

There are several benefits of using genotyping-by-sequencing (GBS) technologies over 

microarray-based methods in apple, including a reduction of the ascertainment bias and as 

an opened genotyping system you can obtain genotypic data across the whole population 

(Elshire et al., 2011; Gardner et al., 2014). GBS methods provide a rapid tool to genotype 

breeding populations for several applications like GWAS and genomic selection (He et 

al., 2014). These sequencing technologies have been applied to map QTL for disease 

resistance to blue mould (Norelli et al., 2017), soft scald (McClure et al., 2016) and apple 

skin colour (Gardner et al., 2014), as well as for GWAS of scab and fruit quality traits 

(McClure et al., 2018). Some potential drawbacks of GBS are large proportion of missing 

data points due to low coverage of sequencing and management and analysis of a large 

amount of sequence data (Bhatia et al., 2013). 

One of the latest technologies available to breeders is genome editing, a powerful method 

used for genome modification. The CRISPR/Cas9 system is one of the best-known techniques 

in this field since it allows for the targeted removal or addition of genes in a defined location. 

CRISPR/Cas9 has been applied in apple as a proof of concept to modify an apple phytoene 

desaturase (PDS) gene, essential for chlorophyll biosynthesis (Nishitani et al., 2016). PDS 

mutants showed the expected albino phenotype demonstrating the potential to modify the 

apple genome using CRISPR/Cas9 and how this could contribute to generate desired apple 

traits (Nishitani et al., 2016). CRISPR/Cas9 ribonucleoproteins have been used to silence 

DIPM-1, DIPM-2 and DIPM-4 in apple protoplasts to increase resistance to fire blight and 

proved that DNA-free genome editing can be performed on apple (Malnoy et al., 2016). 

Organisms obtained through novel mutagenesis techniques are not being regulated as 

genetically modified (GM) in the United States and Canada, while the Court of Justice of 
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the European Union has ruled that they are to be classified as GMOs and therefore subject to 

the same regulation as transgenic organisms (Judgement of 25 July 2018, Case C-528/16, 

ECLI:EU:C:2018:583). 

The numerous advances in genomic tools have contributed to improvements for apple 

breeding, but there are several challenges to face in order to take advantage of these 

tools. Future challenges are related to the improvement of bioinformatic tools to facilitate 

the extraction of information from raw data and the improvement of algorithms for genotype 

calling (Gardner et al., 2014). Another challenge is to reduce the cost of genotyping to make 

it more affordable. The effectiveness of genomic tools is proven and the choice of the 

method is dependent on many factors but one of the most important and decisive is the 

price. 

For the remainder of this chapter we will discuss scientific achievements and challenges 

within three areas of apple breeding which we consider to be central in order to ensure 

sustainable production in the future: (1) shortening the breeding cycle and improving 

selection to deliver better varieties to growers, (2) increasing the orchard productivity and 

resource-use efficiency through genetic means and (3) mitigating pre- and post-harvest 

losses through improved genetic approaches. 

 

2.4 Shortening the breeding cycle and improving selection 

There is a great potential to increase genetic gains in apple through shortening the breeding 

cycle and making selection more effective. The current constraints are mainly due to the long 

period of seedling juvenility and extensive trialling of advanced selections in traditional 

apple breeding. 

Marker-assisted selection 

The selection in apple breeding programmes has traditionally been based on phenotypic 

evaluations of performance (Ru et al., 2015; Ru, 2016). At the seedling trial stage, this 

requires the plant material to be evaluated to reach physical maturity before it can be 

assessed for fruit-related traits (Edge-Garza et al., 2015). The phenotypic selection of 

resistance to biotic stresses at this stage can also be highly laborious and costly depending 

on phenotyping protocol (Ru et al., 2015). Furthermore, the destructive nature of assessing 

tolerance to certain biotic stresses requires multiplying seedling plant material, which may 
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not be economically feasible. Owing to these factors apple is a good candidate for the 

implementation of genotyping technologies as tools to reduce the cost of plant 

phenotyping (van Nocker and Gardiner, 2014). 

MAS is to date the most widely utilised genetic tool applied for apple seedling selection. 

In 2011–12, 43% of the apple breeding programmes in the European Union stated that 

they deployed markers in some way in their breeding programme, however only six of 

these programmes used markers to do progeny selection (Fruitbreedomics, 2014b). The 

traits for which predictive marker tests are available include fruit storability/ethylene 

biosynthesis (Edge-Garza et al., 2010), fruit acidity (Bai et al., 2012; Verma, 2014), bitter 

pit susceptibility (Kumar et al., 2013; Buti et al., 2015), fruit sweetness/fructose content 

(Guan et al., 2015), fruit skin and flesh colour (Cheng et al., 1996), fruit crispness (Verma, 

2014), fruit firmness (Zhu and Barritt, 2008; Longhi et al., 2013; Nybom et al., 2013; 

Verma, 2014), scab resistance (Cheng et al., 1998; Vinatzer et al., 2004), powdery mildew 

resistance (Markussen et al., 1995; Evans and James, 2003) and fire blight resistance 

(Gardiner et al., 2012). 

In a comparison of selection strategies in simulated data, Ru (2016) showed that 

incorporating marker information in the selection decision tended to increase the genetic 

gain compared to phenotype-only selection in scenarios where the proportion of genetic 

variance explained by the marker was higher than the broad-sense heritability of the trait. 

Empirical comparisons of MAS to phenotypic seedling selection in apple have been 

conducted for scab resistance (Tartarini et al., 2000), fruit storability/ethylene biosynthesis 

(Edge-Garza et al., 2010) and fruit firmness, acidity and crispness (Ru, 2016). The 

breeding value, defined as the component of a trait phenotype constituted by additive 

genetic effects, is commonly used as a measure of the value of an individual that is 

transferable to its offspring. A comparison of average estimate breeding value between 

seedlings selected through MAS or phenotypic selection for the traits such as fruit firmness, 

acidity and crispness indicated that the genetic gain was similar between the two selection 

strategies, although the variance of breeding values for MAS seedlings for firmness and 

crispness was lower (Ru, 2016). As mentioned by Ru, the use of genetic gain, defined as 

the 
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average increase in performance of all individuals per unit of time, might not be the best 

measure of response to selection in an apple breeding programme with the aim of selecting 

a few outstanding genotypes and not to improve the average population performance. In 

such a setting it might be preferred to look at the maximum breeding value achieved in a 

percentage of the highest performing progeny (Ru, 2016). 

In calculations of the cost-efficiency of incorporating MAS in an apple breeding 

programme, Edge-Garza et al. (2015) concluded that maximum savings would be achieved 

if genotype-based culling of seedlings is performed at a stage where minimal routine 

seedling reductions are likely afterwards but before a large cost per seedling is incurred. 

The magnitude of savings in the cost scenarios of the same study were highly dependent 

on the proportion of seedlings that were culled after MAS. Traits that can be phenotyped 

at an early seedling stage, such as some disease screening, were not cost-effective to 

select for using markers (Edge-Garza et al., 2015). 

 

2.5 Mitigating production losses and waste 

Increases in apple yield can be greatly offset by the action of pests and diseases and through 

the development of physiological disorders. This is not only a concern in the pre-harvest 

stage of the production chain but also during post- harvest storage of the produce, as 8–

10% of the total global apple production in 2011–13 was estimated to have been lost due 

to wastage between harvest and reaching the consumer (FAOSTAT, 2018). In order to 

reduce losses and waste, while at the same time lowering pesticide inputs, an emphasis 

will have to be placed on breeding varieties tolerant to biotic and abiotic stresses during all 

stages of production. Here we discuss biotic factors that are important in the commercial 

production of apple. The major focus of apple breeding and research has been on 

improving resistance to diseases occurring in the field, while relatively little attention has 

been given to tolerance towards storage diseases (Sansavini et al., 2004). 
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2.5.1 Pre-harvest 

Increasing the resilience to field diseases has been of large importance in many apple 

breeding programmes, both for scion and rootstock varieties. Breeding efforts have mainly 

been focused on improving resistance to the two fungal pathogens apple scab, Venturia 

inaequalis, and powdery mildew, Podosphaera leucotricha, as well as the fire blight 

causing bacterium Erwinia amylovora. Varietal tolerance to the two major wood 

pathogens, the fungus Neonectria ditissima and bacterium Valsa mali, is recognised as 

being of high importance, but has received relatively little attention up until recently (Abe 

et al., 2007, 2011; Ghasemkhani et al., 2015b; Garkava-Gustavsson et al., 2016; Gómez-

Cortecero et al., 2016). Resistance to the woolly apple aphid, Eriosoma lanigerum, has been 

an important objective for rootstock breeding and varieties with resistance from Malus robusta 

‘Robusta 5’ (used as a parent in the Malling Merton series) and the variety ‘Northern Spy’ 

(parent in the Geneva-series) have been released (Bus et al., 2008). 

Apple scab 

Apple scab, Venturia inaequalis, causes brown lesions on leaves and fruits, making them 

unmarketable, and is considered the most economically damaging disease in apple 

(Vaillancourt and Hartman, 2000). In the early twentieth century, genetic resistance was 

recognised as a good control measure of the fungus, which led breeders to initiate crosses 

with wild apple species exhibiting resistance to the disease (Joshi et al., 2009). The apple 

scab pathosystem was also one of the first host–pathogen interactions in which the gene-

for-gene model was demonstrated (Flor, 1971). A total of 20 different major resistance loci 

(denoted Rvi1-20) have since been identified in Malus germplasm (Clark et al., 2014). 

Avirulence alleles corresponding to 5 out of the 20 Rvi loci have been described in isolates 

of V. inaequalis (see Clark et al., 2014) or sources of resistance and interactions. The 

genomic location of several of these resistance genes have been published and markers 

developed (Cheng et al., 1998; Tartarini et al., 2000; Gygax et al., 2004; Patocchi et al., 

2009). The Rvi6 (previously denoted Vf) resistance, originating from Malus floribunda 821, 

is by far the most utilised source of resistance in the development of scab-resistant varieties 

(Gessler and Pertot, 2012). Furthermore, the majority of the commercially released Rvi6-

resistant varieties have ancestry in the same resistant selections produced by the PRI 

Cooperation Program (Purdue University, Rutgers University and the University of Illinois) 

(Gessler and Pertot, 2012). There is an understanding that the genetic base of resistance 

needs to be broadened to avoid the selection of V. inaequalis pathotypes able to 



 

15 
 

overcome the Rvi6 resistance (Parisi et al., 1993). There have therefore been attempts to 

use plant material with other, or polygenic resistance and to pyramid resistance genes in 

a single genotype (Kellerhals et al., 2009; Clark et al., 2014; Bastiaanse et al., 2016; Peil 

et al., 2007). 

Apple powdery mildew 

Apple powdery mildew, Podosphaera leucotricha, can be observed as a white layer of 

mycelia on leaves and shoots of apple. The pathogen can cause diminished shoot growth 

and flowering, fruit russeting and a general reduction in health due to reduced 

photosynthesis (Holb, 2017). Five sources of major resistance have been identified and 

markers segregating with the resistance developed: Pl1 from M. robusta (Dunemann et 

al., 2007), Pl2 from Malus zumi (Baumgartner et al., 2015), Pl
d 
from ‘D12’ (James et al., 2004), 

Pl
m 

from ‘Mildew Immune Selection’ (Bus et al., 2010) and Pl
w 

from the ornamental crab 

apple ‘White Angel’ (Evans and James, 2003). In addition, there is evidence of polygenic  

resistance to P. leucotricha (Calenge and Durel, 2006; Stankiewicz- Kosyl et al., 2005). 

Alternative approaches that can be used in breeding for reduced incidence of powdery 

mildew are selection of loss-of-function mutations in susceptibility genes. Mildew 

resistance locus o (Mlo) genes are known to confer susceptibility to powdery mildew in a 

multitude of crops (Pessina et al., 2016a,b; Bracuto et al., 2017; Kusch and Panstruga, 2017). 

More than 20 Mlo gene homologues have been identified in the ‘Golden Delicious’ genome 

(Pessina et al., 2014). A knock-down mutation of one of these Mlo genes, MdMLO19, was 

shown to lead to a significant reduction of powdery mildew in apple (Pessina et al.,  

2016b). This finding supports the hypothesis that targeted mutation of susceptibility genes 

could be a feasible method to increase resistance to apple powdery mildew, as long as there 

are no pleiotropic effects which affect normal plant development. Furthermore, natural 

variations in alleles of Mlo genes could be exploited for resistance breeding (Pessina et 

al., 2017). 

Fire blight 

Fire blight, Erwinia amylovora, is caused by a gram-negative bacterium which produces 

blossom, rootstock and shoot blight in host trees (Norelli et al., 2003). Resistance 

towards the pathogen has been identified in both cultivated apple varieties and in wild 

apple accessions (Calenge et al., 2005; Durel et al., 2009; Le Roux et al., 2010; 

Emeriewen et al., 2017; Harshman et al., 2017). One of the resistant accessions described 

is the crab apple Malus robusta ‘Robusta 5’, from which a major resistance locus to E. 
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amylovora was discovered through linkage mapping (Peil et al., 2007). A putative 

resistance gene was subsequently identified within the locus, and designated FB_MR5 

(Fahrentrapp et al., 2013). The effect of FB_MR5 on the incidence of E. amylovora was 

verified by cloning the resistance gene into the susceptible variety ‘Gala Galaxy’, which 

rendered transgenic lines with significantly lower symptom development after artificial 

inoculations compared to the untransformed equivalents (Broggini et al., 2014; Kost et al., 

2015). Resistance loci from the species Malus arnoldiana (Emeriewen et al., 2017), Malus 

fusca (Emeriewen et al., 2014) and the variety ‘Evereste’ (Durel et al., 2009) have also been 

mapped. The application of these varieties in scion breeding has been limited due to their 

poor fruit quality, which means that several generations of pseudo-backcrossing would 

be necessary to obtain a commercial variety (Kellerhals et al., 2008). Nevertheless, QTL 

from several varieties of cultivated apple have also been mapped (Calenge et al., 2005; Durel 

et al., 2009; Le Roux et al., 2010; van de Weg et al., 2018), which has enabled the 

development of molecular markers linked to a major resistance QTL on linkage group 7 in 

the variety ‘Fiesta’ (Khan et al., 2007). 

European apple canker 

European apple canker, Neonectria ditissima, is mainly a wood pathogen which causes trunk 

cankers, stem and branch lesions and dieback (Weber, 2014). The disease has become 

increasingly significant in recent years, particularly in apple growing regions with maritime 

temperate climates, where the high susceptibility  of many modern varieties and limited 

effective control measures add to its prevalence (Beresford and Kim, 2011; Weber, 2014; 

Gómez- Cortecero et al., 2016). To date, there has been no report of any apple variety or 

species of Malus that exhibits complete immunity to N. ditissima. There is however 

germplasm that has exhibited partial resistance in experiments with controlled inoculations 

(van de Weg, 1989; Gelvonauskienė et al., 2007; Ghasemkhani et al., 2015a; Gómez-

Cortecero et al., 2016). Breeding efforts to improve resistance in the germplasm have 

been limited, probably due to the highly polygenic nature of identified resistance and the 

large influence of environment on disease expression (Gómez-Cortecero et al., 2016). 

Nonetheless, there is ongoing research to map resistance QTL from ‘Golden Delicious’, Malus 

robusta ‘Robusta 5’, as well as from a multiparental breeding population (Peter Braun, pers. 

comm.; Vincent Bus, pers. comm.; Amanda Karlström, unpublish results)
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3. The pathogen: Neonectria ditissima 
 

Neonectria ditissima is a fungal pathogen able to cause disease in a wide range of hosts, 

including apple, pear (Pyrus) and other broad-leaved perennials such as species within Fagus, 

Alnus, Populus, Aesculus, Corylus and Betula (MacKenzie & Iskra, 2005; Walter et al., 2015).  

The major symptoms of infection in the hosts are trunk cankers (fig. 4a), stem and branch 

lesions (fig.  4b and c) and dieback. In severe cases the lesions expand to girdle the whole 

main trunk and kill all branches above the point of the canker (Weber, 2014) 

 

 

 

 

 

 

Figure 4. Symptoms of N. ditissima infection in seedlings of apple. a A trunk canker, almost 

girdling the stem of the tree, b Branch canker with a typical flaking, red-brown discolouration 

of epidermis and callus formation, c Lesion development in the area around a lateral branch 

 

European apple canker is widespread in apple growing regions with temperate climate, 

including in Europe, North America, Chile, Australia, New Zealand, Japan and South Africa 

(Beresford & Kim, 2011; Weber, 2014). Areas with wet climate and mild temperatures are 

favourable for infection and the risk of disease is high in areas with rainfall on >30% of the 

days per month and an average temperature of 11-16℃ for >8 hours per day (Beresford & 

Kim, 2011). 
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4.  Host infection  
 

N. ditissima is foremost a wood pathogen, which enters the host through any type of natural 

or artificial wounds such as leaf scars,  pruning cuts or lenticels and cracks in the bark (Weber, 

2014). In commercial pome fruit production one important source of disease spread is through 

infections originating from nursery propagation processes (Brown et al., 1994; McCracken et 

al., 2003). Such infections can remain symptomless until the trees are planted in the orchard, 

where subsequently the cankers develop (Wenneker et al., 2017) 

The initial symptoms of infection by N. ditissima are a light brown discolouration and flaking of 

the epidermis, followed by necrosis of the underlying bark (Weber, 2014). During infection the 

hyphae of N. ditissima has been shown to colonize the cortex, phloem and xylem of apple 

(Ghasemkhani, 2015). During the development of the disease the woody tissues of the host 

also undergo changes in tissue structure. This has been shown in Fraxinus mandshurica var. 

japonica where it was found that the xylem vessels in the cankers were narrower than in 

healthy tissue and that necrotic areas were restricted to tissues in the vicinity of the canker 

(Sakamoto et al., 2004). N. ditissima is sometimes referred to as a necrotrophic fungi 

(Ghasemkhani, 2015; Weber & Dralle, 2013) although such a classification does not take into 

account that the fungus can reside latently in the host and it should therefore be considered 

hemibiotrophic (Salgado‑Salazar et al., 2021)  

The fungus spreads through conidia produced in pale yellow sporodochia or through 

ascospores which develop in a later stage of infection in bright red perithecia. Both the 

sporodochia and perithecia emerge on the surface of dead bark (Weber, 2014). The conidial 

spores produced by the asexual Cylindrocarpon heteronema occur in two forms; macroconidia 

and microconidia. Macroconidia are straight or slightly curved and 3-5 septate whereas the 

microconidia are ellipsoid or short cylindrical with one or no septa (Weber, 2014). In New 

Zealand, both conidia and ascospores have been shown to be present in apple orchards 

throughout the year when rainfall occurred (Amponsah et al., 2015).  There is therefore a year-

round risk of infection in conducive environments.  

 

 

 



 

19 
 

5. Host-pathogen interaction in plant disease 
 

The interaction between a pathogen and its plant host is specific to each host-pathogen 

system. To maximise the effectiveness of resistance breeding it is therefore important to 

understand the causes of successful or unsuccessful host colonization by a pathogen and 

how the plant immune system functions. 

Pathogen recognition is the first frontier of the plant immune system. Several models have 

been used to conceptualise how pathogens are recognised by the plant immune system and 

these models develop as the molecular and biochemical understanding of plant-pathogen 

interactions grow (van der Burgh & Joosten, 2019). The gene-for-gene model was first 

described by H.H Flor in the mid-20th century, when he detailed a gene-for-gene interaction 

between resistance (R) genes in the host and avirulence (Avr) genes in the pathogen (Kaur et 

al., 2021).  According to the model the recognition of the Avr protein by its corresponding R 

protein results in a plant immune response, whereas the absence of either of the two genes 

results in disease (Jones & Dangl, 2006). The gene-for-gene model was further extended to 

the zig-zag model, which illustrates the evolutionary arms race between plants and pathogens 

(Jones & Dangl, 2006). The zig-zag model incorporates the fact that certain microbes have 

adapted to a particular plant host and are able to elicit virulence factors, denoted effectors, 

that interfere with immunity (Cui et al., 2015).This enables the pathogen to successfully infect 

the host and cause disease. Nevertheless, during the host-pathogen co-evolution the plant 

immune system has also developed more specialised recognition systems to intercept the 

pathogen effectors and induce immune responses (Toruño et al., 2016).The zig-zag model 

makes a distinction between plant immune receptors that recognise a wide group of pathogens 

(usually denoted pattern recognition receptors, PRRs) and specialised immune receptors 

which identify effectors from a specific pathogen (R-gene proteins). The model also highlights 

the immune response triggered by the identification of these different sets of receptors, with 

PRRs inducing so called PAMP triggered immunity (PTI) and R-genes inducing Effector-

triggered immunity (ETI) (Jones & Dangl, 2006). In several plant-pathosystems the initial 

responses observed in the plant during ETI are a burst of oxidative species and the induction 

of localised plant cell death in the host, a mechanism referred to as hypersensitivity response 

(HR) (Jones & Dangl, 2006). This type of response confines biotrophic pathogens to their site 

of infection and deprives them of a nutrient source (Govrin & Levine, 2000; Jones & Dangl, 

2006). Necrotrophic or hemibiotrophic plant-pathogens, such as N. ditissima, can on the 
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contrary benefit from plant-pathogen interactions where host cell death is induced. The 

necrotrophic pathogen may therefore produce defense triggering elicitors, which can either be 

unspecific or host specific (Toruño et al., 2016).  Although HR is a well-described resistance 

mechanism in leaf and non-lignified plant tissue, its function in woody plant tissue has not 

been reported. 

During ETI, but also PTI, phytohormone signalling of salicylic acid (SA), jasmonic acid (JA) 

and ethylene (ET) is triggered (Delaney et al., 1994). These signalling compounds activate the 

subsequent transcription of pathogenesis related genes (Nandi et al., 2003; Rahman et al., 

2014). The SA-pathway is generally associated with immunity responses towards biotrophic 

pathogens, while JA and ET are associated with immunity to necrotrophic pathogens (Nandi 

et al., 2003; Thomma et al., 1998; Tsuda & Katagiri, 2010). A clear distinction between PTI 

and ETI does not exist as they induce overlapping downstream immune responses and there 

is emerging evidence that PTI is required for a normal ETI response (Chang et al., 2022).  

Although the zig-zag model is widely accepted, there have been recent calls to classify plant 

immune responses based on the site of pathogen recognition, a so called ‘spatial immunity 

model’ (Kanyuka & Rudd, 2019; Thomma et al., 2011; van der Burgh & Joosten, 2019). The 

distinction between extracellular and intracellular immune receptors is proposed by these 

authors due to a blurry line between what constitutes a PRR and R-gene protein, as well a 

lack of clear distinction between PAMPs and effectors.  

The cell surface immune receptors (CSIRs) include a wide range of receptors that are able to 

intercept a large number of invasion molecules in the extracellular space, including PAMPs, 

danger associated molecular patterns (DAMPs) and effectors (Kanyuka & Rudd, 2019). The 

CSIRs include the large group of receptor-like kinases (RLKs), which contain a ligand-binding 

extracellular domain and an intracellular kinase domain. The most well-characterised group of 

RLKs are the leucine rich repeat-containing RLKs (LRR-RLKs). Examples of well-studied 

LRR-RLKs are FLS2 in Arabidopsis, Xa21 in rice and EFR in Arabidopsis. These receptor 

proteins recognise conserved pathogen patterns such as the flg22 peptide derived from 

bacterial flagellin (FLS2), the elf18 peptide derived from the bacterial EF-Tu protein (EFR) and 

the Xanthomonas derived peptide Ax21 (Xa21) (Ngou et al., 2022; Park et al., 2010) 

Wall Associated Receptor-like Kinases (WAKs) are a subgroup of RLKs, which recently has 

been emerging as having an important role in many plant-pathogen interactions, particularly 

when it comes to fungal pathogens (Stephens et al., 2022). Another subgroup of the RLKs are 
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lectin receptor-like kinases (LecRLKs), which all contain an extracellular lectin domain. The 

LecRLKs are grouped based on the structure of their lectin domain, which influences the type 

of ligands they bind to. The majority of LecRLKs that have a reported role in plant pathogen 

recognition belong to the L (legume)-type LecRLKs, which can recognize complex glucose, 

mannose, hormones, and microbial invasion pattern (Sun et al., 2020). The G (GNA-related/S-

locus)-type LecRLKs (G-LecRLKs) have lectin-domains with a specificity for binding mannose. 

G-type LecRLKs have only relatively recently been linked to pathogen recognition in a few 

plant-pathogen interaction (Bao et al., 2023; Luo et al., 2020; Ma et al., 2023; Pi et al., 2023). 

Chitin, a constituent of fungal cell walls, is the most well-described fungal elicitor recognised 

by CSIRs (Desaki et al., 2018; Kouzai et al., 2014; Ngou et al., 2022). The plant receptors 

able recognise chitin contain Lysine motif (LysM) sites that bind to the chitin fragments (Kaku 

and Shibuya, 2016). Additional fungal elicitors that are intercepted by plants include 

oligogalacturonides from fungal cell walls, fungal toxin, effectors and endopolygalacturonase 

(Ngou et al., 2022) 

The Intracellular Immune Receptors (IIRs) detect the presence or activity of pathogen elicitors 

inside the host cell. The majority of described IIIRs encode receptor proteins which share 

some conserved structural domains, a nucleotide-binding domain (NB) and leucine-rich-

repeats (LRR) and this class of genes is therefore referred to as NB-LRRs or NLRs (NOD-like 

receptors).The plant NLRs are further divided into two subclasses depending on their N-

terminal domain: a coiled-coil (CC) or Toll interleukin receptor 1 (TIR) (Lolle et al., 2020). Gene 

prediction of NLRs in plant genomes indicates an abundance of genes within this class. In 

domesticated apple the number of predicted NLRs exceeds 1,000, which is high in relation to 

its genome size (Arya et al., 2014; Borrelli et al., 2018). 
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6. The Malus: Neonectria interaction 
 

The molecular interaction between the Malus host and N. ditissima is still unraveling. Studies 

by Salgado-Salazar et al (2021) and Gomez-Cortecero (2019) have used genomic and 

transcriptomic data from N. ditissima to understand the chemical weaponry used by the fungus 

to infect its hosts. Both studies showed that N. ditissima can use a combination of 

Carbohydrate-Active enZymes (CAZymes), clusters of genes involved in secondary 

metabolism and effectors to infect woody species.  

CAZymes are enzymes responsible for breaking down complex carbohydrates and 

polysaccharides into smaller products, and is divided into classes depending on their function 

(Rafiei et al., 2021). Among the groups, Glycoside hydrolases (GHs) accounted for the largest 

proportion of the CAZymes identified in Neonectria (Gómez‑Cortecero, 2019; Salgado-

Salazar et al., 2021). GHs cleave glycosidic bonds between carbohydrate molecules or 

between a carbohydrate and a non-carbohydrate group and can thus act in degrading cell 

walls. This class of enzymes have therefore been shown to be important virulence factors for 

many plant pathogens. (Rafiei et al., 2021). The predicted secretome of N. ditissima also 

contained other CAZyme groups that are known to function in cell-wall degradation,  including 

polysaccharide lyases, auxiliary activity enzymes and carbohydrate binding modules 

(Gómez‑Cortecero, 2019; Salgado-Salazar et al., 2021). The majority of the CAZymes 

predicted to be secreted by N. ditissima were significantly up-regulated during canker infection 

(Gómez-Cortecero 2019).  

Several gene clusters associated with secondary metabolism were identified among the 

predicted proteins in N. ditissima (Gómez‑Cortecero, 2019; Salgado-Salazar et al., 2021). 

These were predominantly gene clusters predicted to be Nonribosomal peptide synthetases 

(NPRS) or clusters with Polyketide synthetases (PKS). NPRS and PKS have been linked to 

plant pathogen virulence factors, including; a polyketide synthase gene cluster required for 

pathogenicity of Pseudocercospora fijiensis on banana (Thomas et al., 2021), the AM-toxin, 

produced by the apple pathotype of Alternaria alternata (Meena & Samal, 2019) and NPS6, 

which is required for the pathogenicity of multiple fungal pathogens (Oide et al., 2006).  

Gómez-Cortecero (2019) found that a total of 44 putative effector proteins were differentially 

expressed in N. ditissima when comparing gene expression in mycelia samples with fungal 

tissue in infected wood. Out of these putative effectors, 18 were up-regulated during infection.  
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The studies by Salgado-Salazar et al and Gomez-Cortecero highlight how Neonectria utilises 

a wide range of CAZymes to modulate plant cell walls, which is a common infection strategy 

by hemibiotriphic/necrotrophic pathogens with a broad host range (Rafiei et al., 2021). 

Furthermore, N. ditissima can produce secondary metabolites that potentially acts as toxins 

or in other ways increase the virulence of the fungus. Gómez-Cortecero also showed that 

effector proteins are expressed during infection and may have a role in infection.  

The host side of the Malus: Neonectria interaction is still largely unknown, although there are 

ongoing efforts to further the understanding of the molecular mechanisms underlying 

resistance to this fungus. There are no reported sources of complete immunity to N. ditissima 

in Malus germplasm (Bus et al., 2019; Garkava‑Gustavsson et al., 2016; Gómez-Cortecero et 

al., 2016; Karlström et al., 2022; Skytte af Sätra et al., 2023), hence researchers have 

focused on describing the number of genetic loci involved in tolerance and identifying genetic 

regions with a large effect on resistance (Bus et al., 2021; Bus et al., 2019; Skytte af Sätra et 

al., 2023). Bus et al (2019) were the first to describe a QTL associated with resistance to N. 

ditissima by mapping QTL in a biparental population from the cross ‘M9’ x Malus ‘Robusta 5’. 

The QTL, denoted Rnd1, is located on chromosome 14 from the hybrid crab-apple Malus 

‘Robusta 5’. Rnd1 was the only resistance loci reported in the study, however Bus et al used 

low-density SSR markers for QTL identification and there may therefore be additional QTL 

segregating in the population which were not closely linked to a genetic marker.  Bus et al 

(2021) and Skytte af Sätra et al (2023) studied the segregation of resistance from apple scion 

cultivars in two different biparental populations and both identified QTL on chromosome 8 and 

16 of the apple genome.  Skytte af Sätra et al found an additional two QTL on chromosome 1 

and 15 in the population derived from a cross between ‘Aroma’ x ‘Discovery’. All the identified 

QTL in scion germplasm had small-moderate effects on tolerance to European canker.  The 

multiple number of QTL of lesser effect indicate that there are multiple mechanisms of 

resistance that together result in a slower spread of the disease in woody tissue.  

Ghasemkhani (2015) compared the trancriptomes of one canker susceptible (‘Prima’) and one 

tolerant apple cultivar (‘Jonathan’) during N. ditissima infection and found 1055 genes that 

were differentially expressed between the two cultivars in infected tissue. The differentially 

expressed genes included a putative NLR (RPM1-like), a LRR-RLK (BAK1-like), UDP-

glucosyltransferases, glutathione transferases as well as transcription factors and genes 

involved in the phenylpropanoid pathway and secondary metabolism. Only limited results and 
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methods have been published from this study, hence the full picture of the molecular response 

in apple to N. ditissima infection remains elusive.  

 

7. The role of the phyllosphere microbiome in plant disease 
 

Plants are colonised by fungal and bacterial microorganisms, both below and above-ground. 

The phyllosphere refers to the total above-ground plant compartments when viewed as a 

habitat for microorganisms, whereas the microbial habitat within the root -area is called the 

rhizosphere (Compant et al., 2016). Microbes inhabiting non-infected plant tissue are divided 

into epiphytes and endophytes, depending on whether they are present on the external plant 

surface or within plant tissues. Epiphytes and endophytes can be neutral, commensal or 

beneficial to the plant host, but these groups also include pathogens in their latent phase as 

well as dormant saprobes (Compant et al., 2016). 

The plant microbiome has been shown to contribute to plant fitness in terms of growth 

promotion, nutrient uptake, stress tolerance but also resistance to pathogens (Trivedi et al., 

2020). Most of the research on how microbiome assembly can shape plant disease outcomes 

has been done on rhizospheres (Gu et al., 2020; Gu et al., 2022; Wen et al., 2022). However, 

the role of the phyllosphere in plant: pathogen interactions is starting to emerge. Liu et al 

(2023) showed how a few key microbial taxa in the phyllosphere had a disease suppressive 

effect on rice false smut (Ustilaginoidea virens) and that the suppression of U. virens was 

associated with a reduction in leucine in the rice panicles. Similarly, (Li et al., 2022) studied 

the difference in leaf epi- and endophyte composition between healthy and diseased citrus 

leaves and showed how microbes associated with the phyllosphere microbiome shift had 

antagonistic effects on the pathogen Diaporthe citri. There are several proposed mechanisms 

of the phyllosphere microbiota-mediated pathogen suppression; antagonistic inter-species 

interaction, competition for nutrients,  changes in host metabolism, priming of the plant 

immune system and mediating plant-plant crosstalk ( Gu et al., 2020; Zhan et al., 2022). 

The phyllosphere microbial community is shaped by both exogenous and plant endogenous 

factors. Exogenous factors include light, temperature, moisture and rainfall, geographical 

location, CO2, nutrient availability and biotic stresses, whereas the endogenous factors include 

host species or host genotype within species and developmental stage of the host (Trivedi et 

al., 2020). The host factors that influence the assembly process of phyllosphere microbial 
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communities are still not fully understood. Horton et al (2014) conducted a Genome Wide 

Association Study (GWAS) to study the plant loci responsible for differences in phyllosphere 

composition and found that genes involved in defense response or had kinase activity were 

enriched in loci with GWAS hits. Other plant host factors shown to influence the phyllosphere 

include genes involved in cytokinin and ethylene signalling and cuticle formation 

(Bodenhausen et al., 2014; Gupta et al., 2022) 

In search for possible biocontrol agents against N. ditissima, the role of the apple endophytic 

community in relation to N. ditissima infection has also been studied (Liu et al., 2020; Olivieri 

et al., 2021; Papp‑Rupar et al., 2022, 2023). Endophytes with biocontrol potential towards N. 

ditissima have been isolated and tested against the pathogen (Liu et al., 2020; Papp‑Rupar et 

al., 2023). Olivieri et al (2021) showed that susceptible and tolerant Malus genotypes differed 

in endophyte composition and diversity indices. Furthermore, Papp-Rupar et al (2022) 

reported the impacts of apple host genotype on endophyte assembly in trees infected with N. 

ditissima. The previous research indicates a potential of employing beneficial microorganisms 

from the Malus phyllosphere to suppress European canker. It also highlights that host 

genotype plays an important role in the three-way interaction between the host, N. ditissima 

and microbiome. A better understanding of the host genetic factors that influence endophyte 

assembly could be used to breed apple cultivars prone to associations with N. ditissima 

suppressing microbes. This could also help unveil what causes N. ditissima to shift from the 

endophytic latent phase to pathogenic. 
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8. Aims of the project 
 

Host resistance remains one of the most effective means of controlling European canker in 

apple. Despite its importance to the apple growing community, the genetic basis underlying 

this resistance is still not well understood which hinders efficient breeding of cultivars with 

improved tolerance to the disease. The work in this thesis was conducted to aid the 

development of apple cultivars with a high tolerance to infection by N. ditissima. This was 

partly done by exploring the genetics behind host resistance in apple scion germplasm.  

Knowledge of the apple loci that influence resistance could be used to develop genetic 

markers to be utilised in breeding programmes, while comprehension of the genes involved 

could provide targets for gene-editing. Moreover, the potential of developing apple cultivars 

with a canker-suppressing endophytic microbiome was investigated.  

This thesis is presented as a collection of two published papers, and one manuscript covering 

the following topics; 

1. Identification of novel genetic regions associated with resistance to European canker 

in apple (Karlstrom et al., 2022) 

This work aimed to describe resistance QTL in apple germplasm that is relevant for 

modern breeding programmes. Several phenotyping methods were used to determine 

the level of resistance of individuals in a multiparental population. Furthermore, 

phenotypic data from a biparental population derived from a cross between ‘Golden 

Delicious’ x ‘M9’ was used to validate the effect of SNP-haplotypes within the QTL.  

 

2. Transcriptome analysis provide insights in resistance to European canker and reveal 

candidate resistance genes (submitted, 2023) 

This study was conducted to shine light on the type of molecular mechanisms that 

underly quantitative disease resistance to N. ditissima in Malus. Transcriptome data 

from RNA sequencing of infected stems of ‘Golden Delicious’ and ‘M9’ was used to 

understand the global response to the pathogen. Additionally, this work aims to identify 

the genes underlying the QTL identified in Karlstrom et al (2022). To this end, 

a comparative transcriptome analysis of full-sibling apple genotypes carrying resistant 

(QTL-R) and susceptible (QTL-S) alleles was conducted.  
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3. Quantitative trait loci associated with apple endophytes during pathogen infection 

(Karlstrom et al., 2023) 

The aim of this study was to identify genetic regions that promote host-microbial 

associations with N. ditissima suppressive endophytes. This information can be used 

to inform breeding of new cultivars with disease suppressive microbiomes and to 

facilitate the identification of genes that promote associations with beneficial 

microorganisms. The work is based on a previous publication by Papp-Rupar et al 

(2022), in which it was shown that apple genotype has a significant effect on the 

abundance of several bacterial and fungal endophyte taxa. The amplicon sequencing 

data from wood endophytes in the prior study was used together with SNP marker data 

to study QTL influencing the phyllosphere microbiome assembly.  
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tree and kill all branches above the point of the canker 
[5].

European canker control strategies are removal of 
infected wood through pruning and the limitation of 
new infections through the application of fungicides 
when wound incidence is high [1, 6]. Genetic varia-
tion in N. ditissima resistance has been documented 
in commercial apple varieties of Malus x domestica, 
wild species of Malus as well as in apple rootstocks 
[5, 7–9]. Previous studies of the inheritance of can-
ker resistance in apple progenies demonstrate that the 
resistance is inherited quantitatively [7], though QTLs 
of major effect might be present too [10]. The relative 
levels of resistance of mature trees of parental culti-
vars correspond well with the relative levels of juve-
nile full-sib families, indicating that juvenile material 
may be used in inheritance studies [10]. The crab 
apple accession Malus robusta ‘Robusta 5’ has shown 
tolerance to infection by N. ditissima in multiple stud-
ies [7, 11]. Bus et  al. [12] genetically mapped a QTL 
for disease incidence from ‘Robusta 5’ in a bi-paren-
tal cross between the apple rootstock ‘M9’ x ‘Robusta 
5’. In the study, a single medium effect size QTL on 
linkage group 14 was identified by mapping the dis-
ease incidence in segregating progeny genotyped with 
simple-sequence repeats (SSR)-markers. This QTL 
accounted for around 40% of the variance in disease, 
but the variance explained was dependent upon the 
phenotyping method [12]. Although there are com-
mercial scion cultivars tolerant to apple canker, there 
is no published information on which chromosomal 
regions control the quantitative resistance found in 
this germplasm.

The response of plants to disease has shown tem-
poral variation in several plant-microbe interactions 
[13–17]. The dynamic QTL methods in these studies 
analyses the phenotypic variation at different times 
during infection, whereas conventional methods would 
analyse the cumulative disease phenotype at the end. 
In these studies, resistance QTL were uniquely identi-
fied at different stages of disease or plant development, 
indicating that the genes controlling the response to 
disease have temporal expression patterns. This type 
of, so called, dynamic response has not been reported 
for interactions with wood pathogens.

In the present study, the genetic basis of resistance 
to N. ditissima in apple scion germplasm was stud-
ied through QTL mapping in a multiparental popula-
tion using a pedigree-based Bayesian analysis [18]. 
Three phenotyping strategies (field, potted trees and 
shoots) were used to determine whether rapid pheno-
typing methods can replace field experiments for QTL 
discovery.

Results
Phenotypic analysis
The multiparental population showed a normal distri-
bution of disease levels to European canker in all meas-
ured phenotypes, apart from %HTA and %CB which was 
skewed towards 100%. Disease distribution in individual 
families is shown in Suppl. Fig.  1A-H. Mean values for 
each family and European canker phenotype are shown 
in Supplementary Table 1. A comparison of phenotypes 
for parental apple genotypes and a standard set of culti-
vars with known resistance to European canker is shown 
in Supplementary Fig. 2.

All genotypes exhibited disease symptoms upon infec-
tion, hence there was no evidence of complete resist-
ance to this disease in the genotypes studied. The overall 
infection success across all inoculation points of the arti-
ficial inoculations was > 95% in all three phenotyping 
experiments.

The broad sense heritability  (H2) from the different 
phenotyping events and measurements is shown in Sup-
plementary Table  2 and correlations between these are 
shown in Fig.  1. The canker phenotypes recorded from 
detached shoots and potted trees resulted in lower esti-
mates of heritability than data from the field experiment, 
0.16, 0.46 and 0.54–0.76, respectively (Suppl. Table 2).

Within the field experiment, the Pearson correla-
tion for genotypic BLUEs of canker lesion size was 
relatively low between 5 and 11 months post inocu-
lation (mpi, r = 0.45, p < 0.001). The highest correla-
tion was observed between the two later time-points 
(8 and 11 mpi, (r = 0.78, p < 0.001). The BLUEs from 
the potted tree experiment had a low correlation with 
the susceptibility in the other phenotyping experi-
ments (see Fig. 1). The shoot experiment had a higher 
correlation to the early stage of field infection at 5 
mpi (r =  0.44, p < 0.001), compared to the two later 
time-points (Fig. 1A). Canker Index (CI) had a mod-
erate correlation to percent cankered branches (%CB, 
r =  0.42, p < 0.001) but was not correlated to the 
other phenotypes. The relationship between different 
European canker phenotypes is also visualised in the 
biplot for the correlation matrix PCA (Fig.  1B). The 
first and second principal component from the PCA 
explained 41.6 and 17.3% of the variance, respec-
tively (Suppl. Fig.  3). The loadings from field 5, 8, 
11 mpi, shoot and potted tree experiment are clus-
tered together, indicating a high degree of correlation 
between these variables for the two first principal 
components. Loadings from these variables also show 
a positive correlation to PC1 (r = 0.19–0.43), whereas 
percent healthy tree area (%HTA) is negatively cor-
related to the same PC (r = − 0.42). Nevertheless, the 
potted tree data had the highest correlation (r = 0.84) 
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more than one phenotyping experiment for three of the 
LGs: 6, 8 and 10. For the remaining four LGs there was 
strong evidence for a QTL in one of the phenotyping 
events at the linkage group level. The variance attributed 
to individual QTL was small to moderate with effect sizes 
of 5 to 19%.

There was strong evidence for a QTL on LG6 in both 
the shoot experiment and at 5 mpi in the field (2lnBF of 
9.4 and 7.3, respectively). There was also positive evi-
dence (2lnBF⋝2) for a QTL on this linkage group at 8 mpi 
(Table  1). However, two separate QTL regions on LG6 
were indicated, depending on the analysed phenotype 
(Fig. 2). There was no positive evidence for the presence 
of more than one QTL in the output from FlexQTL. The 
FlexQTL analysis showed that QTL on LG6 had a larger 
effect at the earlier stage of field infection, as the QTL 
explained 15% of the variation in shoots and at 5 mpi, but 
less than 7% at later field time-points.

A QTL on LG8 was identified in data for %HTA 
(2lnBF = 2.1), CI (2lnBF = 5.6), and the potted tree 
experiment (2lnBF = 2.1). Hence, this QTL was found 

in more than one type of experiment. Depending on 
phenotype, the variance attributed to this QTL ranged 
between 9.3–15%. A third QTL, located on LG10, was 
positively identified using two types of phenotyping 
methods. There was positive evidence for this QTL in 
the field 8 mpi and in the shoot experiment (2lnBF = 2.5 
and 2.1, respectively).

A QTL on LG5 was positively identified in data from 
the field experiment at 20 mpi but was not identified at 
earlier time-points nor in the other phenotyping experi-
ments. There was strong evidence (2lnBF = 7.9) for a QTL 
on LG5 for %HTA and positive evidence (2lnBF = 4.4) for 
%CB. Hence, this QTL was only identified after a pro-
longed period of infection.

The variance attributed to QTL on LG15 was the 
highest among all discovered QTL, with an effect size of 
19 and 17.5% at 8 and 11 mpi respectively. Nevertheless, 
the effect of this QTL was much lower at 5 mpi (5.5%). 
Three regions on LG15 were identified to have an asso-
ciation with the susceptibility to canker depending on 
phenotype (Fig.  2). However, there was no positive 

Fig. 2 QTL regions identified to be associated with resistance to European apple canker. The figure shows QTL intervals from each measured 
phenotype. Different colours indicate distinct phenotyping experiments
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Table 1 Summary of the results from the quantitative trait loci (QTL) mapping of resistance to European canker with the FlexQTL 
software. QTL regions reported consist of successive 2‑cM bins with two times the natural log of Bayes factors (2lnBF) greater than 2

LG Phenotyping event 2lnBF for whole 
LG

QTL region (cM) QTL mode (cM) Estimated 
effect (%)

2 Field 5  mpia <  2 – – –

Field 8 mpi 6.5 45–71 61 7.9

Field 11 mpi <  2 – – –

Field 20 mpi ‑ % Healthy tree 4.7 33–69 49 7.1

Field 20 mpi ‑ % Cankered branches 4.8 35–59 43 7.1

Field 20 mpi ‑ Canker Index <  2 – – –

Shoot <  2 – – –

Potted tree <  2 – – –

Consensus region – 45–57 – –

5 Field 5 mpi <  2 – – –

Field 8 mpi <  2 – – –

Field 11 mpi <  2 – – –

Field 20 mpi ‑ % Healthy tree 7.9 30–42 36 6.1

Field 20 mpi ‑ % Cankered branches 3.5 28–42 34 4.3

Field 20 mpi ‑ Canker Index <  2 – – –

Shoot <  2 – – –

Potted tree <  2 – – –

Consensus region – 30–42 – –

6 Field 5 mpi 7.3 3–25 13 15.0

Field 8 mpi 2.1 19–35 29 6.2

Field 11 mpi <  2 – – –

Field 20 mpi ‑ % Healthy tree <  2 – – –

Field 20 mpi ‑ % Cankered branches <  2 – – –

Field 20 mpi ‑ Canker Index <  2 – – –

Shoot 9.4 35–61 37 14.7

Potted tree <  2 – – –

Consensus region – 19–25 – –

8 Field 5 mpi < 2 – – –

Field 8 mpi < 2 – – –

Field 11 mpi < 2 – – –

Field 20 mpi ‑ % Healthy tree 2.1 35–49 35 7.1

Field 20 mpi ‑ % Cankered branches < 2 – – –

Field 20 mpi ‑ Canker Index 2.2 1–27 7.0 5.0

Shoot < 2 – – –

Potted tree 2.1 25–35 29 15.0

Consensus region – 25–27 – –

10 Field 5 mpi < 2 – – –

Field 8 mpi 2.5 48–58 50 5.0

Field 11 mpi < 2 – – –

Field 20 mpi ‑ % Healthy tree < 2 – – –

Field 20 mpi ‑ % Cankered branches < 2 – – –

Field 20 mpi ‑ Canker Index < 2 – – –

Shoot 2.1 50–54 52 12.9

Potted tree < 2 – – –

Consensus region – 50–54 – –
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evidence for the presence of more than one QTL in the 
analysis.

A further two QTL were identified on LG2 and LG16. 
The QTL analysis did not discern any obvious temporal 
patterns in effect sizes for these QTL.

Haplotype analysis
A haplotype analysis was conducted to understand which 
haplotypes contributed to resistance to N. ditissima at 
different stages of infection. The effect of all haploblocks 
within the QTL regions was tested on lesion size data at 
5, 8 and 11 mpi in the field. The haploblocks (HB) with 
the most significant effect on canker lesion size from 
each QTL region and the number of unique haplotypes 
within the multiparental population are shown in Sup-
plementary Table  3. Haplotype alleles for each HB are 
shown in Supplementary Table 4.

Figure  3 shows the estimated percent deviation from 
the mean of resistant and susceptible/neutral haploblock 
alleles for the three time-points. Haplotypes were only 
included if they were present in a parent segregating for 
European canker resistance at that QTL locus, as haplo-
type effects from non-segregating parents could not be 
reliably estimated. A total of 33 haploblock alleles were 
present in segregating parents across all seven genetic 
regions.

The estimated effects of some haplotypes varied over 
the three time-points (Fig. 3). For HB5, the percent devia-
tion from the mean more than doubled over the assessed 
time-period for two out of three resistant haplotypes 
(Fig.  3). Furthermore, the allele HB15-shared-R2 had a 
susceptible effect on lesion size at 5 mpi but a resistant 
effect at 11 mpi, with − 8 and − 11% deviation from mean 
for individuals with one or two copies, respectively, of 
the haplotype. The resistant alleles HB16-Aroma-R and 
HB16-Sel1-R also showed increased effects on resistance 
with time.

The haplotype alleles with the largest negative effects 
on lesion size were found within HB2, HB6, HB15 and 
HB16 (Fig. 3). The effect of HB6-shared-R, which ranged 
between − 7.4 to − 13.5%, was similar across time-points 
and for individuals carrying one or two copies of the 
allele. This haplotype was inherited from four of the par-
ents, Gala, Golden Delicious, EM-Selection-2 and EM-
Selection-4 and could be traced back to the unknown 
parent of ‘Golden Delicious’. The origin of the haplotype 
HB15-shared-R was traced back to ‘Golden Delicious’ 
and ‘Jonathan’. The resistant effect of HB15-shared-R 
increased with time and was estimated to reduce lesion 
size with − 8 and − 12% at 11 mpi for individuals with 
one or two copies, respectively, of the haplotype. HB15-
shared-R segregated in two of the parents, Golden 

a mpi Months post inoculation

Table 1 (continued)

LG Phenotyping event 2lnBF for whole 
LG

QTL region (cM) QTL mode (cM) Estimated 
effect (%)

15 Field 5 mpi 2.1 1–35 27 5.5

Field 8 mpi 5.7 71–103 81 19.0

Field 11 mpi 4.4 39–51 45 17.5

Field 20 mpi ‑ % Healthy tree 2.2 87–99 95 17.3

Field 20 mpi ‑ % Cankered branches < 2 – – –

Field 20 mpi ‑ Canker Index 2.5 1–33 13.0 5.0

Shoot < 2 – – –

Potted tree < 2 – – –

Consensus region – 1–39, 87–99 – –

16 Field 5 mpi < 2 – – –

Field 8 mpi < 2 – – –

Field 11 mpi < 2 – – –

Field 20 mpi ‑ % Healthy tree < 2 – – –

Field 20 mpi ‑ % Cankered branches 6 7–37 29 10.0

Field 20 mpi ‑ Canker Index 4.3 35–47 43.0 5.0

Shoot < 2 – – –

Potted tree < 2 – – –

Consensus region – 35–37 – –
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Delicious and EM-Selection-4. This haplotype was also 
present in a third parent (EM-Selection-1), which had 
two alleles with a resistant effect on lesion size at this 
locus.

Three haploblock alleles were associated with large 
increases in lesion size: HB2-Sel2-VS, HB6-shared-VS 
and HB15-Sel3-VS (Fig. 3). Individuals heterozygous for 
HB2-Sel2-VS had an estimated + 13–21% increase in 
lesion size, depending on time-point. The origin of this 
haplotype could not be traced further back than to the 
unreleased selection ‘EM002’ due to the lack of avail-
able material in the germplasm collection (Fig. 5). HB6-
shared-VS was associated with an up to + 31% increase 
in lesion size compared to the mean (Fig.  3). The allele 
was inherited from the three parents Gala, EM-Selec-
tion-3 and EM-Selection-4, of which EM-Selection-3 
was homozygous for the haplotype. Hence, HB6-shared-
VS only segregated in the family MDX061. This allele 
was present in many of the founding cultivars, including 
‘Delicious’, ‘Jonathan’, and ‘Ingrid-Marie’.

Validation of haplotype effects in a biparental population
A significant haplotype-trait association was identi-
fied for two of the seven QTL regions in progeny from 
a ‘Golden Delicious’ x ‘M9’cross. Based on the results 
from the multiparental population, QTL on five LG were 
expected to segregate in ‘Golden Delicious’: LG 2, 5, 8, 15 
and 16. The segregation of resistance loci in ‘M9’ was not 
previously known. Mean Area Under Disease Progres-
sion Curve (AUDPC) and disease distribution for hap-
loblock alleles for which ‘Golden Delicious’ segregates are 
shown in supplementary Table 5 and Fig. 4, respectively. 
The distribution of disease phenotypes in the ‘Golden 
Delicious’ x ‘M9’ progeny is shown in Supplementary 
Fig. 4.

The haplotype ‘HB2-shared-S2’ was inherited from 
both parents and was associated with an increase in 
AUDPC (Fig. 4). There was a significant effect of this hap-
lotype (p = 0.02) in data from the detached shoot experi-
ment. Additionally, the haplotype ‘HB16-GD-MR’ was 
confirmed to be associated with resistance to European 
canker in the detached shoot experiment (p =  0.017). 
Individuals with one copy of this allele had a reduction 
in mean AUDPC with 28 and 118 units in the potted tree 
and shoot experiment, respectively. No haploblock alleles 
had a significant effect on AUDPC in the potted tree 
experiment.

Progeny with the allele ‘HB8-GD-R’ had a reduced 
mean AUDPC with 94, and 22 units, respectively, in the 
potted tree and shoot experiment. Nevertheless, the 
effect of this haplotype was non-significant (p =  0.058). 

Surprisingly, progeny with the haplotype ‘HB5-GD-R’ 
had a higher mean AUDPC compared to individuals that 
inherited the susceptible allele ‘HB6-shared-S’ in both 
experiments (Suppl. Table 5).

The proportion of variation attributed to significant 
haplotypes was low, with 4.5–5.4% variance explained by 
single haplotypes in the detached shoot experiment. The 
total variance due to significant haplotypes was 10% in 
this experiment.

Discussion
Identified resistance loci widely distributed in apple scion 
germplasm
Seven linkage groups were shown to be associated with 
the level of resistance to European apple canker in a 
multiparental scion population. Three of these QTL 
were identified in more than one experiment using the 
same population: the QTLs on LG6, LG8 and LG10. Fur-
thermore, the effect of the most significant haploblocks 
from two of the QTL-regions (HB2 and HB16) were vali-
dated in separate experiments with a biparental popu-
lation derived from a cross between ‘Golden Delicious’ 
and ‘M9’. Thus, five out of the seven QTL-regions were 
confirmed in more than one experiment. All the iden-
tified QTL had small to moderate effects on disease 
expression. The effects of the identified QTL exhibited 
two different patterns: increased effect with time and 
stable effects across time-points. The phenotypes from 
the potted tree and shoot experiment were considered 
to mimic early-stage disease responses, as these experi-
ments ended within a few months after commencement.

This study reveals that resistance loci to European 
apple canker are present in apple germplasm commonly 
found as parents and grandparents in modern breeding 
programmes. Four haplotypes, HB2-GD-R, HB6-shared-
R, HB10-shared-R1 and HB15-shared-R, with the largest 
resistance effects, are all present in ‘Golden Delicious’, a 
cultivar that has been reported to feature in the pedigree 
of 51% out of 500 modern apple varieties with Central-
European and US origin [19]. However, the resistance 
loci on LG6 and LG10 from ‘Golden Delicious’ could not 
be identified in a bi-parental population derived from this 
cultivar as it does not segregate at these positions. Resist-
ant haplotypes described in this study are also shared by 
varieties that have been reported to be moderately toler-
ant to N. ditissima in previous studies, such as ‘Santana’ 
(HB 2, 6, 10), ‘Priscilla’ (HB 2 and 6), ‘Elstar’ (HB 2, 6, 
10) and ‘Jonathan’ (HB 10, 15 and 16) [8, 20, 21]. Several 
of the identified resistant haplotypes in this study were 
inherited from the Swedish cultivar ‘Aroma’, which has 
been reported to show a medium level of resistance [7, 
9].These haplotypes are derived from the founding parent 
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‘Filippa’ and unlikely to be widespread in germplasm out-
side of Scandinavia.

Interestingly, the QTL-region on LG15 has also been 
shown to be associated with increased resistance to the 
fungal wood pathogen Valsa mali [22]. In the study, the 

resistant locus was mapped on LG15 of the parent ‘Jona-
than’, a cultivar that is also predicted by us to segregate 
for resistance to N. ditissima at this locus. This suggests 
that this locus may have a wider role in the resistance to 
wood pathogens in apple.

Fig. 4 Validation of haploblocks for European canker resistance in two phenotyping experiments. Boxplots show the Area Under Disease Progress 
Curve (AUDPC) for individuals from a biparental cross between ‘Golden Delicious’ x ‘M9’
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Evidence of dynamic QTL effects in resistance to European 
apple canker
Disease development after infection by N. ditissima is a 
slow process, often characterised by a prolonged symp-
tomless period followed by necrotic lesions that spread 
within the bark. During the initial stage of infection there 
is no macroscopic visible resistance response from the 
host tree; however, as time progresses, some host geno-
types develop callus around the boundaries of the canker 
lesion [3]. By mapping lesion size data from each time-
point, we were able to study the dynamics of genetic 
effects during N. ditissima colonisation. This showed 
a temporal pattern in effects of QTL and its related 
SNP haplotypes. The distinction between early and late 
response is supported by the correlation of disease phe-
notypes, with a higher correlation between the detached 
shoot, potted tree and 5 mpi in the field compared to 
phenotypes from the later field time-points.

The results show evidence of two QTL, on LG5 and LG16, 
with larger genetic effects at the later stages of disease devel-
opment. These later responses may be involved in cell-wall 
modifications and lignin deposition [23–26] and might be 
expected to be conferred by different groups of genes.

Phenotyping methods
This study involved replicated assessments of resistance 
to European canker using three types of plant material 

(dormant shoots, actively growing trees in pots and 
field planted trees) and four types of phenotypes (lesion 
size, healthy tree area, percent branches with canker 
and number of canker lesions). It was evident from the 
PCA biplot (Fig.  1b) that there was a positive correla-
tion between lesion size, irrespective of plant material 
used. As the two first components in the PCA explained 
most of the variation (59%), it can be assumed that these 
methods assess similar types of pathogen responses. 
This is supported by the evidence for a QTL on LG6 and 
LG10 in both canker lesion data from the field and the 
shoot experiment. Nevertheless, only three out of seven 
QTL could be positively identified in more than one 
experiment. This may be due to the relatively small effect 
sizes of identified QTL, which has the implication that 
they sometimes fall below the threshold of detection 
[27]. The low heritability of the detached shoot experi-
ment  (H2  = 0.16), compared to the other phenotyping 
methods, indicates a large degree of variation between 
replicates within this experiment. This is in concord-
ance with previous studies using this type of phenotyp-
ing assay [28, 29]. Data from the potted tree experiment 
only revealed one QTL with positive evidence and had 
a relatively low correlation to the other canker lesion 
phenotypes, despite reports that similar experiments 
could provide sufficient resolution to differentiate 
between susceptible and resistant varieties [28, 30].One 

Fig. 5 Pedigree showing the parents and progenitors of the five families included in this study; MDX051, MDX054, MDX060, MDX061 and MDX063. 
Black lines indicate the maternal and red lines the paternal parent
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influencing factor could be the timing of inoculations, 
as the potted trees in our experiment were inoculated 
while actively growing, whereas the other studies inoc-
ulated closer to leaf-fall. Generally, it can be concluded 
that long term experiments are needed to fully capture 
all resistance responses to European canker in apple and 
rapid phenotyping methods are therefore not able to 
replace field experiments.

The canker index (CI) used in this study provides infor-
mation on the number of secondary canker lesions that 
had developed 20 mpi. The phenotype correlations and 
PCA indicate that CI is largely uncorrelated to all other 
phenotypic traits except for %CB. This would suggest that 
infection and colonization provide information on differ-
ent components of resistance. This finding is in accord-
ance with research by Garkava-Gustafsson et al. [28] but 
contradicts results from by Wenneker et  al. [30], where 
moderate-strong correlations were found between infec-
tion percentage and colonization. The discrepancies 
between the different studies might be due to differences 
in experimental approaches, and neither of the other 
studies used trees which had already been infected with 
canker.

The correlation observed between %HTA and %CB 
and total number of tree branches suggest a relationship 
between tree vigour and canker tolerance. The identifi-
cation of a QTL on LG5, which was only revealed from 
%HTA and %CB data, could therefore be influenced by 
tree growth. Indeed, this linkage group has previously 
been associated to tree growth traits in apple [31, 32]. 
Nonetheless, there was a significant effect of individ-
ual haplotypes from this QTL region on canker lesion 
size at 11 mpi, indicating a direct effect on pathogen 
colonization.

Conclusions
The results from this study show that QTL present in 
commonly used apple breeding germplasm have a low 
to medium effect on resistance to N. ditissima. Hence, 
multiple QTL will need to be considered to improve 
resistance through breeding. As phenotyping of resist-
ance to European apple canker is time-consuming and 
costly, marker-assisted selection would greatly ben-
efit the selection process. Genomic prediction uses 
methods of simultaneously estimating the effect of 
a large set of markers distributed across the genome, 
and would therefore provide a good alternative for the 
selection of a multi-QTL trait such as resistance to 
European apple canker [33, 34] Medium effect apple 
canker QTL could be incorporated in the genomic pre-
diction model to achieve higher prediction accuracies 
for this trait [35, 36].

Methods
Plant material
A multiparental population, comprising 317 individuals 
from four full-sib and one half-sib family and their par-
ents were used for this study (Fig. 5, Supp. Table 1). The 
families were chosen based on a subset of progeny from 
each family showing segregation for resistance to Euro-
pean apple canker [7]. The experiments were carried out 
while the trees were juvenile.

The phenotyping of resistance to N. ditissima was 
performed by carrying out three types of experiments, 
namely, artificial inoculations of field planted trees, pot-
ted trees in the glasshouse and detached shoots.

Seven replicate grafts were made from each member 
of the population, along with the parental genotypes. 
All genotypes were grafted onto ‘M9’ EMLA rootstocks. 
Grafted plants were grown in 2 L pots in polytunnels 
before planting out four plants for field experiments 
(after 9 months) and including three plants in potted tree 
experiments (after 7 months). The plant material used to 
propagate the trees were sourced from NIAB, East Mall-
ing, UK (in the case of seedling families and unnamed 
selections) and the National Fruit Collection, Brogdale, 
UK (for named varieties).

Neonectria ditissima inoculum
N. ditissima isolate Hg199 was used for all pathogenicity 
screens. Hg199 has been shown to be highly pathogenic 
on apple [7]. Inoculum for each pathogenicity screen was 
prepared according to Gomez-Cortecero et al. [7]. A con-
centration of  105 macroconidia/ml was used in all experi-
ments. Inoculation points that did not result in lesions 
were handled as missing data, to obtain more accurate 
estimates of disease spread across all the inoculation 
points within one replicate.

Resistance phenotyping
Field experiment
The field experiment was conducted in a randomised 
complete block design in a field in East Malling, UK 
with four replictae trees per genotype. The varieties ‘Cox 
Orange Pippin’ (susceptible), ‘Jonathan’ (medium resist-
ant), and ‘Santana’ (medium resistant) were included in 
the experiments as references.

Artificial leaf scar inoculations were conducted fol-
lowing 12 months of establishment in November, 2018. 
Inoculations were conducted as per Gómez-Cortecero 
et al. [7] with a few modifications. Five artificial leaf scars 
were inoculated per tree, with each leaf scar positioned 
on a separate branch. Individual inoculations within 
a tree were considered as pseudo-replicates; each was 
marked to allow repeated measurements. An inoculum 
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volume of 6 μl at was pipetted onto each artificial leaf-
scar wound and covered with petroleum jelly (Vase-
line) after absorption. Each pseudo-replicate within a 
block was inoculated with the same source of inoculum. 
Conidial germination rate was determined as per Walter 
et al. [37] and ranged between 50 and 86% for different 
inoculation days.

Canker lesion development was measured with digi-
tal calipers at the maximum length of the lesion at three 
time-points, five, eight and eleven mpi. Lesions that 
reached the full length of the branch were recorded as 
missing data. A final assessment of the field experiment 
was conducted at 20 mpi, in which the following three 
phenotypes were recorded; percent branch area with foli-
age (healthy tree area; %HTA), percentage of all branches 
with cankers (cankered branches, %CB), and number 
of cankers. The number of cankers included the sites of 
inoculation as well as secondary canker lesions on the 
tree. A canker index (CI) was thereafter calculated by 
dividing number of cankers with the number of branches 
on each tree. Trees that were completely covered with 
canker (5.8% of all trees) were removed from the canker 
index as it was not possible to count individual cankers.

Potted tree experiment
The experiment was conducted between August–
November of 2018. Potted trees were placed in glass-
house compartments with misting lines set to maintain 
a relative humidity above 80%. Trees were drip-irrigated 
throughout the experiment. Glasshouse compartments 
were equipped with supplementary lighting (SON-T 
400w) set at 16:8 light:dark hours. A chilling-fan ensured 
a maximum temperature of 22 °C.

Two artificial leaf scar wounds (pseudo-replicates) were 
inoculated on the main leader of each tree using the inoc-
ulation method above, with an inoculum volume of 3 μl. 
Each pseudo-replicate within a block was inoculated with 
the same source of inoculum. Conidial germination rate 
of the inoculum was determined as described above and 
ranged between 50 and 99% for different inoculation days.

The first measurements of lesion length were con-
ducted 21 and 23 dpi for the top and bottom inoculation 
points respectively. Developing lesions were thereafter 
measured weekly for 7 weeks.

Detached shoot experiment
The phenotyping of detached shoots was repeated in 2 
years, with three replicate shoots/year. For each experi-
ment, one-year dormant shoots were collected from trees 
of each of the members of the multiparental population. 
Shoots were collected from three different trees, to avoid 
pseudo-replication. All shoots were 60 (±10) cm long. The 
shoots were wrapped in damp tissue paper and stored at 

4 °C until the start of each experiment, when they were 
placed in wet floral foam (Oasis®) in large trays. The shoots 
were regularly supplied with water but not nutrients.

The experiments were carried out between February–
May in year 1 (2017) and January–April in year 2 (2018) 
in a glasshouse compartment. Light and relative humidity 
were controlled in the same manner as for the potted tree 
experiment. Throughout the experiment the shoots were 
refreshed by cutting off approximately a centimeter at the 
bottom-ends with secateurs.

The inoculations of the two experiments were con-
ducted as per Gomez et al. [7] with a few modifications. 
Two leaf buds, the eighth and the fourteenth counting 
basipetally, were inoculated per shoot. An inoculum vol-
ume of 3 μl was pipetted onto each of the two leaf-scar 
wounds. Due to low lesion development following inocu-
lation in year 2, the leaf-scars were re-inoculated 28 days 
after the initial inoculation.

Lesion lengths were recorded weekly, using digital 
calipers, after the first symptoms appeared. The lesion 
lengths were measured in six assessments in year 1 
(between 23 and 58 dpi) and in seven assessments in year 
2 (between 27 and 70 dpi).

Phenotypic data
The area under the disease progression curve (AUDPC) 
was calculated for each genotype in the potted tree and 
detached shoot experiment using the R package ‘agri-
colae’ [38], whereas lesion size at five, eight and eleven 
mpi were used for the analysis of the field experiment. 
Cumulative data were used for the potted tree and 
shoot experiment rather than individual time-points 
as these experiments were carried out within a limited 
time-frame, and no differences were therefore expected 
between time-points.

Spatial corrections were assessed for the field and 
potted tree experiment using the package ‘SpATS’ in 
R (version 4.0.4; R Core Team, 2013) to remove vari-
ation due to tree position [39]. In the SpATS model, 
genotype and replicate were included as fixed effects 
and spatial coordinates within the field/glasshouse 
compartment (row and column) were included as ran-
dom effects. Best Linear Unbiased Estimates (BLUEs) 
for each genotype were thereafter generated using the 
SpATS model. BLUEs for the detached shoot experi-
ment were obtained with the R package ‘lme4’ [40] with 
genotype, year and lesion position as fixed effects, while 
tray nested within replicate were included as random 
effects. Broad sense heritability  (H2) was calculated in 
SpATS. All data were either log or arcsin transformed 
to ensure a normal distribution of residuals in the esti-
mation of BLUEs. Back-transformed values were used 
for the analysis in FlexQTL for all phenotypes except 
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%HTA and %CB, which remained arcsin transformed 
due to being skewed towards 100%.

Principal component analysis was performed using the 
function ‘prcomp’ in R, using scaled and centred BLUEs 
for each phenotypic trait.

Genotypic data
DNA was extracted from flash-frozen leaf tissue of all 
genotypes in the multiparental population, including 
their parents and progenitors (Fig.  1). The DNA was 
extracted using EconoSpin® All-In-One Silica Membrane 
Mini Spin Columns (Epoch Life Science) according to 
the protocol for the DNeasy plant mini kit (Qiagen). The 
buffers used for extraction were according to Lamour 
and Finley [41].

The population was genotyped on the Illumina Infin-
ium® 20 k SNP array [42]. The genotypes for each marker 
were assigned using GenomeStudio Genotyping Module 
2.0 (Illumina). A subset of SNPs were selected after filter-
ing by the software ASSisT [42] and based on the absence 
of null-alleles in a previous set of 25 mapping popula-
tions and 400 pedigreed cultivars and breeding selections 
studied in the EU FruitBreedomics project [43]. SNP 
data curation and haplotype assignment were carried 
out according to Vanderrzande et al. [44]. Approximately 
6000 SNP markers passed the quality control and were 
used to form 1083 haploblocks, distributed with 1 cM 
spacing across all chromosomes.

QTL analysis
The QTL analysis was performed through Markov 
chain Monte Carlo (MCMC)-based Bayesian approach 
as embedded in the software FlexQTL™ (www. flexq tl. 
nl) as described by Bink et al. [18, 45–47]. The probabil-
ity model used in the software is described in Bink et al. 
[18]. The analyses were conducted using haplotype data, 
phenotypic BLUEs and a consensus genetic linkage map 
based on 21 full-sib families [48]. Each QTL analysis had 
a MCMC chain of 200,000 iterations with a thinning of 
200. The effective sample size in the parameter file was 
set to 100. To ensure reproducible results, multiple Flex-
QTL™ runs were conducted. Additional runs were made 
with different settings for 1) starting seed, 2) allowed 
maximum number of QTLs included in models (5, 10), 
3) prior for expected number of QTLs (3, 5). QTL effects 
were set to being additive with a normal prior distribu-
tion and a (co) variance matrix with a random, diagonal 
structure. QTL positions were reproducible across the 
different settings. Furthermore, all the runs converged, 
and had effective chain size > 100 for all parameters [18]. 
Results are shown from the FlexQTL™ run with 10 maxi-
mum QTL and a prior of 5 QTL.

Two times the natural log of Bayes factors (2lnBF) 
was generated by FlexQTL™ and used to determine the 
level of significance of a QTL, where a 2lnBF of > 2, 5, 
and 10 indicates a positive, strong, or decisive presence 
of a QTL, respectively [18, 46, 47]. QTLs are assumed to 
be true if they had at least strong evidence for one QTL 
against no QTL on that linkage group (LG) within one 
experiment, or if they had at least positive evidence in 
two or more independent phenotyping experiments.

The QTL intervals were defined as regions covered by a 
continuous set of 2 cM bin intervals with 2lnBF > 2. QTL 
intervals are reported for any QTL with at least positive 
evidence.

The proportion of phenotypic variation explained 
by each assumed true QTL was calculated using Flex-
QTL™ output and the formula:  h2 = V QTL/V P, where V 
QTL = additive variance of a QTL and V P = total pheno-
typic variance.

Haplotype analysis
The effect of single haplotypes on the canker phenotype 
at different time-points was estimated as follows. The size 
of haploblocks was reset in FlexQTL so that no recom-
binations occurred within assigned haploblocks in the 
multiparental population. The significance of haploblocks 
within the QTL regions was assessed in the software 
ASReml-R Version 4 (VSN International Ltd) to compare 
haplotype effects across time-points. A REML-analysis 
with the following model was used to test the significance 
of QTL-haploblocks:

where y is a vector of observed BLUEs, X is the inci-
dence matrix of fixed effects, b is a vector of fixed effects 
(in this case maternal/paternal haplotype), a is the vec-
tor of random effects (apple genotypes), Z is the design 
matrix of random effects and e is the residual error. The 
covariance structure for genotype effect was calculated 
using genomic information (i.e. N (0, Gσa 2)), where σ2a 
is the additive genetic variance and G the genomic rela-
tionship matrix. The genomic relationship matrix was 
constructed in R-package rrBLUP [49]. An inverse of 
the genomic relationship matrix was used in the asreml 
model.

The degree by which a haploblock can explain observed 
phenotypic variation was tested for each haploblock 
within the QTL region using a Wald statistic on the 
asreml-model. Maternally and paternally inherited hap-
loblocks were tested separately. The haploblock with 
lowest p-value for each QTL was selected for further 
analysis.

The model above is expected to identify in which 
haploblocks the parental genotypes are segregating. 

y = µ+ Xb+ Za + e,
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However, it does not fully estimate the effect of haplo-
types that may have been inherited from both maternal 
and paternal parents. Therefore, the number of copies of 
each haplotype (0, 1 or 2) within the selected haploblocks 
was included as a single fixed effect in the asreml-model 
described above. Only full-sib families were included in 
the haplotype analysis.

Validation of haploblock effects
Disease phenotypes from 145 progeny resulting from 
the cross ‘Golden Delicious’ x ‘M9’ (GDxM9) were used 
to validate the effect of identified haploblocks. The cross 
progeny was phenotyped for resistance to N. ditissima in 
two separate detached shoot experiments and one pot-
ted tree experiment, as described above. Three replicate 
shoots were phenotyped in each of the two detached 
shoot experiments, whereas two replicate trees were 
used in the potted tree experiment. The lengths of can-
ker lesions were measured in seven assessments in the 
detached shoot experiments (between 15 and 59 dpi) and 
in six assessments in the potted tree experiment (between 
12 and 66 dpi). Marginal AUDPC means for each geno-
type was calculated using R-package ‘emmeans’ from a 
linear model with replicate and year as fixed effects. The 
genotyping and haplotype phasing of the GDxM9 family 
was performed as described for the multiparental popu-
lation. A linear model was used to test the significance of 
each haplotype on AUDPC for each haploblock. A multi-
QTL linear model with all of the significant haplotypes 
was thereafter fitted for both experiments to estimate 
variance attributed to each haplotype.
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Abstract 

 

The fungal pathogen Neonectria ditissima causes wood cankers on a wide range of 

dicotyledonous species and is a major disease threat to apple production globally. Despite the 

importance of this disease, the molecular basis of the quantitative resistance in Malus is largely 

unknown. A transcriptome analysis of RNA sequencing data from infected stems was used to 

assess the response of apple to a single isolate of N. ditissima. The analysis was performed on 

two partially tolerant cultivars; the scion variety ‘Golden Delicious’ and the rootstock cultivar ‘M9’. 

Results show that >5,000 genes were differentially expressed in each of the two cultivars during 

fungal infection. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genome (KEGG) and 

protein family (PFAM) enrichment analyses of the differentially regulated genes suggest that 

secondary metabolism, hormone signalling, pathogen recognition, and metabolism of sugar and 

carbon are involved in the response to infection. Furthermore, we conducted a comparative 

transcriptome analysis of full-sibling apple genotypes carrying resistant (QTL-R) and susceptible 

(QTL-S) alleles at six resistance QTL to study the genetic mechanisms underlying quantitative 

resistance to this wood pathogen. The candidate gene search revealed differential expression of 

genes functioning in pathogen recognition, secondary metabolism, and detoxification within the 

QTL intervals. This study highlights the global shifts in expression patterns caused by European 

canker infection and identifies putative resistance genes which may play a role in quantitative 

resistance to N. ditissima in apple. 
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Introduction 

 

European canker, caused by the fungal pathogen Neonectria ditissima, is a highly destructive 

disease in apple (Malus x domestica) growing regions, especially those with moderate 

temperatures and high precipitation (Weber, 2014). N. ditissima is foremost a wood pathogen, 

infecting through any type of wound on the branches or stem of the host,  and thereafter spreading 

through the vascular system (Ghasemkhani, 2015). The fungus has a wide host range and is able 

to infect a large number of broad-leaved tree species (Walter et al., 2015).  

 

A transcriptome study of the predicted secretome of N. ditissima during infection of an apple host 

has provided insight into the infection strategy of this pathogen (Gómez‑Cortecero, 2019). The 

fungus was shown to express and potentially secrete a large number of carbohydrate-active 

enzymes (CAZymes) and had a high expression of glycoside hydrolase relatives which are 

involved in the degradation of polygalacturonan and xylan. Toxic secondary metabolites are 

important virulence factors for many fungal diseases with a necrotrophic lifestyle, and N. ditissima 

was shown to harbour a range of genes involved in secondary metabolism, a subset of which 

were highly expressed during infection (Gómez‑Cortecero, 2019).  

 

Host resistance to N. ditissima is an important component in the management of this pathogen, 

as cultural methods and fungicides offer little control to the establishment and spread of the 

disease. Despite this, there is limited information on the response of the host apple plants to 

infection nor is there information on the resistance mechanisms involved in limiting the spread of 

the disease. Reported sources of resistance to N. ditissima in Malus are all of quantitative nature 

( Bus et al., 2021;  Bus et al., 2019; Gómez‑Cortecero et al., 2016; Karlström et al., 2022; Skytte 

af Sätra et al., 2023). Multiple Quantitative Trait Loci (QTL) with small to moderate individual 

effects (4.3-19%) were shown to be involved in resistance to the disease in apple scion 

germplasm (Karlström et al., 2022). This suggests that the current resistance to European canker 

in apple is under polygenic control. The underlying molecular basis of Quantitative Disease 

Resistance (QDR) is poorly understood; by comparison the majority of described resistance (R) 

genes have been shown to belong to the nucleotide-binding site leucine-rich repeat (NLR) family  

(Araújo et al., 2019). QDR has been associated with genes performing a range of molecular 

functions, including kinases, WRKY-type transcription factors, zinc-finger proteins, lignin 

synthesis proteins, in addition to NLRs (Nelson et al., 2018). Plant membrane-bound receptors 
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with extracellular domains have also shown to play a central role in QDR in many plant-pathogen 

interactions as they are able to detect pathogen-derived ‘non-self’ patterns (Kaur et al., 2022). 

This type of immune receptors include a broad range of proteins, such as receptor-like kinases 

(RLKs), receptor-like proteins (RLPs), lysin motif (LysM)-containing receptors, lectin-containing 

receptors and wall-associated kinases (WAKs) (Stephens et al., 2022).  

 

A study on the apple host response to Valsa mali, a necrotrophic fungal pathogen with a similar 

mode of infection and biology to N. ditissima, has shown that infection of V. mali triggers gene 

expression in pathways related to plant-pathogen interaction, plant hormone signal transduction, 

flavonoid biosynthesis, and phenylpropanoid biosynthesis (Xiaojie Liu et al., 2021). These 

biochemical pathways are known to play a vital role in how plants defend themselves towards 

pathogens (Kaur et al., 2022). Canker pathogens in poplar have been shown to induce similar 

host responses (Liao et al., 2014; Li et al., 2019), and we therefore hypothesise that apple trees 

infected with European canker will show a similar suite of responses. 

 

In order to study the global gene expression patterns induced by N. ditissima, we investigated the 

transcriptomic response of one apple scion  and one rootstock cultivar upon infection. The apple 

scion cultivar ‘Golden Delicious’ is partially tolerant to European canker (Garkava‑Gustavsson et 

al., 2013; Karlström et al., 2022) whereas the rootstock ‘M9’ EMLA has a lower tolerance to the 

disease but is not completely susceptible (Bus et al., 2019; Karlström et al., 2022). To further 

elucidate the genes underlying QDR in the apple-Neonectria interaction we compared additional 

transcriptomes of 25 segregating progeny based on the presence/absence of specific single 

nucleotide polymorphism (SNP)-haplotypes at six genetic loci which have been linked to tolerance 

to European canker in earlier work (Karlström et al, 2022). The individuals in the studied full-

sibling family were derived from one of the crosses used by Karlstrom et al for QTL identification 

(‘EM Selection-4’ x ‘Gala’), Gala being an offspring of ‘Golden Delicious’ and therefore related 

through pedigree. 
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Materials and methods 

Plant material 

‘Golden Delicious’ and ‘M9’ EMLA were grafted onto ‘M9’ EMLA rootstocks at NIAB, East Malling. 

The trees were maintained in pots in an unheated greenhouse and irrigated weekly. Twelve 

replicates of each cultivar were propagated.  

 

For the purpose of candidate gene identification, 25 progeny from a cross between ‘EM-Selection 

4’ x ‘Gala’ as well as the two parents were grafted in six replicates on ‘M9’ EMLA rootstocks at 

NIAB, East Malling. The trees were kept in an unheated polytunnel and drip-irrigated for the full 

duration of the experiment. No trees showed symptoms of canker prior to the experiment.  

Artificial inoculation with Neonectria ditissima and sampling 

At the end of July, six months after grafting, the ‘Golden Delicious’ and ‘M9’ trees were moved to 

a chilled glasshouse four days prior to being inoculated. The order of plants in the glasshouse 

was randomised. The glasshouse conditions were the following: temperature 15-25℃, relative 

humidity ≥80%. Misting lines were installed under the benches with trees on top in order to 

maintain the humidity.  These were equipped with 360° misting units spraying water for one 

minute at ten minute intervals. Three replicate trees of ‘Golden Delicious’ and ‘M9’ were 

inoculated with either a spore suspension or with a control consisting of water (suppl. Fig. 1).  

 

The progeny trees were artificially infected in the unheated polytunnel in December, 11 months 

after grafting. Four replicate trees of each genotype were inoculated with N. ditissima spore 

suspension and two trees inoculated with a water control (suppl. Fig, 1).  

 

Inoculations and the preparation of inoculum were performed as per Gomez-Cortecero et al. 

(2016). A single spore isolate of N. ditissima, Hg199, was used. Each tree was inoculated by 

removing two leaves and the corresponding axillary bud with a scalpel and thereafter adding the 

spore suspension/water to the wound with a pipette. Only the top infection-point was used for 

sequencing. 

 

Samples from ‘Golden Delicious’ and ‘M9’ were collected at 25 days post-inoculation, by which 

time symptoms had appeared for all inoculated trees (Gomez-Cortecero, 2019). Progeny trees 
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were sampled four months post-inoculation, when most of the inoculated trees showed 

symptoms. The trees were at the same phenotypic disease stage in both experiments. Stem 

samples included transverse tissue sections from the cortex, phloem, cambium and xylem of each 

tree. Two samples were collected per inoculation point for ‘Golden Delicious’ and ‘M9’; one 

sample was collected at approximately 0.5 cm distance from the leading edge of any developing 

canker lesion (P1), a second stem section was collected 0.5 cm from P1 (P2). Control plants and 

progeny trees were only sampled at 0.5 cm from the point of inoculation (suppl. Fig 1).  All samples 

were taken apically in relation to the point of inoculation. Samples were flash frozen upon 

collection and stored at -80℃ until RNA extraction. 

RNA-extraction and transcriptome sequencing 

The frozen stem samples were ground using DEPC-treated pestle and mortars in the presence 

of liquid nitrogen. Total RNA was isolated using Qiagen RNeasy Plant Mini Kit (Qiagen Inc., 

Valencia, CA) according to instructions from the manufacturer.  

 

For ‘Golden Delicious’ and ‘M9’, two samples were sequenced for each inoculated tree: P1 and 

P2. One sample per tree was sequenced for progeny trees and control trees (P1). Sequencing 

was performed by Novogene (Novogene, Hong Kong and Cambridge) on Illumina HiSeq 4000.  

The presence of N. ditissima in the RNA of the P2 samples was confirmed by Reverse 

Transcriptase Polymerase Chain Reaction (RT-PCR) using specific primers of N.ditissima from  

the β-tubulin gene, Bt-fw135/Bt-rw284 as per (Ghasemkhani et al., 2016). 

Processing of sequence data and genome alignment 

Adaptor sequences and low-quality data were removed from sequencing reads using fastqc-mcf 

(Aronesty, 2013). RNA-seq data quality was evaluated using the quality control tool FastQC 

version 0.10.1 (Andrews, 2010).  Quantification of the expression of transcripts was done using 

Salmon version 0.9.1 (Patro et al., 2017) using the ‘Golden Delicious’ transcriptome GDDH13 

version 1.1. Salmon works by mapping RNA-seq data directly to a given transcriptome using a 

quasi-mapping approach (Srivastava et al., 2016) for a fast and accurate quantification of 

transcript-level abundance. Transcripts from ‘Golden Delicious’ and ‘M9’ were also aligned to  a 

transcriptome of N. ditissima isolate Hg199 for quantification (Gomez-Cortecero, 2019). 



7 
 

Analysis of differentially expressed genes in ‘Golden Delicious’ and ‘M9’ 

Differential expression (DE) analysis was performed in R (R version 4.0.4 ) using packages edgeR 

(Robinson et al., 2010) and limma (version 3.52.1,  Law et al., 2014; Phipson et al., 2016). 

Initially, transcripts with low expression in the experimental samples were removed from the 

dataset in edgeR. edgeR was also used to calculate normalisation factors. Differential expression 

analysis was conducted by using function voom in package limma. Voom transforms raw counts 

to log2 counts per million reads (CPM), incorporating the normalisation factors. P1 and P2 

samples were compared separately to the controls due to a lack of independence between the 

samples from the same tree. Multidimensional scaling (MDS) plots were used to visually inspect 

the clustering of samples. A cultivar specific term was included in the contrasts to understand 

whether N.ditissima infection had the same effect on gene expression in both cultivars. The 

cultivar specific term was modelled as: (“Inoculated Golden Delicious” -  “Control Golden 

Delicious”) - (“Inoculated M9” - “Control M9”). Thresholds of log2 Ratio | ≥ 1 and a Benjamini-

Hochberg (BH) adjusted p-value of ≤ 0.05 were used to determine if a gene was to be considered 

DE. Visualisations of expression data are shown as log fold change (LFC) in CPM. The gene 

functions shown in figures are from predicted genes in the apple genome GDDH13 version 1.1. 

Functional annotation and enrichment analysis 

Predicted genes in the GDDH1.1 genome were annotated with Gene Ontology (GO), Kyoto 

Encyclopedia of Genes and Genome (KEGG) and protein family (PFAM) terms. First, FASTA 

sequences for all genes were obtained from the Genome database for Rosaceae (Jung et al., 

2019). The gene annotation was thereafter performed in eggNOG-mapper 2.1.7  (Cantalapiedra 

et al., 2021).  

 

Gene set enrichment analysis of ‘Golden Delicious’ and ‘M9’ transcriptomes was performed in R, 

using package topGO (Alexa et al., 2016) for GO terms and clusterProfiler (Wu et al., 2021) for 

KEGG and PFAM terms. The list of background genes considered in the enrichment analyses 

was limited to genes that were expressed within the experiment. Terms with BH adjusted p-value 

of  ≤ 0.05 were considered to be enriched. Only KEGG pathways that were represented in M. x 

domestica in the KEGG PATHWAY Database (Kanehisa & Goto, 2000) are presented. 
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Identification of candidate genes within resistance loci 

Progeny from a cross between ‘EM Selection-4’ x ‘Gala’ were included in this study based on the 

presence/absence of specific SNP-haplotypes at six  genetic loci which have been linked to 

tolerance to European canker (Karlström et al, 2022). Individuals with the resistance allele are 

denoted QTL-R while those lacking the allele are denoted QTL-S. The resistant haplotypes are 

as described in Karlström et al (2022). Two additional haplotypes were included in this study (on 

chr 8 and 16, Table 1). They did not have a significant effect on canker phenotypes in the full 

population used in the previous study but  had a significant effect on disease spread in the family 

used for this study. 

 

The DE analysis to identify candidate genes within resistance QTL was carried out as described 

above, with two exceptions: 1) a correlation factor was added to the linear model fit in limma-

voom to allow for comparisons both within and between apple genotypes, 2) for each QTL two 

contrasts were defined: (QTL-S Control plants) - (QTL-R Control plants) and (QTL-S Inoculated 

plants) - (QTL-R Inoculated plants). Hence extracting one list of DEGs for non-infected plants and 

one list for plants inoculated with N. ditissima. The analysis did not differentiate between 

individuals with one or two copies of the resistance allele.  

 

The DEGs for each QTL were reduced to only include transcripts with a genome position within 

the QTL interval. The physical position of the QTL regions were defined by the genome position 

of the boundary SNPs identified in Karlström et al (2022).  

 

Independent validation of candidate genes was performed by examining whether they were DE 

in ‘Golden Delicious’ and ‘M9’ in a comparison between control and inoculated plants carried out 

in a separate experiment. ‘Golden Delicious’ was used as a parent for QTL discovery by Karlström 

et al (2022) and has at least one copy of each haplotype associated with the resistance QTL 

(Karlström et al., 2022), whereas the effect of the ‘M9’ SNP-haplotypes is unknown. InterPro 

(Paysan‑Lafosse et al., 2023) was used to provide further information on putative gene function 

for validated genes. 

 

Results 
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Transcriptome profiling of apple trees upon N. ditissima infection using RNA-

Seq 

We sequenced the transcriptome of two moderately canker tolerant apple cultivars (‘Golden 

Delicious’ and ‘M9’) during infection with N. ditissima, to study the host response to this pathogen. 

The average number of reads mapped to the ‘Golden Delicious’ genome were 48 and 49 million 

for infected and uninfected trees of ‘Golden Delicious’ and 46 and 51 million for infected and 

uninfected trees of ‘M9’, respectively. The number of genes which were expressed in any sample 

in the experiment was 36,802 (79% of the predicted genes in the genome). A transcript 

quantification of the number of genes mapping to N. ditissima showed a total of 33 million mapped 

reads in the proximal samples and 180,000 in the distal samples. 

 

Full-sibling progeny segregating for resistance QTL to N. ditissima were also subject to 

transcriptome profiling, in order to identify candidate genes underlying the QTL. For the progeny 

samples, a mean library size of 18.5 Mb was obtained and 33,167 transcripts were retained after 

filtering out transcripts with low expression. A total of 146 samples were included in the final 

analysis after the removal of samples from infected trees that never developed symptoms and/or 

showed an unusual MDS clustering compared to other replicates of the same genotype.  

Differentially expressed genes in ‘Golden Delicious’ and ‘M9’ 

Venn diagrams with the number of differentially expressed genes (DEGs) for the proximal (P1) 

and distal (P2) sampling position are shown in  Figure 1. ‘Golden Delicious’ had 5,180 DEGs 

compared to the control of the same variety at P1. The number of DEGs in ‘M9’ was 5,011. A 

comparison of DEGs at P1 indicated that 1742 unique genes were DE in ‘Golden Delicious’ and 

1,501 transcripts were uniquely DE in ‘M9’ upon infection (Fig. 1).  There was a significant cultivar 

specific direction of expression for 12 of the DEGs at P1, that is a gene where the direction of 

regulation is opposite between cultivars or a much larger change in one cultivar from the control. 

 

A smaller number of genes were DE in P2. There were 2,149 DEGs in ‘Golden Delicious’,whereas 

the number of DEGs in ‘M9’ was smaller, only 913. There was no significant cultivar specific 

pattern in gene expression for the two varieties at P2.  
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Figure 1. Apple (Malus x domestica) trees infected with Neonectria ditissima show differential 

gene expression compared to the control. Venn diagrams showing A) DEGs in tissue samples 

taken at 0.5 cm beyond the leading edge of symptomatic tissue (P1), B) DEGs in tissue samples 

taken at 1 cm beyond the leading edge of symptomatic tissue (P2). The number in the bottom-

right corner of each venndiagram shows the number of expressed genes for which there was no 

significant difference between inoculated and control samples.  
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Gene ontology enrichment analysis 

Out of the predicted genes expressed in this experiment 47% could be annotated with GO terms. 

The GO enrichment analysis identified key biological processes and molecular functions 

overrepresented among DEGs. The largest number of significantly enriched GO terms (q ≤ 0.05) 

were found in ‘M9’ P1 with 73 terms enriched, whereas 57, 31 and 12 terms were enriched in 

‘Golden Delicious’ P1, ‘Golden Delicious’’ P2 and ‘M9’ P2, respectively. The 15 most significantly 

enriched GO terms for all four conditions are shown in Figure 2 (only 12 are shown for ‘M9’ P2). 

The full list of enriched terms is presented in Supplementary Table 1.  

 

The three GO terms: ‘response to wounding’ (GO:0009611), ‘response to drug’ (GO:0042493), 

and ‘glutathione metabolic process’ (GO:0006749) were among the top five most significant 

groups in all conditions apart from ‘Golden Delicious’ P2. However, response to wounding and 

glutathione metabolism were also significantly enriched in ‘Golden Delicious’ P2 (Supplementary 

Table 1). 

 

Several pathways related to sugar metabolism were significantly enriched in infected trees: 

fructose 1,6-bisphosphate metabolism (GO:0030388), sucrose biosynthesis (GO:0005986), 

fructose 6-phosphate metabolism (GO:0006002) gluconeogenesis (GO:0006094),  fructose 

metabolism (GO:0006000). Out of these, the first three terms were significantly overrepresented 

in ‘Golden Delicious’ P1 and P2 as well as ‘M9’ P1. In contrast, gluconeogenesis and fructose 

metabolism were only overrepresented in ‘Golden Delicious’.  

KEGG pathway enrichment 

A total of 28% of the predicted genes expressed in this experiment could be annotated with KEGG 

pathway terms. Significantly enriched (q ≤ 0.05) KEGG terms are shown in Figure 3 and 

Supplementary Table 2.  ‘Golden Delicious’ had 37 and 20 significantly enriched pathways at 

sampling position P1 and P2, respectively. In contrast, ‘M9’ had 37 and 11 significantly 

overrepresented KEGG terms at sampling position P1 and P2, respectively.  

 

A number of significantly enriched KEGG categories are part of the biosynthesis of secondary 

metabolites (e.g phenylpropanoid (ko00940), flavonoid (ko00941) and stilbenoid, diarylheptanoid 

and gingerol biosynthesis (ko00945)) or metabolism of terpenoids and polyketides(e.g zeatin 
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(ko00908), monoterpenoid (ko00902) and sesquiterpenoid and triterpenoid biosynthesis 

(ko00909)).  

 

Pathways within the processing of environmental information were significantly overrepresented 

in infected samples.  The KEGG pathways ABC transporters (ko02010) and plant hormone signal 

transduction (ko04075) were significantly enriched in all four types of samples, whereas the 

Mitogen-activated protein kinase (MAPK) signalling pathway (ko04016) was only enriched at P1. 

Genes within plant-pathogen interaction (ko04626) were only significantly overrepresented in 

‘Golden Delicious’ at P1.  

Protein family enrichment 

PFAM enrichment was conducted due to the low annotation rate of GO and KEGG terms. A total 

of 79% of the predicted genes expressed in the experiment could be annotated with a PFAM 

domain. Significantly enriched PFAM terms are shown in Supplementary Table 3 and the 20 

protein families with the smallest q-value are shown in Figure 4. The number of overrepresented 

protein families were 103, 49, 111 and 34 for ‘Golden Delicious’ P1, ‘Golden Delicious’ P2, ‘M9’ 

P1 and ‘M9’ P2, respectively.  

 

The most significant PFAM term in both P1 and P2 for ‘Golden Delicious’ was UDP-

glycosyltransferase (UDPGT, abbreviated UGT), with 84 and 45 DEGs of 192 annotated genes, 

respectively. This term was also significantly enriched in both sampling positions of ‘M9’, where 

73 and 23 genes were differentially expressed in P1 and P2, respectively.  

 

Fructose-1,6-bisphosphatase (FBPase) had the largest percentage DEGs out of the total 

annotated genes in ‘Golden Delicious’ P1 (10 out of 12 genes) and P2 (10 out of 12 genes) and 

‘M9’ P1 (8 out of 12 genes). However, this term was not enriched in ‘M9’ P2. 

 

There was evidence of a significant overrepresentation of genes with a potential  involvement in 

pathogen recognition and plant immunity. The plant pathogenesis-related (PR) protein family 

PR10/Bet v 1 was significantly enriched in all four conditions. Out of the 25 DEGs with PR10 

motifs, 68% were predicted to belong to the major latex-like protein (MLP) subfamily, of which a 

majority were up-regulated upon infection. Genes containing domains specific to leucine rich 

repeats (LRR_4) and salt-stress and antifungal activity (Stress-antifung) were overrepresented in 

both cultivars at P1 but not at P2. Out of the 35 DEGs annotated ‘Stress-antifung’, 71 % were 
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predicted to be cysteine-rich RLKs. Among the 48 DEGs annotated with the protein family domain 

‘LRR_4’, 23% were predicted to be leucine-rich RLKs (LRR-RLKs) and 38% leucine-rich repeat 

protein kinases. Genes containing a lysin motif (LysM), which are known to be involved in the 

recognition of fungal chitin, were significantly enriched in ‘Golden Delicious’ P1  (q=0.027) but not 

in any of the other sampling conditions. Twelve of the 35 genes annotated as LysM-containing 

were differentially expressed in ‘Golden Delicious’ at P1. The protein family B-lectins was 

significantly enriched in all conditions apart from ‘M9’ P2. Out of the 74 DEGs annotated as B-

lectins, 58% were putative S-locus lectin protein kinases. 

 

Several of the overrepresented protein domains (GST_C, GST_C_2, GST_N and GST_N_3) are 

associated with Glutathione S-transferases (GSTs).  
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Figure 2. Dot plot showing significantly enriched GO terms. The top 15 GO terms with the smallest q-value from all four sampling 

conditions are plotted in order of percent annotated genes that are differentially expressed (only 12 terms were significant for ‘M9’ P2).  

The shape of the dots represents the sampling position in relation to the symptomatic tissue, size of dots represents the number of 

genes in the significant DE gene list associated with the GO term and dot colour signifies the q-value of the GO term. 
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Figure 3. Dot plot showing significantly enriched KEGG terms. All significant KEGG terms from all four sampling conditions are plotted 

in order of percent annotated genes that are differentially expressed  The shape of the dots represents the sampling position in relation 

to the symptomatic tissue, dot colour signifies apple cultivar and the size of dots represents the number of genes in the significant DE 

gene list associated with the KEGG term.  
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Figure 4.  Dot plot showing significantly enriched PFAM terms. The top 20 most significant PFAM 

terms from all four sampling conditions are plotted in order of percent annotated genes that are 

differentially expressed.  The shape of the dots represent the sampling position in relation to the 

symptomatic tissue and the size of dots represent  the number of genes in the significant DE gene 

list associated with the PFAM term.  

Secondary metabolites 

The enrichment analyses indicated that a number of genes involved in secondary metabolism are 

differentially regulated upon infection with N. ditissima. Among DEGs associated with secondary 

metabolite biosynthesis (GO:0044550), approximately half were up-regulated (57 DEGs) and half 

down-regulated (64 DEGs) as a response to the pathogen infection (Figure 5A). In the KEGG 

enrichment analysis the phenylpropanoid pathway (ko00940) was the most statistically significant 

secondary metabolite pathway in all samples (Suppl. Table 2). A total of 61% of DEGs with a 

potential role in this pathway had an increased abundance as a response to infection with N. 

ditissima (Figure 5B). Out of the 148 DEGs annotated to the phenylpropanoid pathway 44 were 

predicted to be peroxidases, of which approximately half were up-regulated in the infected 

samples. Three domains associated with the multicopper containing oxidase protein family (Cu-

oxidases) were significantly enriched in both cultivars at P1, but not at P2 (Supplementary Table 

3). Two-thirds of the 90 DEGs annotated to these protein families were predicted to be laccases.  

 



17 
 

The GO term for suberin biosynthesis (GO:0010345) was significantly enriched at both sampling 

positions of ‘Golden Delicious’ but not in ‘M9’. Suberin is a polymer found in specialised cells, e.g. 

the cork cells in bark (Bernards et al., 2004). At both positions 14 of 33 expressed genes 

annotated with the term were differentially expressed. All were downregulated. 

Plant pathogen interaction 

The fold-change expression of DEGs annotated with the KEGG term ‘Plant Pathogen Interaction’ 

(ko04626), a term that was only significantly enriched in ‘Golden Delicious’, are shown in Figure 

6. The subset of 36 genes that were only DE in ‘Golden Delicious’ are shown in Figure 6B. Sixteen 

of these genes were up-regulated in ‘Golden Delicious’, as a result of the infection with N. 

ditissima, including a predicted CC-NBS-LRR class disease resistance protein which had an six-

fold increase in expression in P1 compared to the control plants (MD07G1251200). A further 20 

genes were only significantly down-regulated in ‘Golden Delicious’, among which were seven 

cyclic nucleotide gated channel proteins for which transcript abundances were reduced between 

2.3 to 4.9 fold.  
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Figure 5. Heatmap and clustering of the average log2 CPM fold change in expression for 

differentially expressed genes involved in A) secondary metabolite biosynthesis and B) the 

phenylpropanoid pathway.  “GD P1” = ‘Golden Delicious’ sampling position P1, “GD P2”= ‘Golden 

Delicious’ sampling position P2, “M9 P1”= ‘M9’ sampling position P1, “M9 P2”= ‘M9’ sampling 

position P2. The dendrogram shows unsupervised hierarchical clustering of rows. 
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Figure 6. Heatmap and clustering of the average log2 CPM fold change in expression for plant-

pathogen interaction associated genes (ko4626) for a) all differentially expressed  (DE) genes 

and b) the subset of genes that are DE exclusively in ‘Golden Delicious’.  “GD P1” = ‘Golden 

Delicious’ sampling position P1, “GD P2”= ‘Golden Delicious’ sampling position P2, “M9 P1”= ‘M9’ 
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samping position P1, “M9 P2”= ‘M9’ sampling position P2. The dendrogram shows unsupervised 

hierarchical clustering of rows. 

Identification of candidate genes within resistance loci 

Full-sib progeny from a cross between ‘EM-Selection 4’ x ‘Gala’ were grouped based on the 

presence/absence of resistance alleles at six QTL described in Karlström et al (2022, Table 1, 

Suppl. table 4).  The number of known resistance alleles for the QTL are also shown for ‘Golden 

Delicious’ and ‘M9’. ‘Golden Delicious’ was one of the parents of the population used for QTL 

discovery in the study, whereas ‘M9’ was not included as a parent. The comparison of QTL-R and 

QTL-S transcriptomes was conducted for plants infected with N. ditissima (sampling position P1), 

but also for control plants in order to deduce whether the candidate genes constitutively differed 

in abundance between the two groups. 

 

Table 2 shows a summary of the results from the DE analysis of the comparison of individuals 

with or without a resistance allele at each QTL.  All DEGs within the QTL boundaries are shown 

in Supplementary table 5. Figure 5 further highlights the DEGs with positions within the QTL 

regions identified by Karlstrom et al (2022) that were also differentially expressed upon infection 

in ‘Golden Delicious’ or ‘M9’. To note is that constitutively expressed genes would not be expected 

to be validated in ‘Golden Delicious’ or ‘M9’ as their expression is expected to be the same in 

control and infected plants. Below follows a description of selected DEGs in comparisons of QTL-

R and QTL-S trees, furthermore the presented transcripts were either: validated or had the same 

predicted gene function as a validated gene within the same QTL interval or had a predicted gene 

function as a disease resistance gene (Table 3, Fig. 5, Suppl. Table 6).  
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Table 1 QTL configuration for each genetic locus for the 27 apple genotypes that were included 

in the study as well as for ‘Golden Delicious’ and ‘M9’.   

 

 

Table 2 Summary of number of differentially expressed genes (DEGs) from the comparison of 

individuals with QTL-R or QTL-S allele for each of the six QTL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chr 
SNP haplotype 
associated with 

resistance 

No. of 
individual

s with 
resistanc

e QTL-
allele 

No. of 
individuals 

with no 
resistance 
QTL-allele 

Known 
resistance 

QTL-alleles in 
‘Golden 

Delicious’ 

Known 
resistance 

QTL-alleles in 
‘M9’ 

2 
HB2-Gala-R 

 
 

18 9 1 0 

6 HB6-shared-R 23 4 2 0 

8 
HB8-shared-R 

/HB8-36 
22 5 1 0 

10 HB10-shared-R1 23 4 2 0 

15 
HB15-shared-R 

 
18 9 1 0 

16 HB16-38 10 17 1 0 

QTL 

All chromosomes Within QTL interval 

Total no. of 
DEGs 

Total no. 
of DEGs 

DEGs in 
both 

control 
and 

infected 
plants 

DEGs in 
only 

control 
plants 

DEGs in 
only 

infected 
plants 

2 432 63 29 7 27 
6 116 17 6 1 10 
8 294 23 0 2 21 

10 83 18 5 4 9 
15 172 50 21 4 25 
16 149 24 7 8 9 
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DEGs within the QTL-region on chromosome 2 

Among the DEGs within the QTL interval on chr 2, there were 14  putative WAKLs (containing the 

PFAM domains GUB_WAK_bind and Pkinase_Tyr; (Suppl. table 6, Liu et al., 2021). Seven of 

these were constitutively higher expressed in QTL-S plants (i.e DE in both control and infected 

plants). The other seven were significantly higher expressed in QTL-R trees, but only upon 

infection (Table 3). Five of the WAKLs could be validated in expression data from ‘Golden 

Delicious’ or ‘M9’ (i.e were DE in one of these cultivars in response to infection, Fig 7, Table 3).  

 

A gene predicted to encode a zinc induced facilitator-like transporter (MD02G1267000) was DE 

in control plants, with QTL2-R having a 4.0 logFC compared to trees without the allele (Table 3). 

This gene could also be validated in ‘‘Golden Delicious’ and ‘M9’, which had an increase in 

transcript abundance upon infection. The protein encoded by this gene was predicted to function 

as a membrane transport protein in the Major facilitator superfamily or function in multidrug 

resistance. One gene encoding a cytochrome P450 (CYP) enzyme was DE in infected trees, with 

QTL2-S having >1.5 logFC compared to QTL2-R (Fig. 7). It also had a significantly increased 

expression in ‘M9’ upon infection.   

 

There were three DEGs putative NLRs within the QTL interval on chr 2; two NLRs with 

Toll/interleukin-1 receptor (TIR) domains (MD02G1260200 and MD02G1217100) and one with a 

coiled coil (CC) domain (MD02G1164500). The latter was DE in both control and infected plants 

and had a >2.5 logFC in QTL2-R. None of the three genes could be validated in ‘Golden Delicious’ 

or ‘M9’.  

DEGs within the QTL-region on chromosome 6 

The QTL interval on chr 6 had one putative UGT with logFC=3.7 in QTL6-R trees compared to 

QTL6-S. The gene, MD06G1103300, was DE in trees infected with N. ditissima. And was 

significantly up-regulated in ‘Golden Delicious’ upon infection. 

 

One gene annotated as a nuclear RNA polymerase had a higher expression in QTL6-S plants 

compared to QTL6-R (Table 3). The gene, MD06G1069800, was DE in infected plants and was 

down-regulated in ‘Golden Delicious’ trees infected with N. ditissima. 
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DEGs within the QTL-region on chromosome 8 

A putative Heavy metal associated isoprenylated plant protein (HIPP) (MD08G1026800) was 

significantly more abundant in infected QTL8-S trees compared to QTL8-R (Table 3). The gene 

had a significantly reduced expression in infected ‘Golden Delicious’ trees compared to the mock-

inoculated ‘Golden Delicious’ trees. Furthermore, a gene predicted to encode a jasmonic acid 

carboxyl methyltransferase (JMT) MD08G1027300 was DE in control plants, with QTL8-R having 

a larger number of transcripts compared to QTL8-S. The gene was significantly down-regulated 

upon infection in both ‘Golden Delicious’ and ‘M9’.  

 

Two genes with predicted functionality as a glutamate receptors (MD08G1048600) and a 

glutathione peroxidase (MD08G1055100) were DE in infected plants. Both were up-regulated in 

QTL8-R compared to trees without the resistance allele. Transcripts of these two genes were also 

significantly higher in infected trees of ‘Golden Delicious’ and ‘M9’ compared to the controls.  

 

MD08G1064100, predicted to encode a heat shock transcription factor, was DE in trees 

inoculated with N. ditissima. The gene was up-regulated in QTL8-S trees compared to trees with 

the QTL8-R allele. Furthermore, the gene was significantly down-regulated in ‘Golden Delicious’ 

and ‘M9’ in response to infection. 

 

There were three DEGs with functional annotations as disease resistance proteins within the QTL-

interval; two NLRs with TIR domains (MD08G1019600 and MD08G1020000) and one with a 

nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (NB-ARC) domain 

(MD08G1042700). All of them were DE in infected trees with a higher expression in trees with the 

QTL8-R allele. Neither could be validated in ‘Golden Delicious’ or ‘M9’.  

DEGs within the QTL-region on chromosome 10 

A putative NAC-transcription factor had a significantly higher expression in QTL10-R individuals 

(Table 3). This transcript also had a significant increase in abundance in infected trees of ‘M9’ 

and ‘Golden Delicious’ compared to the non-inoculated control.  

 

Three putative wall associated kinases (WAKs) were DE in the QTL interval on chr 10. 

MD10G1250000 and MD10G1251200 were constitutively higher expressed in QTL10-R, whereas 
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MD10G1250500 was also more abundant in QTL10-R but significantly so only in control plants 

(Table 3). None of the three WAKs could be validated in ‘M9’ or ‘Golden Delicious’ data.  

 

An additional four genes predicted to encode protein subunits of a coatomer protein complex were 

DE in infected plants. All were more highly expressed in QTL10-S plants compared to QTL10-R. 

One of these genes (MD10G1250100) was significantly down-regulated in ‘M9’ upon infection 

with N. ditissima.  

DEGs within the QTL-region on chromosome 15 

There were five predicted disease resistance proteins within the QTL interval on chr 15, three with 

NB-ARC domains and two NLRs. None of the disease resistance proteins were DE in ‘Golden 

Delicious’ or ‘M9’. 

 

One predicted ATP-binding cassette (ABC) transporter was significantly DE in control plants, with 

a 1.3 logFC in QTL15-R compared to QTL15-S trees (Table 3). This gene was also significantly 

up-regulated in ‘Golden Delicious’ and ‘M9’ when infected with N. ditissima.  

 

A predicted MYC/MYB transcription factor (MD15G1077600) was significantly more highly 

expressed in QTL15-S compared to QTL15-R in control plants, whereas no difference was found 

in infected trees. This transcript was significantly down-regulated in both ‘Golden Delicious’ and 

‘M9’ as a response to infection.  

DEGs within the QTL-region on chromosome 16 

There were two putative AMP-dependent synthetases among the DEGs within the QTL region on 

chr 16 (MD16G1112900 and MD16G1113000). Both were more highly expressed in QTL16-R 

plants compared to individuals without the resistance allele (logFC>2). However, MD16G1113000 

was significantly more highly expressed in both control and infected plants whereas 

MD16G1112900 was only significantly DE in infected trees. The expression of MD16G1112900 

was significantly higher in infected trees of ‘Golden Delicious’ and ‘M9’ compared to control. 

InterProScan identified the protein encoded by both genes to show similarities to 4-Coumarate-

CoA Ligases (4CL).  
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There were three DEGs within the interval functionally annotated as CYP enzymes. These genes 

were only significantly DE in control trees. Two of them, MD16G1104200 and MD16G1104300 

were more highly expressed in QTL16-S compared to QTL16-R (logFC>1.9), whereas the 

opposite was true for MD16G1116300 (logFC=3.2). The latter gene was significantly up-regulated 

in both  ‘Golden Delicious’ and ‘M9’ as a response to infection. 
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Discussion 

 

This study investigated the global expression profile of two apple cultivars, ‘Golden Delicious’ and 

‘M9’, during infection by the canker pathogen N. ditissima. By employing a RNA-seq approach we 

were able to elucidate the potential mechanisms involved in resistance to European canker in 

cultivated apple. Furthermore, we utilised individuals from a full-sibling family of apple to study 

the genetic mechanisms underlying QDR to this wood pathogen.  

Global trends in response to infection with N. ditissima 

The transcriptome analysis revealed that a large number of genes (>5,000) were differentially 

regulated in each of the cultivars ‘Golden Delicious’ and ‘M9’ at approximately a month after 

infection with N. ditissima.  Apple stem tissue was sampled at two distances from the canker 

lesion to compare expression profiles in cells adjacent to the symptomatic tissue as well as cells 

located at a further distance to the diseased tissue. 

 

Overall, a similar number of genes were DE in the two apple cultivars at P1. However, there was 

a substantial proportion of unique DEGs in each cultivar at P1; 34% and 31% for ‘Golden 

Delicious’ and ‘M9’, respectively. This indicates that a subset of different genes were activated in 

each cultivar due to infection, suggesting different repertoires of resistance responses in the two 

moderately tolerant cultivars. The use of two cultivars with a larger difference in resistance to 

European canker may have facilitated the identification of expression patterns specific to resistant 

cultivars.  

 

Whilst there were fewer DEGs at P2 the difference between cultivars was proportionally larger. 

This showed that a shift in expression appeared at a further distance from the point of infection in 

‘Golden Delicious’ compared to ‘M9’, with approximately 2,000 versus 900 DEGs in the respective 

cultivar at P2. The wider differential response in ‘Golden Delicious’ to N. ditissima infection may 

be indicative of a more rapid and/or more systemic response to the pathogen in this cultivar 

compared to ‘M9’. 

 

The enrichment analyses for genes annotated with different functional classes show that a range 

of molecular processes are affected as a result of N. ditissima infection. The protein family 

analysis indicated an enrichment  of genes involved in pathogen and chitin recognition, hormone 
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signalling, response and transport of toxins and xenobiotics, secondary metabolism as well as 

sugar and carbon metabolism. The results suggest that the host response to N. ditissima is 

mediated through a combination of pattern triggered immunity and effector triggered immunity 

(Jones & Dangl, 2006; Yuan et al., 2021). Pathogen recognition then activates hormone 

signalling and altered metabolism of sugars, carbon and secondary metabolites. The observed 

changes in genes associated with catabolism and transport of toxins and xenobiotics (e.g 

multidrug and toxic compound extrusion (MATE) family genes, GSTs) could either have a role in 

attenuating host induced oxidative stress and endogenous metabolites or the detoxification of 

toxins produced by the pathogen (Gullner et al., 2018; Shoji, 2014; Upadhyay et al., 2019). The 

percentage of genes that could be annotated with KEGG or GO terms was low (28 and 47%, 

respectively) which could potentially skew the enrichment analysis. However, the PFAM 

enrichment analysis described a similar picture and was based on a larger percentage of 

annotated genes (79%). 

 

The responses observed here are similar to what has been observed during infection of Valsa 

mali, another fungal pathogen causing cankers in apple, including pathways related to 

phenylpropanoid biosynthesis, starch and sucrose metabolism, plant-hormone signal 

transduction and plant-pathogen interaction (Liu et al., 2021).  

N. ditissima infection alters expression of genes involved in the 

phenylpropanoid pathway and lignification  

The phenylpropanoid pathway is responsible for the biosynthesis of a wide array of secondary 

metabolites derived from the deamination of phenylalanine to cinnamic acid by phenylalanine 

ammonia-lyase (PAL) (Dixon et al., 2002). Cinnamic acid is then further converted in order to 

produce the plant cell wall components lignin and suberin as well as coumarins, flavonoids and 

stilbenes. DEGs associated with the phenylpropanoid pathway were identified in both cultivars 

and sampling positions in this experiment, with 61% of those identified showing an increased 

abundance after infection. A third of the DEGs annotated to the phenylpropanoid pathway were 

peroxidases. Moreover, 60 DEGs were predicted to be laccases. Although peroxidases and 

laccases perform various functions in plants, both are involved in the polymerization of 

monolignols to form lignin (Dong & Lin, 2021). A cell-wall degrading enzyme (CWDE) from 

Botrytis cinerea was shown to alter expression of peroxidases and genes in the phenylpropanoid 

pathway as well as increase lignin content in tomato (Yang et al., 2018). Furthermore,  laccase 
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and peroxidase activity have been associated with altered lignification and resistance to plant 

pathogens for some time (Elfstrand et al., 2002; Hu et al., 2018; Soni et al., 2020; Yu et al., 

2020). A further support for the importance of the phenylpropanoid pathway in apple tolerance to 

N. ditissima is the identification of two putative 4CL genes (MD16G1112900 and MD16G1113000) 

within the QTL interval on chr 16.  Both genes were significantly more highly expressed in apple 

progeny with the QTL16-R resistance allele. 4CL is a key enzyme in the beginning of the 

phenylpropanoid pathway, in which it catalyses the conversion of hydroxycinnamates into 

corresponding CoA esters for biosynthesis of flavonoids and lignin (Sun et al., 2013). The activity 

of 4CLs, and the subsequent accumulation of lignins have previously been linked to plant 

pathogen resistance in multiple crops (Alariqi et al., 2023; Dhokane et al., 2016;  Li et al., 2021). 

Furthermore, two putative CYP genes were identified within the QTL regions on chr 2 and 16. 

CYPs belong to a large enzymatic gene family with important functions in the synthesis of 

secondary metabolites (Xu et al., 2015). Our results suggest that one of the responses in apple 

trees to N. ditissima infection is a shift in expression of phenylpropanoid pathway genes and 

altered lignin accumulation through peroxidase and laccase activity. However, further studies 

would be required to evaluate the relative importance of lignin biosynthesis and phenylpropanoids 

in quantitative disease resistance to European canker.  

Pathogen interaction 

The infection with N. ditissima altered the expression of a multitude of genes involved in pathogen 

recognition, including PRs, NLRs, RLKs, and genes with LysM-domains. Our results indicate that 

N. ditissima is recognised by the apple host by a combination of basal immunity and more 

specialised NLRs. Nevertheless, it is not clear whether the NLRs have a role in QDR or have 

been hijacked by the pathogen to function as susceptibility genes (Nelson et al., 2018).  

 

We identified several candidate genes with a role in pathogen interaction within QTL that have 

already been associated with resistance to N. ditissima in scion apple germplasm (Karlstrom et 

al., 2022). Clusters of putative WAKs and WAKLs were identified in the QTL intervals on chr 10 

and 2, respectively. WAKs are usually characterised by the three following domains; a 

serine/threonine kinase, an epidermal growth factor (EGF) and a galacturonan-binding (GUB) 

domain. Compared with WAK, WAKL usually lacks the extracellular EGF domain (Gou et al., 

2023). WAK/WAKL-genes are a sub-family of RLKs that function in plant growth and stress-

response and that in many cases acts as a positive regulator in plant immune response (Gou et 

al., 2023). Nevertheless there are examples of host-pathogen systems where WAKs have been 
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shown to negatively regulate host resistance (Delteil et al., 2016; Harkenrider et al., 2016; Liu et 

al., 2012). Furthermore, a genome-wide study of WAKs in apple showed these to be both 

positively and negatively regulated as a response to infection with V. mali, Alternaria alternata 

and Pythium ultimum (Zuo et al., 2018). There were three WAKs among the candidate genes 

within the QTL interval on chr 10. All of these had a significantly lower expression in trees with 

the resistant allele at QTL10. Furthermore, the gene was significantly down-regulated in ‘M9’ upon 

infection. A cluster of 14 putative WAKLs were identified as candidates underlying the QTL on chr 

2. Five of these WAKLs (MD02G1249500, MD02G1273500, MD02G1273700 and 

MD02G1254300) are particularly interesting as candidate genes as they were validated in the 

transcriptome data from ‘Golden Delicious’/’M9 and more highly expressed in apple trees with the 

QTL2-R allele.  

 

Several putative NLRs were DE in QTL regions on chr 2, 8, 15 and 16 when comparing individuals 

with or without a resistant allele at each QTL. However, the association of these genes to N. 

ditissima infection could not be confirmed in the transcriptome data from ‘Golden Delicious’ or 

‘M9’.  

Putative genes underlying observed variation in tolerance to N. ditissima  

Apple trees rely on quantitative resistance to combat infection with N. ditissima. We dissected 

seven QTL associated with QDR to European canker, in order to understand the mechanisms 

that underpin tolerance to this wood pathogen. In addition to the above mentioned roles of 

candidate genes in the phenylpropanoid pathway and pathogen interaction, genes with several 

other functions were identified. A putative UGTs were DE within the QTL interval on chr 6. The 

UGT gene family was also significantly enriched after canker infection in both ‘Golden Delicious’ 

and ‘M9’, and >38% of the genes annotated to this protein family were DE at the sampling 

positions closest to the pathogen lesion. UGT is a very large superfamily of enzymes in plants, 

which catalyse glycosidation. These enzymes have been linked to QDR in multiple species 

through the glycosylation of endogenous phytohormones, defensive compounds and other 

secondary metabolites but also by reducing the toxicity of pathogen derived xenobiotics (Gharabli 

et al., 2023). The UGT on chr 6, MD06G1103300, is particularly interesting as a candidate gene 

as it was strongly up-regulated in infected trees with the resistance allele on chr 6 (Fig. 5).  
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Transcription factors were identified as candidate genes within the QTL regions on chr  8 (heat 

shock transcription factor), 10, 15 and 16. This group of proteins are known to be important in the 

transcriptional reprogramming that occurs in response to pathogen infection (Amorim et al., 2017).  

 

Among the candidate genes within the QTL interval on chr 8 was a putative HIPP encoding gene, 

which had a lower expression in QTL-R trees. HIPP genes have been described as targets of 

multiple necrotrophic pathogens (Cowan et al., 2018; Guo et al., 2018) and as susceptibility genes 

in nematode-plant interactions (Radakovic et al., 2018; Dutta et al., 2023). The most well-

described HIPP in plant disease is probably HIPP05 from Oryza sativa, also known as Pi21, which 

functions as a susceptibility factor in interactions with the necrotrophic pathogen Magnaporthe 

oryzae. Loss-of-function mutations of this gene results in field resistance to the pathogen 

(Fukuoka et al., 2009) – while overexpression in the non-host Arabidopsis has been shown to 

result in increased pathogenicity of M. oryzae on this species (Nakao et al., 2011) 

 

This study used a transcriptome approach to identify candidate genes associated with multiple 

resistance QTL to European canker in apple. However, only a limited subset of the genes that 

were DE between QTL-R and QTL-S plants could be validated in expression data from ‘Golden 

Delicious’ or ‘M9’, despite the presence of resistance alleles for all QTL in ‘Golden Delicious’ 

(Table 1). There could be several reasons for this; 1) differences in timing of sampling of infected 

tissue between progeny and validation. The differences in number of DEGs between P1 and P2, 

as well as the differences between ‘Golden Delicious’ and ‘M9’ in their response at these two 

positions, shows that infection stage has a large influence on gene expression in the host. The 

progeny and validation were sampled at the same phenotypical stage and at the same distance 

from the active lesion. However, the response to different disease progression stages will vary 

between genotypes and even small variations may influence gene expression. 2) The validation 

was specific to genes which were differentially expressed upon infection by N. ditissima and would 

therefore miss constitutively expressed genes. 3) Differences between QTL-R and QTL-S are 

spurious and due to allelic variation but not related to the response to N. ditissima. This is however 

an unlikely explanation for genes which are only DE in infected trees. 

 

In addition, the “true” genes underlying resistance QTL may not have been detected in this study. 

The DE-analysis compared the effect of single alleles on gene expression, ignoring the effects of 

background QTL. This could potentially hinder the identification of candidate genes if the QTL has 

a small effect on overall disease progression. The parents of the segregating progeny harboured 
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different haplotype alleles associated with resistance for QTL 8. However, the resistance genes 

underlying the two alleles were assumed to be the same. This assumption may be incorrect and 

there may indeed be different genetic variation underlying the resistance for each allele.  

Furthermore, the low representation of genotypes with no resistance allele for QTL6 and QTL8 

may have resulted in a limited power to detect differences in transcript abundance for these QTL.  

 

Despite above limitations we have identified a number of candidate genes associated with 

resistance loci to N. ditissima. Upon functional characterization, these can pave the way to 

developing highly canker resistant apple varieties.  
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are highly susceptible to N. ditissima (Gomez-Cortecero et al., 2016;

Papp-Rupar et al., 2022). Since host resistance againstN. ditissima is

quantitative (Gomez-Cortecero et al., 2016; Bus et al., 2019), it may

take a long time to breed apple cultivars with effective resistance

against the pathogen. The effects of identified apple scion

Quantitative Trait Loci (QTL) on disease resistance are low to

moderate, with 4.3 to 19% of variance explained by a single QTL

(Karlström et al., 2022).

Many bacterial and fungal endophytes can improve tolerance of

host plants to abiotic and biotic stresses and enhance their growth

(Khare et al., 2018; Omomowo and Babalola, 2019; Dini-Andreote,

2020). A number of apple endophytes at leaf scars, a major entry site

of N. ditissima, are associated with host susceptibility to N. ditissima

(Olivieri et al., 2021). Furthermore, specific endophytes from apple

show in-vitro antagonistic effects against N. ditissima (Liu et al.,

2020). Apple genotypes can significantly influence endophyte

species richness and composition (Hirakue and Sugiyama, 2018;

Liu et al., 2018; Liu et al., 2020) and cultivars with a higher degree of

relatedness share similarities in endophyte community (Liu et al.,

2018). In addition to cultivar, environment and apple tissue type

can also considerably influence endophyte composition (Liu et al.,

2020; Olivieri et al., 2021).

Apple endophyte composition could potentially be altered

through specific agronomic practices or augmentation of specific

endophyte strains with biocontrol ability to reduce susceptibility to.

N. ditissima. In breeding programmes, specific (desirable)

endophytes may be included as a selection criterion to breed

cultivars with disease suppressive endophyte composition. To

adopt this second approach, we need to assess the magnitude of

the heritability of endophyte communities and to exploit genetic

markers for specific endophytic components.

In a previous paper (Papp-Rupar et al., 2022), we used F1
progeny trees derived from a cross between two moderately canker

tolerant cultivars in an experimental orchard to determine the

variability and heritability of bacterial and fungal endophyte

communities in apple leaf scars. We also estimated correlations of

endophytes with canker development. The results showed that

specific components of endophytes as well as individual fungal/

bacterial taxa in leaf scars were partially controlled by host

genotypes. The broad sense heritability for specific aspect of

endophytic composition and individual bacterial/fungal groups

ranged between 0.05 to 0.37.

This study further investigates the host-genetic factors

associated with endophytes and uses the metabarcoding data set

from our previous publication (Papp-Rupar et al., 2022) to identify

genetic regions involved in shaping apple endophyte composition.

Through this analysis we aim to understand the genetic architecture

of the interaction between the apple host and the microbial

communities contained within its wood. The genetic mapping can

also provide tools, in the form of molecular markers, to tailor

microbe-host associations through breeding. Traits (Principal

Components [PC]) of endophytes or abundance of individual

endophyte taxa) that showed significant genetic variability among

F1 progeny trees in the previous study were included in the QTL

analysis in this study.

Materials and methods

Experimental design, canker assessment
and endophyte profiling

Experimental materials and methods including orchard layout,

canker inoculation, disease monitoring, profiling of fungal and

bacterial endophytes, bioinformatic processing of amplicon

sequences, and estimation of broad-sense heritability of

endophytes were fully described in our previous publication

(Papp-Rupar et al., 2022). The methodology is briefly described

below to aid the understanding of this study.

A biparental cross between ‘Aroma’ x ‘Golden Delicious’

cultivars consisting of 56 genotypes including the two parents and

54 F1 genotypes were grafted on M9 EMLA rootstock. Four

replicate trees were grown in a randomised block design in an

orchard at East Malling, Kent, UK. Five leaf scars were inoculated

per tree (one per shoot) with N. ditissima Hg199 isolate. The length

of canker lesions was measured at 5, 8 and 11 months post

inoculation (mpi) and the average canker lesion size at every used

in further analysis (Karlström et al., 2022). The trees were also

assessed at 20 mpi for percent canopy area with healthy foliage

(Healthy Tree Area, %HTA) and percent branches with canker

(Cankered Branches, %CB).

The samples for endophyte analysis were taken by dissecting 12

freshly exposed leaf scars per tree according to Olivieri et al. (2021).

Sampled leaf scars were taken from four healthy, one-year-old

shoots per tree. DNA was extracted (DNeasy Plant Mini kit,

Qiagen) and subjected to amplicon sequencing of ITS1 (ITS1-1F/

ITS2; White et al., 1990; Gardes and Bruns, 1993) and 16S V5-V7

(799F/1193R, Chelius and Triplett, 2001; Bodenhausen et al.,

2013) regions.

Amplicon sequence data were processed to produce OTU

representative sequences and frequency tables with the UPARSE

pipeline (Version 10.0) (Edgar, 2013), as previously described

(Papp-Rupar et al., 2022). The lowest taxonomic rank with a

confidence of >= 80% has been used to describe the OTUs. The

fungal and bacterial OTU abundancy tables were normalised by the

median-of-ratios (MR) method implemented in DESeq2 (Love

et al., 2014).

Traits for QTL analysis

Variance in endophyte abundances attributed to the host

genetic factor was statistically tested in the previous study (Papp-

Rupar et al., 2022) by comparing a model with the genotypic

component included with the model without (Chi square, df=1).

Bacterial and fungal PCs and OTUs for which there was a

significant host genotypic effect (a=0.05) found in previously

published research (Papp-Rupar et al., 2022) were included in the

QTL analysis in this study, namely, bacteria: 7 PCs and 47 OTUs,

fungi: 4 PCs and 22 OTUs. Associations between traits were

evaluated using the native R-function cor.test with Pearson

correlation using data from individual trees. All statistical
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analyses were conducted in R (version 4.0.4; R Core Team, 2014).

Average values across all four replicates were used for the

QTL analysis.

Genotypic data for the apple biparental population and linkage

map DNA from the biparental population and the two parental

cultivars were extracted as per Karlström et al. (2022). The

population was genotyped on the Illumina Infinium® 20k SNP

array. Genotype assignment was performed in GenomeStudio

Genotyping Module 2.0 (Illumina). SNP filtering was conducted

in ASSisT, leaving 11,000 SNPs to be used for further analysis.

QTL analysis

The linkage map used for the analysis was produced in the

OneMap package (Margarido et al., 2007). Markers were removed

from the dataset if they had a distorted segregation, both parents

were homozygous, or both parents had missing genotype data for

the marker. To reduce the computational burden, markers with a

pairwise recombination fraction of zero were collapsed into bins

represented by the marker with the lower amount of missing data

among those in the bin. A LOD score ≥ 3.0 and recombination

fraction ≥ 0.50 were considered to indicate linkage between

markers. Markers were ordered according to the iGL consensus

linkage map (di Pierro et al., 2016) whereas genetic distances

between markers were calculated by OneMap using the Kosambi

mapping function. The relationship between segregations of single

markers and traits were analysed with a Kruskal-Wallis test (K-W)

using the ‘kruskal.test’ function and the Benjamini-Hochberg

method (Benjamini and Hochberg, 1995) was used to adjust p-

values for false discovery rate. QTL positions of significant K-W

markers were determined as their position on the linkage map

produced in Onemap. The position of markers which had been

removed in the binning process were given by a marker from within

the same bin. The percentages of phenotypic variation (R2)

explained by QTLs were estimated in FullsibQTL. All significant

QTL positions were included in the calculation of QTL effects for

each phenotype.

Verification of the QTL mapping was performed through

Composite Interval Mapping (CIM) in the FullsibQTL package as

described previously (Gazaffi et al., 2014). A maximum of 10

cofactors were stipulated to locate QTLs. A random permutation

test (a = 0.05; n = 1000 replicates) in FullsibQTL was used to

determine the critical Logarithm of Odds (LOD) score for

declaring the presence of a true QTL.

Results

Trait data

The studied endophyte abundance traits showed normal

distributions in the studied population. Distributions of trait data

for each trait associated with a QTL is shown in Supplementary

Figure 1. Mean values for the biparental population and the two

parents is shown in Supplementary Table 2, 3. The correlation in

the abundance of endophyte and canker disease traits are shown in

Supplementary Figure 2 to indicate the degree of correlation among

these phenotypic traits. Further descriptions of trait data from the

same experiment is detailed in Karlström et al. (2022) and Papp-

Rupar et al. (2022) for disease and endophyte abundance results,

respectively. Disease results for standard reference cultivars from

the field experiment is detailed in Karlström et al. (2022).

Linkage map

The linkage map had 8,032 SNP markers, which were divided

into 3,681 bins to produce the map. Markers were distributed along

9,685 cM with an average distance between markers of 2.56 cM

(Supplementary Table 1). The ordering of markers was forced to

follow the map positions in the iGL consensus map produced by di

Pierro et al. (2016). The linkage map from the Aroma x Golden

Delicious population deviated substantially in size from the

consensus map, as it was 8,418 cM longer and had a larger

average distance between markers compared to the consensus map.

QTL analysis

Bacterial endophytes
There were significant QTLs associated with 21 of the 47 OTUs

(Tables 1, 2; Supplementary Table 2). These significant QTL hits

were distributed over 15 linkage groups (LGs) with the QTL

position on seven LGs (LG1, 4, 5, 10, 12, 14, 15) associated with

multiple bacterial OTUs (Figure 1). The seven PCs representing

specific bacterial endophyte communities in apple leaf scars were

associated with QTL hits on five LGs, four of which were present at

positions that were supported by multiple phenotypes. The CIM

analysis resulted in 37 significant hits across all bacterial abundance

traits and LGs (Table 1), whereas 17 significant marker-trait

associations were identified with the K-W test (Table 2). The

QTL positions on LG 4, 5, 10, 12, 14 and 15 were supported by

both the CIM and K-W test. Only SNP marker alleles of QTL

detected with both methods are described below.

A QTL on LG4 was associated with PC17 and the abundance of

five bacterial OTUs: Proteobacteria (OTU922), Microbacteriaceae

(OTU462), Kineococcus (OTU5), Nocardioides (OTU42) and

Deinococcus (OTU135). The QTL position on LG4 of Deinococcus

(OTU135) was supported by both the CIM and K-W test (Tables 1,

2; Figure 1). A lower relative abundance of this OTU segregated

with the ‘A’-allele of the SNP marker FB 0593780 (Figure 2), which

was located in the centre of the QTL. The ‘A’-allele was inherited

from both parents and seemed to have a dominant effect on the

Deinococcus abundance.The QTL effect for LG4, as estimated from

the CIM analysis, ranged from 4.5% to 32.0% (with an average of

23.0%) depending on bacterial abundance trait (Table 1).

A QTL region on LG5 was associated with 16s PC2 and three

OTUs: Rhodobacteraceae (OTU100), Deltaproteobacteria

(OTU124) and Rhodospirillales (OTU3169) (Figure 1). The QTL

position for Deltaproteobacteria OTU124 was supported by both

the CIM and K-W test (Tables 1, 2). The ‘A’-allele, inherited from
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TABLE 1 Quantitative trait loci (QTL) composite interval mapping for abundance data of bacterial (16S) and fungal (ITS) endophytes in apple leaf scar
tissues of a full-siblings mapping population of a ‘Aroma’ x ‘Golden Delicious’ cross.

Trait Taxonomy (> 80% con-
fidence)

LG Position (cM) Maximum
LOD

Maximum LOD-
score

R2

(%)
Correlation to canker sever-

ity (%HTA)
Start Finish

16S

OTU644 Actinobacteria 16 439 442 442 11 1

OTU27 Aurantimonadaceae 13 358 370 365 12 27

OTU38 Aureimonas 0.22

10 28 33 32 10 26

14 21 32 26 11 22

OTU128 Bacteria 10 111 122 120 13 36

OTU950 Bacteria -0.095

1 326 334 332 14 34

17 57 63 62 12 19

OTU52 Comamonadaceae 2 102 114 110 14 36

7 129 132 74 10 12

12 74 84 81 10 27

OTU18 Deinococcus 10 573 581 581 10 6

15 0 5 5 10 25

OTU135 Deinococcus 0.07

4 513 519 516 11 29

10 115 124 120 11 22

OTU124 Deltaproteobacteria 5 261 271 267 14 31

8 505 508 508 10 6

OTU5 Kineococcus 4 332 340 340 9 4

OTU53 Marmoricola 15 2 13 7 11 37

OTU462 Microbacteriaceae 4 293 304 299 12 27

10 573 581 579 11 6

OTU42 Nocardioides 4 394 397 399 9 26

6 179 186 179 11 23

13 153 162 156 10 16

OTU922 Proteobacteria 4 292 304 304 15 32

OTU85 Pseudokineococcus 3 367 376 374 11 13

6 421 432 429 11 26

15 229 240 232 11 27

OTU100 Rhodobacteraceae 5 203 216 213 12 29 0.11

OTU3169 Rhodospirillales 5 286 295 290 9 24

OTU84 Roseomonas 12 493 512 499 13 34 0.10

OTU8 Sphingomonas 10 253 266 262 16 50 0.23

OTU99 Terracoccus 1 326 334 332 14 36

16 86 100 93 12 20

(Continued)
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‘Golden Delicious’, for the SNP FB 0614211 was associated with a

lower abundance of the Deltaproteobacteria OTU124 (Figure 2).

The CIM analysis estimated the effect of the QTL on LG5 in the

range of 24.0 to 31.0% (Table 1).

One region in the top of LG10 was associated with five OTUs:

Sphingomonas (OTU8), Aureimonas (OTU38), Deinococcus

(OTU135), and two OTUs (OTU59 and OTU128) that could

only be assigned to the bacteria kingdom with 80% confidence

(Table 1). The CIM QTL position was supported by K-W test for

three OTUs – OTU8, OTU38 and OTU135 (Table 2; Figure 1). The

SNP marker FB 0726172 had a significant effect on these three traits

and the ‘B’-allele for this marker, inherited from ‘Aroma’, was

associated with a higher abundance of the bacterial groups

(Figure 2). A second QTL region, positioned at the bottom of

LG10, was associated with the abundance of Deinococcus (OTU18)

and Microbacteriaceae (OTU462). The effect of the QTL on LG10

was estimated to be in the range of 6.0% to 50.0%, with an average of

24.0% (Table 1).

Significant QTL hits were identified on LG12 for PC7 and three

OTUs: Aureimonas (OTU38), Comamonadaceae (OTU52) and

Roseomonas (OTU84). The QTL location on LG12 was supported

by both the CIM and K-W test for Roseomonas OTU84 only. The

‘A’-allele of the significant SNP marker FB 0140805 was inherited

from ‘Golden Delicious’ and associated with a lower abundance of

Roseomonas OTU84. Interestingly, the same allele was linked to

higher relative abundance of the fungal OTU12, for which

taxonomic rank below kingdom could not be assigned (Table 1;

Figure 2). The CIM estimated that the QTL on LG12 for OTU52

and OTU84 accounted for 27.0% and 34.0% of the total phenotypic

variation, respectively (Table 1).

OTU60 (Williamsia), OTU38 (Aureimonas) and PC7 were

associated with QTLs positioned on LG14. The QTL on LG14

TABLE 1 Continued

Trait Taxonomy (> 80% con-
fidence)

LG Position (cM) Maximum
LOD

Maximum LOD-
score

R2

(%)
Correlation to canker sever-

ity (%HTA)
Start Finish

OTU60 Williamsia 14 0 7 0 13 35

PC16 8 63 75 71 13 35

PC17 4 399 408 404 10 23

PC7 14 0 1 0 10 36 0.26

ITS

OTU143 Dothideomycetes 15 511 521 511 11 40 0.10

OTU35 Entyloma 3 436 440 438 11 44 -0.14

OTU50 Entyloma calendulae 14 19 25 25 12 35 -0.12

OTU12 Fungi 12 402 409 405 10 42

OTU19 Fungi -0.008

6 531 546 536 13 27

15 402 412 402 12 15

OTU40 Fungi 13 206 213 210 10 23

OTU62 Phaeosphaeriaceae 15 197 200 199 10 3

OTU26 Subplenodomus iridicola 1 321 324 322 13 19 0.003

OTU71 Taphrina -0.05

8 141 152 141 11 17

17 312 315 314 11 34

OTU310 Taphrina 16 15 22 20 12 25

OTU15 Tilletiopsis washingtonensis 3 544 561 549 11 30

PC3 -0.19

4 502 518 508 11 22

6 442 445 444 12 30

PC11 5 0 13 4 10 7

10 0 59 9 17 20

For traits with a significant correlation to canker severity, the Pearson correlation coefficient to % healthy tree area (%HTA) is shown.
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was identified by both the CIM and K-W analysis for OTU38 and

PC7 (Tables 1, 2; Figure 1). The ‘A’-allele for the significant SNP

marker FB 0215402 was, inherited from ‘Golden Delicious’ and

linked with a lower abundance for both traits (Figure 2). The

estimated QTL effects for LG14 ranged from 22.0% to

36.0% (Table 1).

A QTL position identified on LG15 was associated with PC2

and four OTUs: Deinococcus (OTU18), Sphingomonadaceae

(OTU20), Marmoricola (OTU53) and Rhodospiril lales

(OTU3169). The QTL position for Marmoricola OTU53 was

confirmed by both the CIM and K-W analysis (Tables 1, 2;

Figure 1). The SNP marker GDsnp00694 had a significant effect

on the abundance of Marmoricola OTU53. The ‘A’ allele for this

marker, which was inherited from ‘Golden Delicious’ was present in

genotypes with a higher median abundance of Marmoricola. The

QTLs on LG15 accounted for between 25.0% to 37.0% of the

variation in bacterial OTUs and PCs (Table 1).

Fungal endophytes
There were significant QTLs associated with 13 out of the 22

fungal OTUs and four fungal PCs (Tables 1, 2; Supplementary

Table 3). QTLs associated with the abundance of fungal endophytes

FIGURE 1

Linkage groups with QTL positions from the composite interval mapping (CIM) and Kruskal Wallis (K W) test. Phenotype colour indicates which
analysis the QTL is associated with, yellow: 16s CIM analysis, blue: ITS CIM analysis, green: 16s K W test, black: ITS K W test. The figure only shows
linkage groups with QTL interval supported by more than one trait.
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were identified on LG1, 3, 4, 5, 6, 8, 10, 12, 14, 15, 16 and 17. The

majority of QTL hits were identified by the CIM analysis, whereas

only one significant QTL location on LG12 (for OTU12 – Fungi)

was identified by the K-W test.

A significant QTL associated with OTU26 (Subplenodomus

iridicola) was identified on LG1. The same QTL position was also

associated with two bacterial OTUs (OTU950 and OTU99,

Figure 1). The QTL on LG1 explained 19% of the variation in

abundance of Subplenodomus iridicola OTU26. Two QTLs were

identified on LG3 for OTU15 (Tilletiopsis washingtonensis) and

OTU35 (Entyloma), with the respective estimated QTL effect of

30.0% and 44.0% (Table 1).

The QTL location on LG12 associated with OTU12 (Fungi) was

identified with both the CIM and K-W analysis and had a effect size

of 42% (Table 1). A single fungal OTU had a QTL hit on LG13

(OTU40, Fungi), this LG was also associated with the bacterial

endophyte trai ts OTU42 (Nocardioides) and OTU27

(Aurantimonadaceae). However, different genetic positions were

identified for each of the three QTL (Figure 1).

Three fungal OTUs had significant QTL hits on LG15, with the

estimated effects in the range of 3.0% to 40.0%. These fungal OTUs

assoc iated with LG15 were OTU19 (Fungi) , OTU62

(Phaeosphaeriaceae) and OTU143 (Dothideomycetes). The fungal

endophyte QTL on LG15 do not overlap with the QTL associated

with the bacterial endophyte traits.

Fungal PC3 had two QTL hits, one on LG4 which overlapped

with QTL for the bacterial OTU135 (Deinococcus) and one on LG6.

The QTL hits had estimated effect sizes of 22 and 30%, respectively

(Table 1), and together account for over half of the genetic variation

in this trait.

Canker phenotypes
There was no significant QTL associated with canker traits

(lesion size, %HTA or %CB) from either CIM or K-W analysis.

TABLE 2 Quantitative trait loci (QTL) identified from Kruskal-Wallist test for abundance data of bacterial (16s) and fungal (ITS) endophytes in apple
leaf scar tissues of a full-sibling mapping population of ‘Aroma’ x ‘Golden Delicious’ cross.

Trait Taxonomy (> 80% confidence) LG Position (cM) Correlation to canker severity (%HTA)

Start Finish

16s

OTU38 Aureimonas 0.22

6 3 57

10 32 366

12 120 544

14 26 26

OTU59 Bacteria 10 32 169 0.13

OTU135 Deinococcus 0.07

4 512 516

10 120 143

OTU124 Deltaproteobacteria 5 156 291

OTU53 Marmoricola 15 37 37

OTU3169 Rhodospirillales 15 20 37

OTU84 Roseomonas 12 440 514 0.10

OTU20 Sphingomonadaceae 15 37 37

OTU8 Sphingomonas 10 32 386 0.23

PC2 5 255 291

15 37 37

PC7 0.26

12 116 518

14 8 47

ITS

OTU12 Fungi 12 74 544

For traits with a significant correlation to canker severity, the Pearson correlation coefficient to % healthy tree area (%HTA) is shown.
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Association between QTL traits and
severity of European canker

Significant correlations between endophyte abundance traits

and European canker disease based on adjusted P-values were

given in Papp-Rupar et al. (2022). Here we focused on the

correlation between canker development and those microbial

traits with significant QTLs identified. In addition, significance

of correlations in this study was not adjusted as in the previous

research. There was a significant correlation between OTU

abundance/PC score and canker disease phenotypes for 11 of

the 27 bacterial traits for which significant QTL were identified

(Tables 1 and 2). The bacterial endophytes belonging to OTU59

(Bacteria), OTU38 (Aureimonas), OTU135 (Deinococcus) and

OTU8 (Sphingomonas) for which QTL regions positioned in the

top of LG 10 were identified were positively correlated with %

HTA (Tables 1, 2). i.e. higher abundance was present in the trees

with higher % of healthy canopy.). Similarly, bacterial endophyte

traits that were associated with the QTL regions on LG 12

(Roseomonas-OTU84, Aureimonas-OTU38) and LG 14

(Aureimonas-OTU38, 16s-PC7) were positively correlated with

%HTA (Tables 1, 2).

FIGURE 2

Boxplots showing the effect of phenotypic variation between SNP marker genotypes linked to QTLs for endophyte abundance. Kruskal Wallis test
was used to determine the significant differences between the mean values of SNP genotypes. Graph colour indicates the respective linkage group
(LG) of the QTL.

Karlström et al. 10.3389/fpls.2023.1054914

Frontiers in Plant Science frontiersin.org08



Discussion

A number of studies in maize, Arabidopsis, rye grass and lettuce

have investigated the genetic control of endophytic community by the

plant host (Horton et al., 2014; Faville et al., 2015; Wallace et al., 2018;

Damerum et al., 2021). It has further been shown that specific genetic

regions control the association between plants and beneficial microbes

(Vidotti et al., 2019; Yassue et al., 2021; Brachi et al., 2022), and that

there is variation in the phyllosphere microbiome between resistant

and susceptible genotypes(Balint-Kurti et al., 2010; Ginnan et al., 2020;

Xueliang et al., 2020). This is, however, the first study to investigate

QTLs that potentially affect endophyte recruitment in woody tissues

and their association with resistance to European canker.

QTL associated with bacterial and
fungal endophytes

Previously we reported significant effect of apple host genotype

on 20% of the 200 most abundant bacterial OTUs and 13% of the

100 most abundant fungal OTUs (Papp-Rupar et al., 2022). The

current study found that the abundance data of approximately 40-

60% of these OTUs could be associated with QTLs in the host. The

failure to detect QTLs for a proportion of the OTUs influenced by

host genotype could be due to the presence of small effect QTLs for

which the size of the studied population was not sufficient to

identify, or due to a lack of markers segregating with the

causative variation in the genetic region of interest.

The majority of identified QTLs had a moderate-large effect on

OTU abundance with R2 -values in the range of 20-40%. This

indicates the feasibility to breed cultivars with enhanced ability to

harbour small number of specific endophytic taxa. The results from

this study would need to be reproduced in additional sites and years

as spatial and temporal variability is known to affect endophyte

composition. It has been demonstrated that there is a large spatial

variability in endophyte composition in above-ground plant tissues.

For example, block within orchard and orchard site have significant

effect on apple leaf scar community of the same apple genotypes

(Olivieri et al., 2021). Differences in microclimatic conditions,

management practice and the environmental inoculum (load and

diversity) could be explain the observed differences. Site-specific soil

factors, including pH, carbon content, and C:N ratio, were also found

to affect endophyte community (Pacifico et al., 2019). Additionally,

our unpublished data on apple leaf scar microbiomes sampled in

spring and autumn suggests that both size and diversity of leaf scar

communities change with season. Tree age has also been found to be

an important factor affecting foliar endophytes (Yu et al., 2021).

Taken together, the significance and effect size of QTLs identified

here could be affected by the properties of local climatic conditions,

soil properties, inoculum availability and tree age.

Sphingomonas (OTU8) was associated with a QTL on LG10 and

positively correlated with %HTA in the present data, indicting a

potential role in suppressing disease development or improving

general plant health. We note that OTU8 abundance significantly

correlated with canker traits in this study where a subset of 45 traits

(with QTLs identified) were analysed, but not in the previous

research that used 300 most abundant traits (Papp-Rupar et al.,

2022). Higher number of traits analysed in the previous research

necessitated correction for multiple tests – thus a higher correlation

is needed to achieve statistical significance. A different

Sphingomonas OTU (OTU72) was found to corelate with %HTA

in the previous research, however, no QTL was found associated

with it in this study. Moreover, we recently showed that several

abundant Sphingomonas OTUs had an overall higher relative

abundance in several N. ditissima resistant apple cultivars than in

susceptible cultivars when assessed three times over two growing

seasons at two sites (Xu, unpublished). Specific Sphingomonas

strains are known to promote plant growth (Pan et al., 2016; Luo

et al., 2019). Furthermore, one seed-endophytic strain,

Sphingomonas melonis ZJ26, is naturally enriched in specific rice

cultivars and confers resistance against a bacterial pathogen

(Matsumoto et al., 2021).

The relative abundance of Sphingomonas OTU8 was associated

with a large effect QTL (R2 50%) and hence amenable to

conventional breeding. The ‘B’ allele of the SNP marker FB

0726172, which is located within this QTL, was associated with a

higher abundance of Sphingomonas. Thus, marker assisted breeding

could be a feasible approach for manipulating the association of

apple trees with this taxa, although the effect of this molecular

marker would need to be confirmed in a wider range of germplasm.

Aureimonas (OTU38) was linked to QTL hits on LG10 and

LG14, and positively correlated to tree health in plants inoculated

with canker (%HTA). This genus has previously been found in

increased abundance in the leaf phyllosphere of ash trees tolerant to

the fungal disease ash dieback, Hymenoscyphus fraxineus (Ulrich

et al., 2020). The inoculation of ash seedlings with Aureimonas

altamirensis C2P003 had positive effect on the plant health and

reduced ash dieback symptoms (Becker et al., 2022). Furthermore, a

study has shown an isolate of Aureimonas to have antifungal

activity towards rice blast, Magnaporthe oryzae. The two QTL

identified in this study together accounted for 48% of the genetic

variation of OTU abundance. Interestingly, the SNP allele inherited

from ‘Aroma’ for FB 0726172 on LG10 was associated with a higher

abundance of OTUs from Sphingomonas, Aureimonas as well as

Deinococcus. The number of normalised read counts of these three

bacterial groups were approximately double in ‘Aroma’ compared

to ‘Golden Delicious’. Hence, this locus may have a role in

promoting associations with multiple beneficial microbes and is

of interest for further studies. Sphingomonas spp. and Aureimonas

spp. would be good candidates to further explore in terms of effect

on canker disease development as well as understanding the

molecular mechanisms underlying the QTL identified in this study.

Only minor PCs were shown to be significantly affected by host

genotype (Papp-Rupar et al., 2022). The variation in endophyte

abundance attributed to PCs with significant QTL hits was <8% for

bacterial and <7.4% for fungal PCs. Hence breeding may have

limited scope to target changes in larger endophytic features/

communities. This contrasts with studies of rhizosphere

endophyte communities, where major PCs have been shown to be

associated with host genotype (Deng et al., 2021; Oyserman et al.,

2022). This could be due to a broader and more active interaction

between roots and microbes (through root exudates and other
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mechanisms) compared to the very specific interaction of particular

strains in above-ground tissues (e.g. leaf-scars).

The linkage map used in our study based on the ‘Aroma’ x

‘Golden Delicious’ population was highly inflated compared to the

iGL consensus map from which the marker orders were derived (di

Pierro et al., 2016). This is likely due to a higher number of co-

segregating markers in the biparental population as there is a

limited number of recombination events compared to the

multiple populations used to produce the consensus map

(N’Diaye et al., 2017)

Co-localisation of endophyte QTL and
genetic regions associated with
susceptibility to European canker

Several QTL regions (on LG 5, 8, 15 and 16) associated with

endophyte abundance and composition colocalize with previously

identified QTLs for resistance to N. ditissima (Karlström et al., 2022).

OTU3169 (Rhodospirillales) and the bacterial PC2 had two QTL hits

colocalizing with canker QTLs (on LG5 and 15), whereas the other

OTUs/PCs with overlapping hits were specific to one of the canker

QTL regions. Only a subset of the endophyte QTL with significant

correlation to canker traits had QTL hits that co-localised with

previously reported resistance QTL (bacteria: OTU8, OTU38,

OTU59, OTU100, OTU159, fungi: PC3, OTU19, OTU71, OTU143)

However, the canker disease QTL reported by Karlström et al. (2022)

had small to moderate effect sizes (4-19%). The effect sizes of QTL

associated with the bacterial traits that were correlated with canker

traits were comparably larger. It is therefore plausible that the

population size used by Karlström et al. (2022) was not sufficient to

identify some small effect QTL associated with canker disease traits,

however, the biparental population used in this study was enough to

detect endophyte QTL which had relatively larger effect sizes.

The mode of action of QTLs associated with endophyte

abundance and N. ditissima resistance are so far unknown. Plant

host factors that have been shown to affect the phyllosphere

microbiome include plant immunity, signalling, cuticle formation

and secondary metabolites (Kniskern et al., 2007; Vogel et al., 2016;

Chen et al., 2020; Jacoby et al., 2021). Similar molecular functions

may influence the abundance of specific endophytes as well as the

ability to reduce N. ditissima spread within the plant. Indeed, genes

that are differentially regulated in apple trees after Neonectria

infection are involved in plant defences and cell wall

modifications (Ghasemkhani, 2015). Further studies will be

needed to fully decipher whether identified QTLs have a direct

effect in shaping phyllosphere community, or whether the shift in

microbial composition is due to microbe-Neonectria interactions or

altered plant responses.
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1 
 

Discussion 
 

European canker is an economically damaging disease in many areas of apple production, as 

it results in high number of tree deaths in many modern cultivars. Numerous apple scion 

varieties with some degree of tolerance to Neonectria ditissima have been reported, yet the 

implementation of resistance breeding to this pathogen has been slow. Phenotyping-based 

breeding techniques are not optimal for the improvement of disease resistance to European 

canker as even resistant/tolerant accessions develop symptoms, which means that the 

phenotyping is destructive. The implementation of European canker phenotyping protocols is 

therefore only economically feasible in later stages of selection for most breeding 

programmes. Alternative phenotyping protocols, utilising detached shoots, have therefore 

been tested (Garkava‑Gustavsson et al., 2016; Scheper et al., 2018). The results from this 

study show that the variation in tolerance in detached shoots only captures a subset of the 

resistance responses present in scion germplasm (Karlström et al., 2022). Such protocols are 

therefore not suitable for implementation in breeding programmes when selecting individuals 

with improved tolerance to European canker. Although host resistance to N. ditissima is 

essential, several factors have been shown to modulate tolerance to this pathogen (Berdeni 

et al., 2018; Vorster et al., 2021). It is therefore important to understand the components 

contributing to resistance and how these interact with the apple host.  

The main objective of this work was to facilitate breeding and variety development of new 

apple cultivars with improved tolerance to N. ditissima. Marker assisted selection (MAS) for N. 

ditissima resistance would enable selection for this trait already at the seedling stage and thus 

improve the achieved genetic gain. To this end, Chapter 2 of this thesis reports of seven 

European canker resistance QTL segregating in a multiparental population of apple. This 

chapter also describes SNP-haplotypes segregating with the resistant allele for each QTL. 

Chapter 3 goes on to study the genetic response to Neonectria infection through a 

transcriptome analysis and identifies candidate resistance genes within the QTL regions 

detailed in the previous chapter. Chapter 4 of this thesis explores the feasibility to breed apple 

cultivars amenable to endophyte colonization and discusses the association of specific 

endophytic taxa with tolerance to canker.  

 

 

 



2 
 

1.  The potential of improving resistance to N. ditissima in apple cultivars 

Chapter 2 describes the identification of QTL on LG 2, 5, 6, 8, 10, 15 and 16. Similarly to the 

current study, Bus et al (2021) reported identifying European canker QTL on LG8 and LG16. 

The SNP markers reported by Bus et al lie within the QTL-interval identified in this study but 

are not included within the genomic regions spanned by the most significant haploblock. The 

biparental population used for QTL identification in the study by Bus et al featured ‘Scired’ 

(‘Gala’ x ‘Splendour’) x A045R14T055 (‘Falstaff’ x T31-12) as parents. Based on the pedigree 

of the biparental population as well as SNP haplotype data of the cultivars, it is likely that the 

QTL on LG8 and LG16 both originates from the same cultivar, namely ‘Golden 

Delicious’(‘Golden Delicious ->’Gala’ for LG8 and ‘Golden Delicious’ -> ‘Falstaff’ for LG16). 

Skytte af Satra et al (2023) likewise studied resistance QTL to N. ditissima in a population 

derived from ‘Aroma’ x ‘Discovery’ and found QTL on LG8, LG15 and LG16. The identification 

of these QTL in multiple studies supports the presence of true QTL at these loci and indicates 

the feasibility of developing SNP marker tests to implement MAS for canker resistance. The 

SNP-haplotypes could also be used to characterise breeding parents to maximise the number 

of resistance loci segregating in families.  

However, the reported QTL effects for individual loci were small-moderate in all three studies 

and multiple QTL would therefore need to be considered when breeding for resistance to 

European canker. Hence, it would perhaps be more efficient to use genome-wide selection 

methods that inadvertently take all QTL into account to gain improvement in resistance to N. 

ditissima. Thus, the accuracy of genomic prediction models for canker resistance, based on 

the multiparental population described in Chapter 2, are currently being validated in additional 

breeding populations (Karlstrom, unpublished).  

Relying on the quantitative disease resistance described within this thesis for the development 

of the next generation of apple cultivars would diminish the risk of an emergence of resistance 

breaking N. ditissima isolates. Nevertheless, even cultivars like ‘Golden Delicious’, which has 

a total of nine resistance alleles at the identified QTL, develop disease symptoms. Adding to 

the problem is that European canker in moderately tolerant cultivars can be further 

exacerbated by stress factors such as waterlogging (Weber, 2014). It would therefore be worth 

exploring whether there are additional Malus germplasm harbouring resistance loci with large 

effects towards N. ditissima infection. The crab apple hybrid Malus x hartwigii has shown a 

similar level of European canker tolerance as Malus ‘Robusta 5’ in a field experiment 

(Karlstrom, unpublished) and could constitute an additional source of resistance.  
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New legislation in the UK (Precision Breeding Act, 2023) as well as proposed changes in EU 

legislation (EC regulation No 1829/2003) are likely to make tools such as genome-editing and 

transgene-free cis-genesis useful for commercial breeding in Europe. These technologies 

could be applied to expediate the introgression of large effect resistance genes to European 

canker, such as Rnd1 from ‘Robusta 5’, but would be less advantageous for the multiple QTL 

of small effects that are present in apple scion germplasm. However, the gene/s underlying 

the Rnd1 resistance locus is still unknown and further work is therefore required before these 

tools could be applicable to improve tolerance to European canker in apple.  

The Malus: Neonectria interaction takes place in a non-sterile environment in the presence of 

a myriad of other microorganisms, which in other host-pathogen systems have been shown to 

affect disease outcomes (Griffiths et al., 2020; Liu et al., 2023; Romero et al., 2019). It is 

therefore possible that host resistance in apple could be augmented by associations with 

disease suppressing beneficial microorganisms.  Papp-Rupar et al (2023) demonstrated that 

isolated endophytes may be effective as biocontrol agents towards N. ditissima. To ensure the 

efficacy of such biocontrol agents the inoculated host genotype needs to be taken into 

consideration. Plant growth promoting rhizobacteria (PGPR) are known to improve yields and 

reduce the susceptibility to disease of their plant hosts through an induced systemic resistance 

which results in a non-specific and broad-spectrum counter to pathogen-attack (Meena et al., 

2020; Salwan et al., 2023; Samain et al., 2019). There are multiple commercial PGPR 

products available but their full potential are often not realised under field conditions as they 

are applied without consideration of plant genotype or optimal nutrient availability for 

successful inoculation (García de Salamone & Di Salvo, 2021). Chapter 4 of this thesis 

describes the genetic regions of apple that are associated with microbial abundance and 

species composition, with a focus on taxa that correlate with tree health during infection of N. 

ditissima. This initial work will pave the way for the characterization of alleles within the apple 

genome that promote the colonisation of endophytes that suppress N. ditissima infection. An 

example is the QTL on the top of LG10, which was associated with the abundance of 

Sphingomonas OTU8, Aureimonas OTU38 and Deinococcus OTU135, two of which are 

associated with tree health during canker infection. The QTL haplotype which favours 

associations with these three bacterial taxa is also present in the apple cultivars ‘Jonathan’, 

‘Idared’, ‘Fiesta’, ‘Jonamac’ and ‘M9’. To successfully exploit this QTL, it will need to be 

determined if indeed taxa belonging to Sphingomonas and Aureimonas are able to suppress 

N. ditissima infection and whether genotypes carrying the QTL haplotype consistently are 

more highly colonised by these endophytic bacteria. Once validated, the QTL could be used 

to determine biocontrol strategies for already existing cultivars and in the breeding of new 

cultivars amenable to inoculations with disease suppressive bacteria. Learning from the 
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experience of the role of the gut microbiome in human disease (Bai et al., 2023), it may be a 

better approach to consider microbial consortia to improve tolerance to N. ditissima, rather 

than relying on single microbial strains. It should be highlighted that the experiment described 

in Chapter 4 does not disentangle whether the observed endophyte abundance is due to host 

specific factors directly interacting with endophytes or a consequence of the interaction 

between resistant/susceptible hosts and N. ditissima. As an example of indirect plant pathogen 

effects on other microbiota, Seybold et al (2020) could show how infection with the fungal 

wheat pathogen Zymoseptoria tritici strongly altered leaf-associated bacteria in a resistant 

wheat cultivar but not in a susceptible one, correlating with induced defense responses in the 

resistant cultivar. A better understanding is therefore needed on the changes in phyllosphere 

microbiome because of N. ditissima infection microbiome in both tolerant and susceptible 

genotypes. 

2. Understanding the resistance response to Neonectria infection 

The results from Chapter 2 and 3 of this thesis highlight how a multitude of genes within 

several genetic regions contribute to the Malus response to N. ditissima infection. Chapter 3 

describes how two moderately tolerant cultivars (‘Golden Delicious’ and ‘M9’) respond to 

infection by altered expression of a cascade of genes within pathogen recognition, secondary 

metabolism, hormone signalling, detoxification and metabolism of sugar and carbon. 

Furthermore, a transcriptomic approach is used to understand what type of host mechanisms 

govern the QTL identified in Chapter 2.  

One of the identified QTL, on LG16, was only found in a late stage of N. ditissima infection 

within a field experiment (Karlstrom et al., 2022). The candidate gene search within this 

genetic region identified two putative 4-coumarate:coenzyme A ligases (4CL)s which were 

more highly expressed in apple genotypes with the resistant allele at this locus. 4CL genes 

can either be involved in biosynthesis of lignin and other phenylpropanoid derivatives or in the 

production of plant flavonoids (Chen et al., 2019). Interestingly, one of the most visual 

responses to N. ditissima infection in tolerant apple hosts is the development of a enforced 

border around the canker lesion (Weber, 2014). It is possible that host genotypes with a higher 

expression of 4CLs within this genetic region can deposit more lignin, thereby strengthening 

secondary cell walls and reducing the penetration by N. ditissima. To further study the effects 

of this locus on lignin or flavonoid synthesis, assays quantifying these compounds in 

germplasm with different QTL alleles would be needed. 

Several of the candidate genes within the QTL regions had potential roles in pathogen 

recognition, including clusters of Wall associated kinase-like (WAKL) genes on chr 2 and wall 
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associated kinases (WAK) on chr 10. This type of receptors tends to interact with a broad-

spectrum of pathogens (Stephens et al., 2022; Sun et al., 2020) which suggests that they 

could confer non-race specific resistance to N. ditissima. A QTL conferring an intermediate 

level of resistance towards multiple isolates of apple scab (Venturia inaequalis) has also been 

reported at the lower end of chromosome 2 (Bus et al., 2004; Calenge et al., 2004), while a 

putative disease resistance cluster with implications in resistance to fireblight (Erwinia 

amylovora), scab and powdery mildew (Podosphaera leucotricha) has been proposed to 

reside on chr 10  (Le Roux et al., 2010). These genetic regions lie approximately 1-2 Mbp and 

16-28 Mbp from the WAKL and WAK gene clusters on chromosome 2 and 10, respectively 

(Calenge et al. 2004; Le Roux et al. 2012; Le Roux et al. 2010). It can therefore be 

hypothesised that the WAK/WAKL genes on chr 2 and 10 are involved in the interaction with 

multiple pathogens. There is an increasing amount of evidence showing that WAKs/WAKLs 

have an important role in plant pathogen interactions. Similarly to the case of N. ditissima, 

several of the described WAKs are involved in resistance towards hemibiotropic or 

necrotrophic Ascomycete fungi of the Dothideomycetes class (Stephens et al., 2022).  Their 

roles in defense range from detecting effectors or other molecules indicating pathogen 

invasion to inducing callus deposition and lignin biosynthesis (Stephens et al., 2022). 

Among the QTLs identified in Chapter 2, one located on LG15 had the largest estimated effect 

(>17% for later time-points). However, the position of this QTL on the linkage group was highly 

uncertain, with different phenotyping events indicating different positions. This could be 

explained by two QTL being present on the chromosome but there being insufficient number 

of progeny (and therefore insufficient recombination events) in the mapping population to 

clearly separate the two QTL. The genetic region at the top of chr 15 has been implicated in 

resistance to not only N. ditissima but also fire blight (Erwinia amylovora)  (Desnoues et al., 

2018; Thapa et al., 2021) and Valsa canker  (Valsa malii) (Tan et al., 2017). Interestingly, the 

gene MD15G1030400 which is located within the canker and fire blight QTL on chr 15, was 

among the differentially expressed (DE) genes upon fire blight infection (Thapa et al., 2021) 

but was also described in Chapter 3 as having a significantly higher expression in apple 

genotypes with a resistant allele at this locus. This gene unfortunately encodes an 

uncharacterized protein and does not have any domains of known function. Furthermore, 63 

transcripts located within fire blight QTL regions were DE upon not only Erwinia infection (Silva 

et al., 2019) but also in ‘Golden Delicious’ or ‘M9’ when infected with N. ditissima. Eleven of 

these genes were putative RLKs, protein kinases or NLRs.  

The results from this thesis suggest that some of the genetic regions involved in European 

canker resistance have a broad effect on pathogen interaction and may play a role in 

resistance to other apple diseases. However, it is feasible that a genetic loci can contribute to 
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disease resistance towards one pathogen whilst functioning as a susceptibility factor in 

another pathogen interaction as has been seen in wheat (Gruner et al., 2020). The role of the 

identified resistance genes in different apple diseases would therefore need to be further 

studied. 

 

3. How do host factors affect endophytes in the phyllosphere? 

The specific genetic mechanisms that influence the apple microbiome are still not known. 

Chapter 3 describes several genetic loci that are associated with the overall composition or 

abundance of multiple endophytes, yet the underlying genes are still elusive. Liu et al (2023) 

conducted one of few studies that describe the host mechanisms that control endophyte 

abundance. They showed that rice panicles with a reduced infection of rice smut 

(Ustilaginoidea virens) had a different composition of microbiota compared to diseased 

panicles. The disease-suppressive panicles also had higher levels of branched chain amino 

acids (BCAA), particularly leucine. The authors could show that microbial keystone taxa 

(belonging to Aspergillus and Lactobacillus) suppressed the gene expression of BCAA 

aminotransferase (OsBCAT) leading to an accumulation of BCAAs. The keystone microbes 

enhanced resistance to U. virens in OsBCAT wild-type plants but did not have a similar impact 

on OsBCAT mutants (Liu et al., 2023).  

Like pathogens, endophytes also possess pathogen-like MAMPs that can be recognized by 

pattern recognition receptors (Zhan et al., 2022). A possible explanation for the variation in 

endophyte abundance between apple host genotypes could therefore be the 

presence/absence of receptors which perceive signals from non-pathogenic microbiota. In a 

genome wide association study (GWAS) of host effect on endophytes in Arabidopsis, Horton 

et al (2014) found that defense genes and kinases were enriched in regions with significant 

GWAS hits. The study further found genes associated with cell wall integrity (such as 

pectinases) and ABC transporters in loci that were associated with fungal community 

composition. A pectinesterase (AT2G36710) was found in the genetic region implicated in the 

abundance of an OTU assigned to Sphingomonas (Horton et al., 2014). Defense genes, 

receptor kinases, ABC-transporters and genes involved in cell-wall modifications were all 

among the groups of genes which were differentially expressed in apple trees during infection 

with N. ditissima, as described in Chapter 4 of this thesis. It is therefore plausible that the host 

response to N. ditissima has secondary effects on the colonization of endophytes in the 

phyllosphere. 
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Two of the QTL associated with tolerance to European canker, on chr 5 and 15, overlapped 

with QTL regions associated with changes in the abundance of multiple endophytes (Karlström 

et al., 2022, 2023). There could be multiple reasons for the overlap between these QTL; either 

the loci interact directly with the endophytes or there is a secondary effect of the resistance 

loci on non-pathogenic microbiota due to their influence on N. ditissima colonization of the 

phyllosphere. Further studies, characterising the genes underlying the QTL associated with 

endophyte abundance in apple, would need to be conducted to fully understand the interplay 

between the Malus host and its associated microbiota. 

 

4. Concluding remarks 

This work has contributed to improving the understanding of the disease triangle of European 

canker by studying host factors as well as the phyllosphere microbiotic interactions which 

potentially influence N. ditissima infection. However, there are still many areas of the European 

canker disease triangle which are poorly understood. Environmental factors have repeatedly 

been reported to have a large effect on disease outcomes in N. ditissima infection (Berdeni et 

al., 2018; Vorster et al., 2021; Weber, 2014;  Weber & Børve, 2021), yet it is unknown how 

these affect the disease. Nitrogen fertilisation has been reported as a factor that increases the 

susceptibility of apple trees to canker infection (Vorster et al., 2021;  Weber & Børve, 2021). 

However, these studies and observations have been made on susceptible cultivars and it is 

thus unclear whether the effects of nitrogen are host genotype specific. A better understanding 

of the role of environmental effects on N. ditissima infection could also help elucidate which 

factors trigger the switch from a latent endophytic-like lifestyle to a pathogenic one. 

Environmental factors that have been suggested to affect fungal lifestyle switches include; 

light, nutrient balance and salinity, but it is still largely unknown what causes the lifestyle switch 

in the majority of fungi (Bhunjun et al., 2023). Colletotrichum tofieldiae is a root-associated 

endophytic fungus that promotes plant growth in Arabidopsis thaliana, but a pathogenic isolate 

of this species (Ct3) has also been identified (Hiruma et al., 2023). Hiruma et al (2023) showed 

that Ct3 was able to cause pathogenesis under sufficient phosphate availability, but had 

reduced pathogenic ability in phosphate deficient conditions. Furthermore, the authors 

showed how disrupting genes involved in the biosynthesis of ABA and a sesquiterpene in the 

isolate Ct3 lead to a switch from pathogenic to a beneficial lifestyle (Hiruma et al., 2023). The 

study also showed how the Arabidopsis plant was able to suppress virulence of Ct3 at elevated 

temperatures. The study on C. tofieldiae gives an insight in the complexity of the parasitic–

mutualistic continuum and how biotic factors such as nutrient availability and temperature can 

influence the fungal lifestyle.  
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Based on the results from Chapter 3, which shows that secondary metabolism plays an 

important role in the Malus response to N. ditissima, it would be of interest to study the 

metabolome of apple genotypes with contrasting levels of resistance during infection. Not least 

because secondary metabolites with antimicrobial properties may play an additional role in 

how the plant phyllosphere is shaped by host genotype.   
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Supplementary figure 1A. Phenotypic distribution of Area Under Disease Progression Curve 

(AUDPC) in response to European canker in the shoot experiment. Distribution shown by 

family. 

Supplementary figure 1B. Phenotypic distributions of Area Under Disease Progression Curve 

(AUDPC) in response to European canker in the potted tree experiment. Distribution shown by 

family. 
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Supplementary figure 1C. Phenotypic distributions of lesion length (in mm) after 

infection with European canker in Field 5 months post inoculation. Distribution shown by 

family. 

Supplementary figure 1D. Phenotypic distributions of lesion length (in mm) after infection with 

European canker in Field 8 months post inoculation. Distribution shown by family. 
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Supplementary figure 1E. Phenotypic distributions of lesion length (in mm) after infection 

with European canker in Field 11 months post inoculation. Distribution shown by family. 

Supplementary figure 1F. Phenotypic distributions of arcsin transformed data for 

susceptibility to European canker in Field 20 months post inoculation: % Healthy Tree 

Area. Distribution shown by family. 
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Supplementary figure 1G. Phenotypic distributions of arcsin transformed data for 

susceptibility to European canker in Field 20 months post inoculation: % Cankered 

Branches. Distribution shown by family. 

Supplementary figure 1H. Phenotypic distributions data for susceptibility to European 

canker in Field 20 months post inoculation: Canker Index. Distribution shown by family. 
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Supplementary figure 2. Best Linear Unbiased Estimates (BLUEs) of the multiparental population for 

each European canker phenotype. The data are shown as percent deviation from population mean, 

without the removal of outliers. Parents and standards are highlighted in colour, where the codes A-L 

refer to (A) seedling of Malus robusta, (B) Santana, (C) Jonathan, (D) Golden Delicious, (E) Elstar, (F) 

EM-Selection-1, (G) Aroma, (H), EM-Selection-2, (I) Cox Orange Pippin, (J) EM-Selection-4, (K) Gala, 

(L) EM-Selection-4. The inverse of %HTA is shown. 
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Supplementary figure 3. Scree plot from the principal component analysis 

(PCA) of the European canker phenotype data.   
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Supplementary figure 4. Phenotypic distributions for progeny of ‘Golden 

Delicious’ x ‘M9’ for susceptibility to European canker in a potted tree and a 

shoot experiment.  
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Supplementary Table 4 Description of the genome positions of the Quantitative trait loci (QTL) used in this study and the Single nucleotide 

polymorphisms (SNPs) haplotypes used to define the QTL-R al

 Physical positions of QTL 
interval in GDDH13_v1.1 

SNP haplotype within QTL interval used to characterise QTL-R alleles 

QTL Start End Haplotype ID SNP sequence 
Described in 
Karlstrom et 

al (2022) 

2 12184811 34586192 HB2-Gala-R CGAAAAGAGGAGGACGGGAAGAGAAACCACAGGAGCCGCAAAAAAAGAGGGAACGAAG Yes 

6 4582999 36511754 HB6-shared-R GGAAACAGA Yes 

8 644719 25701079 HB8-shared-R AGCGGGGCAAGAAAAGGAGGAGAGAGGGAAAAAGGGAGAGGGGAAGAAGCAAGGAGAAGGG Yes 

8 - - HB8-36 CAAAGGGCAGAGAGGAGGGAGAGGGAAGAAAAAGGGAGAGGGGGAAGAAAACAGGGAGGAA No 

10 32739747 35052353 HB10-shared-R1 AAGAGCAGCCGCGGGACAACAGGAGAAACGCAGAG Yes 

15 1009852 47481793 HB15-shared-R AAAAG Yes 

16 2811437 12155950 HB16-38 GAGGACCGAGAAACGAGGAGAGGAAGAACAAGAAAAGAAAAA No 
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Supplementary figure 1. Overview of the experimental units and sampling procedure used for transcriptome sequencing in experiment A 

(‘Golden Delicious’ and ‘M9’) and B (full sibling family). Samples were collected at position P1 (0.5 cm from disease lesion) or P2 (1 cm from 

disease lesion). Each plant represents a biological replicate.  
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resistance against the pathogen given the nature of perennial trees
and quantitative resistance.
There is evidence of host-genotypic effects on endophyte com-

munities in apple (Hirakue and Sugiyama 2018; Liu et al. 2018,
2020), influencing both species richness and composition. Although
the endophytic microbe composition was only studied in a limited
number of apple cultivars, the results indicate that cultivars with a
higher degree of relatedness also share similarities in endophyte
community (Liu et al. 2018). Apple resistance to leaf pathogens
appears to correlate more with fungal endophytes than bacterial
endophytes (Hirakue and Sugiyama 2018). In addition to cultivar,
specific location and apple tissue type can also considerably influ-
ence endophyte composition (Liu et al. 2020; Olivieri et al. 2021a).
It has been demonstrated recently that a number of apple endo-

phytes at leaf scars were associated with the host susceptibility to
N. ditissima (Olivieri et al. 2021a). Specific endophytes from apple
showed in vitro antagonistic effects against N. ditissima (Liu et al.
2020). Thus, manipulating apple endophyte communities may be a
viable approach to manage canker disease. Apple endophyte com-
position could be altered through specific agronomic practices or
augmented application of specific endophyte strains with biocontrol
ability to improve host resistance or tolerance against N. ditissima.
Another approach would be to include specific (desirable) endo-
phytes as a selection criterion in breeding programs to breed culti-
vars with desirable endophyte composition or the ability to recruit
these specific microbes for disease suppression or tolerance. To
adopt this second approach, we need to assess the magnitude of the
heritability of endophyte communities with respect to overall com-
munities as well as specific endophytes. Such knowledge of the
host genetic component of endophytes is lacking because the cur-
rent research has been focusing on the determination of differences
in endophytes between genotypes.
In this study, we estimated the broad-sense heritability of endo-

phyte communities as well as individual endophytes in apple leaf
scars, an important entry site for N. ditissima. Progeny derived
from a cross between two genotypes (one canker-susceptible culti-
var and the other a canker-tolerant cultivar) were evaluated under
field conditions. Bacterial and fungal endophytes at the leaf scar tis-
sues were profiled with amplicon sequencing and correlated with
canker development. All sequences have been deposited in the
European Nucleotide Archive under project reference PRJEB49633.

MATERIALS AND METHODS

Field design and layout. A cross between cultivars ‘Aroma’
and ‘Golden Delicious’ was made in 2015. Canker resistance is not
well understood yet but it is quantitative in nature. The two parents
were selected based on empirical evidence as well as limited lab
artificial-inoculation data (G�omez-Cortecero et al. 2016), which
classified the two parents as moderately susceptible and highly
resistant or tolerant, respectively, to N. ditissima. All 70 F1 geno-
types in the family, including the parents, were grafted onto M9
EMLA rootstocks in January 2017 at East Malling, United King-
dom. The plants were maintained in pots in polytunnels until Octo-
ber 2017, when they were planted in a randomized block design in
an orchard. There were four blocks, with one tree per genotype in
each block.
Inoculation with N. ditissima. The trees were artificially inocu-

lated with a single isolate of N. ditissima (Hg199) at leaf scars in
November 2018 in order to eliminate the issue of inoculum hetero-
geneity in the orchard. Because the research objective was to com-
pare resistance and susceptibility of genotypes to N. ditissima, we
decided to eliminate the issue of field inoculum heterogeneity via
artificial inoculation from complicating data interpretation.

The inoculum was prepared according to a published protocol
(G�omez-Cortecero et al. 2016). Five artificial leaf scars were inocu-
lated per tree, and each leaf scar (pseudoreplicate) was positioned
on a separate branch. A droplet of 6 ll of spore suspension
(105 macroconidia/ml) was pipetted onto each artificial leaf scar
wound, then covered with petroleum jelly (Vaseline) immediately
after absorption. The petroleum jelly was removed 2 weeks after
inoculation.
Each inoculated leaf scar was marked to allow repeated measure-

ments over time. Canker lesion development was measured with a
digital caliper at three time-points: 5, 8, and 11 months postinocula-
tion (mpi). A final assessment was conducted at 20 mpi on the per-
cent branch area with foliage, percent branches with cankers, and
number of cankers. Average number of cankers per branch was
then calculated for each tree.
Sampling leaf scars, DNA extraction, and sequencing.

Many trees died of canker before leaf scars were sampled in
autumn 2019 before leaf fall. Only those genotypes with a mini-
mum of three surviving trees were sampled. In total, we sampled
216 trees, including the two parents and 54 F1 genotypes. Leaf
scars were sampled for characterization of endophytes in leaf scar
tissues, following a published protocol (Olivieri et al. 2021a).
Briefly, sampling and subsequent sample processing consisted of
the following steps. Four 20-cm-long, healthy (i.e., free of any dis-
ease symptoms on all leaf scars), 1-year-old extension shoots were
sampled randomly from each tree, not including those inoculated
shoots (because those already became 2-year-old shoots). Our pre-
vious study showed that N. ditissima is unlikely to be systemic but
usually is confined within the vicinity of canker lesions (Olivieri
et al. 2021b). Thus, N. ditissima is not expected to be present in
these healthy leaf scars because new infections of leaf scars usually
take place after leaf fall in autumn. Three to four freshly exposed
leaf scars were sampled from each of the four shoots and pooled
into one sample for a single tree. Samples were freeze dried and
dry weight was recorded before homogenization with a Geno/
Grinder 2010 (SPEX CertiPrep) for 2 min at 1,500 rpm using 2-ml
tubes and two 5-mm steel ball bearings. Sterile 0.1 M phosphate-
buffered saline (PBS) buffer was added to the homogenized sam-
ples at a 1:5 ratio (dry weight [milligrams]/volume [microliters]).
DNA was extracted from 120 ll of PBS resuspended homogenate
with the DNeasy Plant mini kit (Qiagen) according to the manufac-
turer’s protocol. Pure DNA was eluted from the spin columns in
two steps, each using 50 ll of molecular-grade water and 1 min of
incubation before spinning at 14,000 × g. The purity and quantity
of extracted DNA was assessed with NanoDrop1000 (Thermo
Fisher Scientific). DNA extraction of samples was repeated if their
concentration did not exceed 10 ng/ll. The samples were shipped
on ice to Novogene UK (Cambridge, U.K.) where PCR amplifica-
tion, library prep, and metabarcoding sequencing was done. The tar-
get regions were internal transcribed spacer (ITS)1-1F (ITS1-1F-F:
59-CTTGGTCATTTAGAGGAAGTAA-39, ITS1-1F-R: 59-GCTG
CGTTCTTCATCGATGC-39) and 16S V5-V7 (799F: 59-AACM
GGATTAGATACCCKG-39, 1193R: 59-ACGTCATCCCCACCTT
CC-39). To reduce untargeted amplification of plant mitochondrial
and plastid DNA with the 16S amplicon, we used mPNA (59-ggc
aagtgttcttcgga-39) and pPNA (59-ggctcaaccctggacag-39) oligo bloc
kers (PNA Bio) at 200 nM final concentration. Samples were
sequenced on Illumina NovaSeq platform in the 250-nucleotide
paired-end mode.
We estimated fungal and bacterial community sizes with quanti-

tative PCR (qPCR). Briefly, a pooled sample was prepared combin-
ing 2 ll of extracted DNA from each sample. Calibration curve
(six steps, 10-fold serial dilutions) was prepared using the pooled
sample, aliquoted, and stored at −20�C. Each block of samples was
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package (Bates et al. 2015). Within the analysis of each data type
(PC or OTU), the Benjamini-Hochberg (BH) adjustment (Benjamini
and Hochberg 1995) was applied to correct for the false discovery
rate associated with multiple testing. Statistical significance was
determined at the 5% level (BH adjusted). In addition to the estima-
tion of broad-sense heritability, correlation (both Pearson and Spear-
man) of canker-related variables with PC scores and normalized
OTU counts were calculated.
All statistical analyses were carried out in R 4.0.3 (R Core

Development Team 2019).

RESULTS

Overall sequencing, OTU generating, and qPCR results.
Fungi. In total, there were 4,268 fungal OTUs, most of which had
few reads. The top 6 and 34 most abundant OTUs accounted for
over 50 and 90% of the total reads, respectively (Fig. 1A). The top
206 OTUs accounted for 99.0% of total reads and were included in
subsequent analysis.
The number of reads assigned to OTUs in each sample ranged

from 51,780 to 134,300, with a median of 117,676; the number of
reads for each OTU ranged from 1,706 to 4,289,841, with a median
of 7,532. The top two were both identified as Filobasidium spp.:
F. wieringae and F. chernovii, accounting for 18.0 and 12.0% of
the total reads, respectively. The OTUs with the third and fourth
most reads were both identified as Vishniacozyma spp., jointly
accounting for 13.0% of the total reads. Of the 206 fungal OTUs,
only 137, 118, 104, 79, 60, and 34 could be assigned to the taxo-
nomic rank of phylum, class, order, family, genus, and species,
respectively, with >80% confidence. Basidiomycota and Ascomycota
accounted for 59.3 and 15.8%, respectively, of the total reads,
whereas 24.9% of the reads could not be assigned to a phylum
with >80% confidence and, hence, were designated as unknown
(Fig. 2A).
For 13 of the 216 samples (54 F1 genotypes and the two parents),

we failed to obtain reliable qPCR ITS values. Of the remaining
samples, there were large variabilities in the ITS qPCR values
among replicates within a given genotype (Fig. 3A); genotypes did
not differ significantly in the ITS qPCR values.

Bacteria. One sample failed to generate sequences. In total, there
were 3,639 bacterial OTUs; the top 51 and 583 most abundant OTUs
accounted for >50 and 90% of the total reads, respectively (Fig. 1B).
Only the top 1,694 OTUs were included in subsequent analysis
because all others jointly accounted for <1.0% of the total reads.
Of the 1,694 OTUs, the number of reads for each OTU ranged

from 490 to 1,034,106, with a median of 2,654. The number of
reads assigned to OTUs in each sample ranged from 14,180 to
127,718, with a median of 110,064. The top two OTUs by abun-
dance were Sphingomonas sp. (4.6%) and Methylobacterium sp.
(4.2%). Of the 1,694 bacterial OTUs, only 1,341, 1,091, 809, 605,
and 388 could be assigned to the taxonomic rank of phylum, class,
order, family, and genus, respectively, with >80% confidence. Pro-
teobacteria and Actinobacteria accounted for 54.9 and 24.5% of
the total reads, respectively, whereas 9.0% of the reads could not
be assigned to a phylum (Fig. 2B).
Of the 216 samples, we failed to obtain reliable qPCR 16S val-

ues for 14 samples. For eight samples, qPCR data for both fungi
and bacteria were not available. As for fungi, there were large vari-
abilities in the 16S qPCR values among replicates within a given
genotype (Fig. 3B), and genotypes did not differ significantly in the
16S qPCR values. However, there were significant (P < 0.001) dif-
ferences in the 16S qPCR values among the four blocks.
Microbial diversity indices. Fungi. For both the qPCR- and

MR-normalized data, there were no significant differences in both
Simpson and Shannon indices among the 54 F1 genotypes. How-
ever, the blocks differed significantly (P < 0.001) in the two indi-
ces. For the qPCR-normalized data, F1 genotypes did not differ in
Bray-Curtis indices but differed (P < 0.001) in the indices for the
MR-normalized data, accounting for approximately 25% of the total
variability in the indices. The two parents did not differ in all indi-
ces for either normalized data set.
Bacteria. For both the qPCR- and MR-normalized data, 54 F1

genotypes did not differ significantly in either Simpson or Shannon
indices, and the blocks differed (P < 0.001) in the two indices. For
the qPCR-normalized data, neither F1 genotypes nor the two parents
differed in Bray-Curtis indices. In contrast, F1 genotypes (P <
0.001) as well as the two parents (P < 0.05) differed in Bray-Curtis
indices for the MR-normalized data.

Fig. 1. Proportion of the cumulative sequence reads plotted against the number of A, fungal and B, bacterial operational taxonomic units (OTUs),
where the OTUs were sorted in the descending order with respect to the number of their sequence reads.
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Genetic components of PC scores. The summary of results
for PC scores is shown in Table 2.
Fungi. For the qPCR-normalized data, the first two PCs explained

approximately 50.9 and 4.0% of the total variability (Supplementary
Fig. S1A). F1 genotypes differed (P < 0.001) for PC5, with the
corresponding estimated heritability value of 27.5%. For the
MR-normalized data, the first two PCs explained only approximately

9.3 and 7.4% of the total variability (Supplementary Fig. S1B). F1
genotypes differed for PC1, PC4, P9, PC12, P17, and P44, with
corresponding heritability estimates of 5.5, 33.7, 20.8, 23.4, 19.4,
and 21.9%.
Bacteria. For the qPCR-normalized data, the first two PCs

explained approximately 45.3 and 3.8% of the total variability (Sup-
plementary Fig. S2A). Only for 2 (PC3 and PC8) of the top 30 PCs

Fig. 2. Histogram of the number of the A, internal transcribed spacer and B, 16S sequences that were assigned to the phylum at the 80%
confidence level; the “Unknown” group consists of those operational taxonomic units that cannot be assigned to a unique phylum.

Fig. 3. Quantitative PCR results of both the internal transcribed spacer and 16S of endophytes in apple leaf scar tissues of individual trees of F1

and parental genotypes. The cross was between cultivars Aroma and Golden Delicious.
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for these observed differences are not obvious. As discussed above,
recruitment of endophytes may be considerably influenced by the
local aerosol microbiome, not necessarily affected by tree geno-
types. Thus, individual trees may differ greatly in relative abun-
dance for some endophytes not because of genetics but because of
variabilities in the aerosol microbiome. If these microbes have
direct or indirect effects on N. ditissima, we may expect inconsis-
tent correlations at the individual and genotypic levels. This may be
further complicated by possible differences in the stability or persis-
tence of individual endophytes in the leaf scar tissues at a given
endophyte background. For example, fungal endophyte composition
might be more easily influenced by differences in aerosol micro-
biome or external conditions than bacteria. Communities of endo-
phytic fungi assembling in several plant species depend
significantly on proximity to the inoculum source as well as the
identity of the plant species (Ricks and Koide 2019). It is not
known what fraction of the endophytic bacterial microbiome is dis-
persed via the atmosphere or originated from the atmosphere (Frank
et al. 2017). Further research is needed to understand the relative
importance of sources for plant endophytes and the effects of biotic
and abiotic factors on the stability of the endophyte microbiome
over time before we can amend the phytobiome with a reasonable
level of predictability to improve crop performance.
Most of those bacterial groups with significant correlations with

canker development cannot be classified into genus. Dyadobacter
isolates are one of the major cohorts of bacteria in the plant phyllo-
sphere (Delmotte et al. 2009; Reisberg et al. 2012) but what role
Dyadobacter spp. play in these communities is currently unknown.
The relative abundance of a Pseudomonas OTU (OTU94) and
Sphingomonas OTU (OTU72) is positively correlated with can-
opy coverage in the present study. A Pseudomonas strain iso-
lated form apple endophytes was shown to be antagonistic
toward N. ditissima in in vitro tests (Liu et al. 2020). A seed-
endophytic strain (Sphingomona melonis ZJ26) confers rice with
disease resistance against a bacterial pathogen and is vertically
transmitted among plant generations via their seeds (Matsumoto
et al. 2021). A couple of Sphingomonas groups were more abun-
dant in canker-susceptible cultivars than in resistant cultivars
(Olivieri et al. 2021a); however, that particular study did not
consider the actual canker severity. Methylobacterium normally
resides in soil and water but has also been identified as a contami-
nant of DNA extraction kit reagents, which may lead to its errone-
ous appearance in microbiota or metagenomic datasets (Salter
et al. 2014). Given that these bacterial groups are mostly correlated
with canopy cover but not with canker size, we may speculate that
they may not be effective as direct competitors of N. ditissima but,
rather, improve plant tolerance against consequences on plant devel-
opment due to canker.
Only 3 of the 16 fungal groups with significant correla-

tions with canker development can be classified into species:
Vishniacozyma carnescens (syn = Cryptococcus carnescens),
Pseudoophiobolus rosae, and Sporobolomyces roseus. Of all
16 groups, only V. carnescens is associated with reduced canker
damage (but only at the individual tree level); unfortunately, there
is no published information on its ecology in relation to plants. An
Entyloma sp. (OTU35) is positively correlated with canker toler-
ance but Entyloma is a genus of plant-pathogenic smut fungi. Thus
far, these fungal groups have not been associated with a direct
antagonistic effect against N. ditissima (Liu et al. 2020) or associated
with cultivars with differential susceptibility to N. ditissima (Olivieri
et al. 2021a). A couple of groups appear to facilitate canker develop-
ment, including P. rosae and Exobasidiomycetes (OTU59). Exobasi-
diomycetes are a class of fungi sometimes associated with galls of

plant tissues. Further metagenome sequencing and isolation com-
bined with challenging assays against N. ditissima are needed to
make further progress in this area.
In summary, some components of the apple endophyte micro-

biome as well as individual microbial groups around leaf scar tis-
sues are partially controlled genetically by apple genotypes. Several
microbial groups had significant correlation with canker develop-
ment. Bacterial groups appear to be positively associated with can-
ker tolerance. On the other hand, a few fungal groups may facilitate
canker development whereas a few others may compete with the
canker pathogen. The present results may be used to inform tar-
geted approaches to further research in biocontrol of N. ditissima
with specific microbes and breeding for resistance.
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