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Abstract
Resistance to European canker (Neonectria ditissima) in apple is currently one of the most important breeding targets for 
commercial production in Sweden. Previous research has identified significant genetic variation in susceptibility to the 
disease, with the local Swedish cultivar ‘Aroma’ considered as one of the most resistant cultivars. Identification of genetic 
regions underlying the resistance of this cultivar would be a valuable tool for future breeding. Thus, we performed Bayesian 
quantitative trait loci (QTL) mapping for resistance to European canker in a full-sib family of ‘Aroma’ × ‘Discovery’. Map-
ping was performed with the area under the disease progression curves (AUDPCs) from all seven (AUDPC_All7) and the 
first four assessments (AUDPC_First4), and three parameters of a sigmoid growth model for lesion length. As a scale for the 
effect of the different parameters, historic phenotypic data from screenings of a genetically diverse germplasm was compiled 
and re-analyzed. The parametrization of the data on lesion growth increased the number of QTL that could be identified 
with high statistical power, and provided some insight into their roles during different stages of disease development in the 
current experimental setup. Five QTL regions with strong or decisive evidence were identified on linkage groups 1, 8, 15, 
and 16. The QTL regions could be assigned to either of the parameters lesion length at the first assessment (‘LL_A1’), the 
maximal lesion growth rate (lesion length doubling time, ‘t_gen’), and the lesion length at girdling (‘LL_G’). Three of these 
QTL were traced along the pedigrees of some known relatives of the FS family, and discussed in relation to future crosses 
for breeding and genetic research.
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Introduction

European canker, caused by the fungus Neonectria ditissima, 
is currently one of the most serious threats to Swedish com-
mercial apple (Malus domestica Borkh.) production. The 
fungus can infect trees through natural or artificial wounds 

throughout the year and is favored by cool and wet climates, 
such as North-West Europe, New Zealand, and Chile (Weber 
2014). Infected wounds develop into necrotic lesions that 
may girdle branches and the stem, thereby killing the distal 
parts of the shoot or the entire tree. Apart from yield losses 
caused by reduced bearing capacity, the fungus can also 
infect fruits and thereby cause storage losses (Brown et al. 
1994; Swinburne 1975).

N. ditissima commonly colonizes the phloem and xylem 
of the apple stem and then continues to spread until it 
reaches a defensive mature suberized cell layer (Krähmer 
1980). However, beyond the importance of suberization, 
little is known about the defense mechanisms against N. 
ditissima in apple. The disease is managed by the removal 
of infected tissues, cultivation of resistant cultivars, and 
application of fungicides (Weber 2014). As applications 
of fungicides are limited in Sweden and pruning of can-
kered wounds is time consuming, there is a strong need 
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for locally adapted cultivars with improved resistance to 
N. ditissima.

Despite the importance of the disease, there is currently 
no consensus on how to screen for resistance. Reported 
approaches differed in type of plant material (trees, 
detached shoots), cultivation (planted, potted, outdoors, 
or in a glasshouse), sources of inoculum (e.g., wild col-
lected vs single-spore isolate), type of isolates (wild col-
lected and in vitro propagated single-spore isolates), and 
type of spores (ascospores, conidia) as well as wounding 
techniques (e.g., naturally occurring leaf scars or manually 
inflicted by rasp or scalpel) (Bus et al. 2019; Delgado et al. 
2022; Garkava-Gustavsson et al. 2016; Gómez-Cortecero 
et al. 2016; Karlström et al. 2022; van de Weg 1989; Wen-
neker et al. 2017). Also, various parameters to quantify 
resistance have been used, including area under the disease 
progression curve (AUDPC), infection rate, the slope of the 
lesion growth regression line, lesion length at a given time-
point, and indexes quantifying the establishment of second-
ary infections (Bus et al. 2019; Garkava-Gustavsson et al. 
2016; Gómez-Cortecero et al. 2016; Karlström et al. 2022; 
Wenneker et al. 2017). Different parameters might capture 
the effect of different resistance mechanisms depending on 
the timing of assessment in relation to the disease develop-
ment of the experiment, due to variations in, e.g., isolate 
virulence, the conductivity of the experimental procedure to 
infection, physiological stage of the trees, and environmental 
conditions affecting disease progression (e.g., temperature). 
This diversity might account for variation in cultivar rank-
ings in screening experiments as well as different outcomes 
in quantitative trait loci (QTL) mapping and validation 
studies. While likely to be of relevance for field conditions, 
assessment of colonization and infection rates might not be 
feasible for QTL mapping studies with large populations 
as it requires a high number of inoculation points (trees). 
In cases when repeated measurements have been made, the 
AUDPC can be used to average out the data on disease pro-
gression over time. This can help reduce the noise in the 
phenotypic data, as compared to using data from individual 
assessments. However, AUDPC does not provide informa-
tion on the temporal dynamics of lesion growth. In the M. 
domestica – N. ditissima pathosystem, the lesion growth 
rate based on a linear regression over a defined time period 
has been proposed as a reproducible parameter of disease 
resistance (Wenneker et al. 2017). Parameters of non-linear 
models such as exponential-, logistic-, and Gompertz curves 
have been used successfully for functional QTL identifica-
tion of growth in, e.g., Populus (Wu et al. 2003) and Arabi-
dopsis (Bac-Molenaar et al. 2015), and provide information 
that has direct implications for the understanding of a trait’s 
genetic architecture. Employing such models to disease 

progression in the N. ditissima – M. domestica pathosystem 
might improve our understanding of the functional charac-
teristics of different mapped QTL, thereby enabling a bet-
ter understanding of underlying candidate genes, as well 
as facilitating better integration of results from different 
experiments.

Previous studies have shown that cultivars such as 
‘Aroma’, ‘Santana’, and ‘Golden Delicious’ are partially 
resistant, while cultivars such as ‘Discovery’, ‘Elise’, and 
‘Katja’ are highly susceptible to N. ditissima (Garkava-
Gustavsson et  al. 2016; van de Weg 1989; Wenneker 
et al. 2017). QTL for resistance to N. ditissima in apple 
have been mapped in a number of studies, e.g., ‘Scired’ 
x A045R14T055, ‘M9’ × ‘Robusta 5’, ‘Jonathan’ × ‘Dis-
covery’, and ‘Golden Delicious’ × ‘Discovery’ (Bus 
et al. 2021; Bus et al. 2019; van de Weg et al. 2020) and 
recently in a set of five families including ‘Aroma’ as a 
parent of one full-sib (FS) family (Karlström et al. 2022). 
The cultivars ‘Aroma’ and ‘Discovery’ are both impor-
tant parents and founders in the Nordic apple breeding 
programs and mapping of QTL for resistance to N. ditis-
sima in these varieties is of high priority for the Swedish 
breeding program. Previous studies have indicated a com-
plex inheritance of resistance to N. ditissima in M. domes-
tica (Gómez-Cortecero et al. 2016; Karlström et al. 2022). 
Therefore, a Bayesian approach is likely better suited to 
QTL analysis than conventional interval-mapping, as it 
allows for simultaneous estimation not only for the posi-
tion of the largest QTL, but for the number of QTL, the 
additive effect sizes, and credible interval of all QTL 
(Bink et al. 2014, 2008; van de Weg et al. 2018). Once 
QTL regions have been mapped, tracing the inheritance of 
the mapped loci through pedigrees can provide valuable 
information for further breeding and genetic research. 
This can be facilitated through calculation of Identity-by-
Decent (IBD) probabilities of the founder haplotypes in 
a pedigreed germplasm. This can provide information on 
the presence of QTL regions in specific individuals and 
recombination events in the founder haplotypes, which 
can be valuable for increasing the applicability of the 
results.

The purpose of this study was to gain insight into the 
genetic control of partial resistance to N. ditissima in apple. 
To this end, an FS family from ‘Aroma’ × ‘Discovery’ was 
phenotyped, genotyped, and analyzed through Bayesian 
QTL mapping using two AUDPC parameters as well as 
parameters of a sigmoid growth model of lesion length. 
Finally, the use of the most relevant QTL and related param-
eters were evaluated through Identity-by-State (IBS) and 
IBD approaches, using historic phenotypic data compiled 
from previous cultivar screening experiments.
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Materials and methods

Plant material

For QTL discovery, an FS family consisting of 172 offspring 
from an ‘Aroma’ × ‘Discovery’ cross, was phenotyped in two 
independent experiments over two consecutive years (2019 
and 2020), together with their parents and six reference cul-
tivars ‘Cox’s Orange Pippin’, ‘Prima’, ‘Jonathan’, ‘Katja’, 
‘Golden Delicious’, and ‘Santana’. In the second year of phe-
notyping, two grandparents (‘Filippa’ and ‘Ingrid Marie’) 
and three half-siblings (‘Fredrik’, ‘Frida’, and ‘Julia’) of the 
FS family were included. To trace QTL intervals detected 
in the FS family and to provide a scale for the disease resist-
ance parameters used, we also compiled and reanalyzed 
phenotypic data from 98 genotypes that had been screened 
previously. These cultivar screening experiments were per-
formed over 5 years (2011–2016), with seven reference cul-
tivars being included in all experiments: ‘Aroma’, ‘Cox’s 
Orange Pippin’, ‘Discovery’, ‘Elise’, ‘Golden Delicious’, 
‘Jonathan’, and ‘Santana’ (File S1). Results for a subset of 
15 cultivars from the screening germplasm were published 
previously (Garkava-Gustavsson et al. 2016) using various 
parameters for estimation of resistance.

Phenotyping

Phenotyping of the FS family and a set of reference cul-
tivars as controls was performed essentially as described 
previously (Garkava-Gustavsson et  al. 2016). Each 
autumn, new trees grown in 3L pots were obtained, which 
had been grafted on rootstock ‘M9’ in the spring of the 
same year. A single-spore isolate of N. ditissima (‘SLU-
E1’) was propagated, from a spore solution maintained 
at − 80 °C in 50% glycerol, on 20% Potato Glucose Agar 
(70,139, Sigma-Aldrich) supplemented with bactoagar 
(B1000, Saveen o Werner) for 4–6 weeks on a laboratory 
bench under ambient light and temperature. Three buds 
(typically the 11:th, 14:th, and 17:th axillary buds from 
the apex) were removed with a scalpel (File S1) and the 
wounds were inoculated with a mixture of micro- and mac-
roconidia (mostly macroconidia with two septae or less) 
to a total of 1000 conidia in 10 μl water. Once the sus-
pension was absorbed by the plant tissue, the wound was 
covered with white petrolatum (Special Care Vitt vaselin, 
ACO Sweden). The petrolatum was removed 5 days after 
inoculation, using tissue paper. The inoculations were per-
formed block-wise in late autumn (November–December), 
with all trees of a block being inoculated on the same 
date. The inoculation dates of the blocks were separated 
by approximately 1 week, thus leaves were typically fully 

present at the first inoculation occasion and mostly shed 
at the fourth and final inoculation occasion. Throughout 
the trial period, the trees were kept in a glasshouse with 
minimal heating and no artificial cooling or light, with a 
temperature fluctuating between 9 and 11 °C until the end 
of February. From then on, changes in outdoor climate led 
to increased fluctuations in temperature, ranging between 
5 °C (night) and occasionally above 20 °C (day). Lesions 
were measured using a digital caliper at seven time points, 
every second week, starting approximately 6 weeks after 
inoculation when the first visual symptoms had appeared 
in a meaningful proportion of the block (typically more 
than half of the wounds having developed lesions at least 
5 mm long). Lesions shorter than 5 mm were recorded as 
‘0’. In cases where two or three lesions merged during the 
trial period, their total length was measured and divided 
between the lesions according to the relative proportions 
of their last individual measurement. In case lesions could 
not be measured because the stems were girdled, thereby 
strangling the distal parts and preventing further upward 
growth of the lesion, the lesions were assigned the last 
true measurement for the remainder of the trial. For the 
experiments with the FS family, approximately half of the 
developed lesions girdled. The previous screening experi-
ments had been performed similarly, but using a wild-
collected spore solution (mostly with three septae) pre-
pared as described previously (Garkava-Gustavsson et al. 
2016) and one year using rootstock ‘B9’ (File S1). All 
current and previous experiments were performed using 
a randomized complete block design with three trees per 
individual in each block, except for the FS family where 
each individual was represented by a single tree in each of 
four blocks for practical reasons (File S1).

Parameters of disease resistance and heritability

For the AUDPC parameter, we initially considered all 
seven assessments (‘AUDPC_All7’) as the phenotypic 
parameter for QTL mapping. Next, to investigate how 
robust the detected QTL regions were to artifacts intro-
duced by girdling of wounds, we considered the AUDPC 
from the first to the fourth (‘AUDPC_First4’) assessment, 
as most wounds that girdled typically did so after the 
fourth assessment. For the sigmoid growth curve model 
we used the parameters initial lesion length (‘LL_A1’), 
the shortest doubling time of the length of the lesion 
(‘t_gen’), and the lesion length at girdling (‘LL_G’).

For all parameters, wounds that had not developed any 
lesions at the 6th assessment were treated as missing val-
ues. The AUDPC parameters were calculated as:
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where Yi is the lesion length at the ith assessment, Xi is the 
number of days at the ith observation and n is the total num-
ber of observations. To estimate the lesion growth rate, a 
logistic regression was performed over each pseudo-rep-
licate (wound) using the R (R Core Team 2020) package 
GrowthCurveR (Sprouffske and Wagner 2016), fitting the 
model:

where Nt is the lesion length at time t, K is the carrying 
capacity (maximum lesion length reached at girdling of 
the wound), N0 is the lesion length at the beginning of the 
growth curve, and r is the intrinsic growth rate of the lesion, 
which would occur if there were no restrictions. The gen-
eration time (t_gen) is the shortest time it could take for the 
lesion to double in length under the model:

where r is the intrinsic growth rate obtained from (2). To 
improve the ability of the model to fit the growth rate param-
eter, an artificial time point was added to the assessment 
data for the logistic regression, corresponding to the time 
of inoculation, which was given the phenotypic value ‘0’ 
for all wounds. The regression curves of all wounds with 
outlier residual standard errors were inspected manually, and 
wounds with poorly fitting regression curves were excluded 
from further analysis. The lesion length at the last assess-
ment for all wounds that had girdled was used as the param-
eter for the maximal lesion length (LL_G), i.e., the plateau 
of the sigmoid growth curve.

Best linear unbiased estimates (BLUEs) combined over 
the experiments were used as phenotypes and BLUEs were 
calculated using the R package ‘lme4’ (Bates et al. 2015) 
with Genotype treated as a fixed effect and with Tree nested 
within Block, and Block in turn nested within Year, as ran-
dom effects. Wounds with outlier residuals, identified visu-
ally from QQ-plots, were investigated manually and excluded 
from the analysis if the assessment data were problematic.

Broad sense heritability estimates (Ĥ2) were calculated 
using the regression method previously described (Schmidt 
et al. 2019). In short, the model described above was fit-
ted to calculate BLUEs from each data set, and a similar 
model but with the Genotype as a random effect was used 
to calculate Best Linear Unbiased Predictors (BLUPs). By 
regressing BLUPs on BLUEs, the regression coefficient can 
be used as an approximation of Ĥ2. A Genotype x Year (‘G x 

(1)AUDPC =

n
∑

i=1

[
Yi+1 + Yi

2
][Xi+1 − Xi]

(2)
Nt =

K

1 +

(

K−N
0

N
0

)

e−rt

(3)tgen =
ln(2)

r

Y’) interaction term was not included in the models, as this 
was not considered biologically significant for the current 
experimental protocol.

The residuals of all parameters (AUDPC_All7, AUDPC_
First4, LL_A1, t_gen, and LL_G) showed slight deviations 
from a normal distribution in both the FS family and the 
screening population (File S2). Initially, various transforma-
tion methods were considered, where Box-Cox transforma-
tion gave distributions that were closest to normal. However, 
preliminary QTL-mapping analysis indicated that Box-Cox-
transformed and untransformed data for the AUDPC param-
eters gave very similar results. In addition, the application 
of Box-Cox transformation to mixed models is problematic 
and makes biologically relevant interpretations of BLUEs 
and, e.g., QTL effects complicated. Thus, untransformed 
data were used for all QTL analyses.

Genotyping and marker curation

DNA from the FS family and part of the screening population 
was extracted from lyophilized leaf tissue using the DNeasy 
96 Plant Kit (Qiagen) and was used for genotyping with the 
20 K apple Infinium® single nucleotide polymorphism (SNP) 
array (Bianco et al. 2014). Marker data were initially curated 
at the level of individual SNPs, as described by Vanderzande 
and Howard et al. (2019), with the modification that a subset 
of 10 K SNPs retained in a previous study on marker inte-
gration (Howard et al. 2021) were called in Genome Studio 
(GS) v 2.0 (Illumina Inc.), using cluster definition files kindly 
made available by the authors. For computational efficiency 
of the QTL analysis in the FS family, the marker set was 
pruned for SNPs with pairwise r2 above 0.2 in 2 Mb sliding 
windows with a 200-kb shift using PLINK 1.9 (Chang et al. 
2015) and physical positions on the HFTH1 whole genome 
sequence (WGS) (Eric van de Weg, unpubl. data). This was 
done separately for SNPs exhibiting maternal monohybrid 
segregation, paternal monohybrid segregation, and dihybrid 
segregation, resulting in a set of 4506 SNPs in approximate 
linkage equilibrium. Marker data for linkage groups (LGs) 
with QTL loci in the FS family were further curated as hap-
loblocks (HBs) as described by Vanderzande and Howard 
et al. (2019) in the screening germplasm, resulting in 370 
HBs representing 2348 SNPs on linkage groups (LGs) 1, 8, 
15, and 16. Genotypic 20 K SNP array data on some of the 
accessions in the screening population, and close relatives, 
was made available from other previous and ongoing projects 
(Hjeltnes et al. 2019; Skytte af Sätra et al. 2020). For cura-
tion as well as subsequent QTL analysis, genetic positions 
were taken from an advanced draft of a virtual linkage map 
(the 15K-iGW-map, Eric van de Weg, unpubl. data) resulting 
from integration of the iGLMap (Di Pierro et al. 2016) and 
the HFTH1 WGS (Zhang et al. 2019).
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QTL analysis

QTL analysis was conducted using a Bayesian approach 
as embedded in FlexQTL™ (www. flexq tl. nl), which uses 
Markov chain Monte Carlo (MCMC) simulations and bi-
allelic QTL models to evaluate possible combinations of 
the number of QTL, QTL positions, QTL effects, and their 
transmission through pedigrees (Bink et al. 2014, 2008). In 
this study, each parameter was analyzed four times using 
different seeds and priors for the number of QTL (1 or 3). 
The maximum number of QTL was set to 15 for all runs, and 
all runs consisted of at least 100,000 iterations with a thin-
ning of 100 using additive genetic models with normal prior 
distributions and random (Co) variance matrix diagonals. 
While the phenotypes of parents are usually not included in 
QTL analyses, initial runs consistently identified ‘Aroma’ as 
the susceptible parent and ‘Discovery’ as the resistant par-
ent. By adding the phenotypes of the parents to the model, 
they were correctly identified as resistant/susceptible, and 
as the same QTL regions were identified with or without 
the phenotypes of the parents in preliminary FlexQTL runs, 
these were included for further analysis.

All analyses were run until the effective chain samples 
exceeded 100, i.e., until convergence. The level of evidence 
provided for the presence of a QTL was indicated by two 
times the natural logarithm of the Bayes factors (‘2lnBF’) for 
an incremental number of QTL per LG through a pair-wise 
comparison. A 2lnBF value above 0, 2, 5, and 10 is consid-
ered to indicate hardly any, positive, strong, and decisive 
evidence for the presence of a QTL, respectively. Further 
analysis was limited to the five QTL with a distinct peaks 
in posterior position for the AUDPC_All7 parameter. QTL 
regions were defined as successive 2-cM bins with 2lnBF 
above 2. For individual QTL regions, the Bayesian prob-
ability (B-Prob.) of a QTL is based on the posterior QTL 
intensity, i.e., the frequency at which any of the 2-cM bins 
within the QTL region were included in the model. Given 
the probability of more than one QTL per LG, the Bayes-
ian probability of a QTL region might exceed 1.0 in case 
multiple genetic bins within the QTL region are frequently 
included in the model. The proportion of phenotypic vari-
ance explained (PVE) by a QTL was calculated using the 
formula:

where VP is the total phenotypic variance and AVt is the addi-
tive variance explained by the QTL region (from PostQTL 
analysis). For all QTL regions (Table 1), trace plots of QTL 
positions for all runs were investigated to confirm con-
vergence for the QTL position, i.e., that the QTL regions 
were not included in the model alternatingly. In FlexQTL 

(4)PVE =

(

AVt

VP

)

× 100

outputs Q and q denotes alleles with increasing and decreas-
ing effects on the phenotype, respectively, and this notation 
is used throughout this paper. In addition to the model with 
additive effects only, FlexQTL also supports models with 
dominance and additive effects. Tests of these models with 
the AUPDC parameters indicated similar QTL regions as in 
the additive effects only model, but with very low statistical 
power and very small estimated dominance effects. Thus, 
dominance was not considered further for QTL analysis. 
While there is little documentation accompanying FlexQTL, 
some previous publications include informative material and 
methods sections and supplementary material that has been 
very valuable to the current QTL analysis (Mangandi et al. 
2017; van de Weg et al. 2018).

Compound QTL genotypes

QTL intervals were identified as two or more consecutive 
2-cM genetic bins with a 2lnBF above five, in all four runs 
performed for the parameter analyzed. Individuals with 
recombination events within these bins were excluded from 
the analyses of compound genotype effects. Segregation and 
effects of the QTL regions were investigated by fitting a 
series of linear models using the non-recombinant genotypes 
in base R with the ‘car’ an ‘lmtest’ packages (Fox and Weis-
berg 2019; R Core Team 2020; Zeileis and Hothorn 2002; 
File S2). Nested models were evaluated by likelihood ratio 
tests and non-nested models were compared based on their 
Akaike information criterion (AIC). The models with the 
lowest AIC were also evaluated by their Bayesian informa-
tion criterion (BIC).

Search for epistatic loci

As the Q alleles at the LG1 and LG8 as well as the q alleles 
at the LG15 and LG16b loci did not have significantly differ-
ent additive effects, they were grouped into subsets based on 
their total number of q alleles for AUDPC_First4 across both 
respective loci. These subset of individuals with 0, 1, 2, or 3 
q alleles for LG1/LG8 and LG15/LG16b, respectively, were 
used to identify potentially epistatic loci segregating in the 
population. Only individuals without recombination events 
in consensus QTL regions were used, resulting in subsets 
consisting of 17, 49, 35, and 10 individuals for the LG1/LG8 
loci, and 12, 42, 49, and 12 individuals for the LG15/LG16b 
loci. A single FlexQTL run was performed for each subset and 
parameter, using AUDPC_All7, AUDPC_First4, and t_gen 
for the LG1/LG8 loci, and AUDPC_All7, AUDPC_First4, 
and LL_A1 for the LG15/LG16b loci. Additionally, subsets 
of 89 and 71 individuals carrying the q and Q alleles from 
‘Discovery’ at the LG16a locus, respectively, were also used 
to search for additional epistatic loci for the LL_G parameter.
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Prevalence of the segregating haplotypes 
in the screening germplasm

Genotypes that were IBS to the haplotypes segregating 
in the FS family were identified from HB genotypes, and 
individuals having identical haplotype calls along the 
entire consensus QTL intervals were considered IBS. Next, 
IBD genotypes for estimation of allele effects were identi-
fied as IBS genotypes where the haplotype could be traced 
through their known pedigree in cultivars with phased gen-
otypic data to the segregating haplotype from three of the 
FS-family’s grandparents ‘Filippa’, ‘Worcester Pearmain’, 
or ‘Beauty of Bath’ and two of its grand-grandparents, 
‘Cox’s Orange Pippin’ and ‘Cox’s Pomona’. For visualiza-
tion of QTL haplotype inheritance through the pedigree, 
the probability of IBD was calculated in FlexQTL and 
used as input together with AUDPC_First4 BLUEs for 
visualization in PediMap (Voorrips et al. 2012).

Results

Phenotypic data

The infection rate was above 95% of inoculated wounds 
in all experiments, except in 2012 (89.4%). All param-
eters (AUDPC_All7, AUDPC_First4, LL_A1, t_gen, and 
LL_G) were heteroscedastic and had residual distributions 
that deviated from normality (File S2). Ĥ2 was moderate to 

high for the FS family across both years (0.78, 0.78, 0.67, 
0.73, and 0.52 for AUDPC_All7, AUDPC_First4, LL_A1, 
t_gen, and LL_G, respectively). Similarly, moderate to high 
Ĥ2 point estimates were observed for the screening germ-
plasm across all years (0.87, 0.87, 0.62, 0.74, and 0.75 for 
AUDPC_All7, AUDPC_First4, LL_A1, t_gen, and LL_G, 
respectively). The two AUDPC parameters, AUDPC_All7 
and AUDPC_First4, were highly correlated, while the three 
parameters relating to the sigmoid growth model were very 
weakly correlated with each other (Fig. 1a). The year-year 
correlation for the FS family (represented by 1 tree/block) 
was low for all parameters (Pearson corr. = 0.43, 0.42, 0.34, 
0.54, 0.12, and 0.35 for AUDPC_All7, AUDPC_First4, LL_
A1, t_gen, and LL_G, respectively, Fig. 1b), but the cor-
relation between years was moderate to high for the control 
cultivars included both those years (represented by 3 trees/
block) (Pearson Corr. = 0.83, 0.87, 0.90, 0.74, and 0.75 for 
AUDPC_All7, AUDPC_First4, LL_A1, t_gen, and LL_G, 
respectively, Fig. 1c). The low correlation between years 
for the FS-family is likely caused by extensive experimental 
noise in single-year data when using only one tree per block. 
As a consequence, differences between years cannot be reli-
ably estimated in the FS family, and the BLUEs over both 
years were used as phenotypes for QTL mapping.

QTL mapping

First, we considered the AUDPC over all seven assess-
ments (AUDPC_All7), and subsequently we also assessed 

Fig. 1  Distributions of,  and correlations between, parameters and 
years. a Correlogram from the screening population with histograms 
for each parameter in the diagonal, Pearson correlation coefficient (r) 
in the upper off-diagonal, and pairwise scatter plots in the lower left 
off-diagonal. b Correlations between the two years of phenotyping for 

the QTL mapping in the FS family and c the reference cultivars that 
were common between the 2 years. d–h Distributions in the FS fam-
ily for the different parameters where phenotypic values of the par-
ents are indicated by red (‘Aroma’) and blue (‘Discovery’) arrows
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the AUDPC over only the first four assessments (AUDPC_
First4), when most wounds had not started to girdle. Next, 
QTL mapping was performed on three parameters of a 
sigmoid growth curve: initial lesion length (LL_A1), 
growth rate (t_gen), and maximum lesion length before 
the wounds girdle (LL_G).

For AUDPC_All7 there was strong statistical evidence 
for three QTL, one each on LG1, LG8, and LG15. In addi-
tion, there was positive evidence for one QTL on LG16, 
although this evidence was the joined result of two peaks 

in the posterior probability far apart, while there was 
hardly any evidence for 2 QTL (2lnBF: 0.6 – 1.3) (Table 1, 
Fig. 2, File S2).

AUDPC_First4 provided decisive evidence for one 
QTL each on LG8 and LG15, and strong evidence for one 
QTL each on LG1 and LG16. In contrast to AUDPC_All7, 
there was a single consistent peak in posterior intensity for 
LG16, coinciding with one of the peaks for AUDPC_All7 
on that LG, denoted LG16b (Table 1, Fig. 1, File S2).

Table 1  QTL regions are summarized from four replicate FlexQTL 
runs for each parameter. For each parameter (Param.) and QTL, 
the highest and lowest LG-wide 2lnBF* value for one QTL over no 
QTL, range of genetic bins with strong local evidence in all four runs 
(Range), the width of the QTL range, the range of the two genetic 
bins with the highest joint probabilities averaged over all four runs 
(Peak), average Bayesian probability of the QTL across the four runs 

(B-Prob.), average PVE over the four replicates, and the parental gen-
otypes with strong evidence. Note that PVE is calculated based on the 
entire QTL interval, defined as a series of consecutive genetic bins 
with 2lnBF values above 2, which is wider than the indicated range. 
In addition, the consensus QTL regions across all parameters are 
noted (i.e., the outer boundaries of the range and peak across param-
eters)

* A 2lnBF value above 0, 2, 5, and 10 is considered to indicate no, positive, strong, and decisive statistical evidence for the presence of a QTL, 
respectively.
** Not represented by two or more consecutive bins with 2lnBF above 5 in all four replicate runs, but shown for consistency with QTL regions for 
other parameters.

Param QTL 2lnBF* Range (cM) Width (cM) Peak (cM) B-prob PVE (%) ’Aroma’ ’Discovery’

AUDPC_All7 LG1 5.6–6.1 44–54 10 50–54 0.6 13.4 – Q/q
LG8 6.1–7.3 38–50 12 40–44 0.7 14.0 – Q/q
LG15 5.4–6.2 51–61 10 51–55 0.7 10.9 Q/q Q/q
LG16a 4.0–4.4 20–22** –** 20–22** 0.2 8.7 – Q/q
LG16b 48–50** –** 48–50** 0.2 9.8 – Q/q

AUDPC_First4 LG1 5.8–6.5 40–52 12 44–48 0.7 11.8 – Q/q
LG8 10.6–14.0 38–50 12 46–50 1.0 14.0 – Q/q
LG15 10.9–12.4 51–57 6 51–55 1.0 13.6 Q/q Q/q
LG16a – – – – – – – –
LG16b 8.7–9.8 44–50 6 46–50 0.9 16.1 – Q/q

LL_A1 LG1 – – – – – – – –
LG8 2.1–2.4 50–52** –** 50–52** 0.2 8.7 – –
LG15 8.0–9.7 49–57** 6** 53–57** 1.0 14.0 Q/q –
LG16a – – – – – – – –
LG16b 6.1–7.8 38–50 12 46–50 0.7 12.1 – Q/q

t_gen LG1 3.4–3.7 50–54** 4 50–54 0.4 9.8 – Q/q
LG8 9.2–9.7 42–52 10 46–50 1.0 13.0 – Q/q
LG15 – – – – – – – –
LG16a – – – – – – – –
LG16b – – – – – – – –

LL_G LG1 – – – – – – – –
LG8 – – – – – – – –
LG15 – – – – – – – –
LG16a 5.3–6.2 20–24 4 20–24 0.6 13.9 – Q/q
LG16b – – – – – – – –

Consensus LG1 – 40–54 14 44–54 – – – –
LG8 – 38–52 14 40–50 – – – –
LG15 – 51–61 10 51–55 – – – –
LG16a – 20–24 4 20–24 – – – –
LG16b – 38–50 12 46–50 – – – –
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The LL_A1 parameter provided strong evidence for 
one QTL, and positive evidence for a second QTL on 
LG15, one of which overlapped with the QTL detected 
for AUDPC_All7 and AUDPC_First4 on this LG. There 
was also strong evidence for a QTL for LL_A1 on LG16, 
which overlapped with the LG16b locus detected for 
AUDPC_First4, and positive evidence for a QTL on LG8, 
overlapping with the region identified for other param-
eters. Additionally, there was strong evidence for a QTL 
for LL_A1 on LG13, which was not detected for any of the 
other parameters analyzed and was not considered further 
(Table 1, Fig. 2, File S2).

The parameter t_gen provided strong evidence for one 
QTL on LG8, overlapping with the QTL on LG8 detected 
for AUDPC_All7 and AUDPC_First4. In addition, one QTL 
with only positive evidence was detected on LG1, overlap-
ping with the QTL for AUDPC_All7 and AUDPC_First4 on 
this LG (Table 1, Fig. 2, File S2).

LL_G provided strong evidence for one QTL on LG16, 
which coincided with one of the QTL for AUDPC_All7 on 
LG16, but not with the LG16b locus. Thus, we denote this 
locus LG16a (Table 1, Fig. 2, File S2).

All identified QTL regions explained a low to moder-
ate proportion of the variance of the respective parameter 
(Table 1). None of the parameters showed strong evidence 
(2lnBF > 5) for more than one QTL on any LG, in any repli-
cate FlexQTL run. All FlexQTL runs converged (ECS > 100 
for all parameters) and QTL intervals were reproducible 
between runs (File S2). The LG15 locus was the only one 
with strong evidence for segregation in ‘Aroma’, while there 
was strong evidence for segregation in ‘Discovery’ for all 
five loci (Table 1). The two peaks for the LL_A1 parameter 
on LG15 (Fig. 2c) seemed to be fitted alternatingly accord-
ing to the trace plot and were thus interpreted as representing 
a single QTL with an uncertain position. All other iden-
tified QTL regions showed independence in their discov-
ery according to the trace plots (File S2). The consensus 
regions of all 5 QTL intervals were investigated (i.e., the 
outer boundaries of the range across parameters), and the 
presence of segregating markers and recombination events 
could be confirmed in all five cases.

Compound QTL genotypes

Thus, five QTL regions related to different parameters of 
a sigmoid growth curve for lesion length were identified 
and considered further. Next, we analyzed the segregation 
patterns (monohybrid vs dihybrid) and potential interaction 

effects within and between loci, considering the pairs of loci 
affecting the same parameter. To evaluate the behavior of the 
compound QTL genotypes, individuals without recombina-
tion in the consensus QTL regions for the relevant loci were 
selected. For LG1 and LG8, the t_gen parameter was used 
as phenotype as there were no other QTL regions with LG-
wide positive evidence for that parameter. For the LG15 and 
LG16b loci, the LL_A1 parameter was used and the LL_G 
parameter was used for the LG16a locus, despite LG-wide 
strong and positive evidence for a locus segregating at LG13, 
respectively. The genotypes for the QTL regions were then 
analyzed by a series of nested linear models to investigate 
segregation patterns and interaction effects (File S2). None 
of the loci exhibited skewed segregation.

For the t_gen parameter QTL at LG1 and LG8, 111 indi-
viduals were identified without recombination events in the 
QTL regions. Considering the possible compound geno-
types across both loci, the model with paternal segregation 
at LG1 and dihybrid segregation at LG8 was significantly 
better than the alternative models. The desirable Q alleles 
for t_gen came from ‘Beauty of Bath’ at LG1, and from 
‘Ingrid Marie’ and ‘Worcester Pearmain’ at LG8. Adding 
terms for dominance or allele-specific epistasis between the 
two loci did not cause any significant improvements over 
the additive effects only model. Indeed, a simple linear 
model accounting for the total number of Q alleles across 
both loci had lower AIC (62.0) and BIC (70.0) than a model 
accounting for the segregation at each locus separately (65.0 
and 78.5, respectively). Adding an extra Q allele increased 
the average t_gen by 0.07, 0.21, and 0.25 days when going 
from zero to one, from one to two, and from two to three Q 
alleles, respectively, corresponding to an average decrease 
in AUDPC_All7 of 149, 335, and 339 mm*days (Fig. 3a). 
As the average increase in t_gen is about three times larger 
when going from one to two, or from two to three Q alleles 
than when going from zero to one Q allele, there might be 
some synergistic epistasis for the number of Q alleles at the 
LG1 and LG8 loci. Indeed, alternative models accounting for 
epistasis but otherwise similar to the simple model (account-
ing for the total number of Q alleles across both loci) all had 
AICs in the same range (within 2 units of the minimum). 
However, there were only two alternative full models with a 
BIC that was less than 3 units above the simple model, indi-
cating that they might be equally competitive. These models 
were ones that had an additional  log10-transformed term for 
the number of Q alleles across both loci, and one which 
instead of the total number of Q alleles, had one term for 
going from zero to one Q allele, and one term for additional 
Q alleles beyond one.

For the LL_A1 parameter QTL at LG15 and LG16b, 
115 individuals were identified without recombination 
events in the LG15 or LG16b QTL regions. Considering 
the additive effects of the four possible alleles at each locus, 

Fig. 2  Posterior QTL positions from FlexQTL for each parameter, 
from a run with 3 prior QTL, a AUDPC_All7, b AUDPC_First4, c 
LL_A1, d t_gen, and e LL_G. Note that statistical evidence is based 
on the area under a peak rather than the height of a peak

◂
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the best model was for dihybrid segregation at LG15 and 
paternal monohybrid segregation at LG16b. The desirable 
q alleles for LL_A1 came from ‘Filippa' and ‘Beauty of 
Bath’ at LG15, and from ‘Worcester Pearmain’ at LG16b. 
There were, however, no significant effects of dominance 
or allele-specific epistasis. As the three q alleles appeared 
to have similar effects, different linear models with the 
total number of q alleles regardless of locus were fitted and 

compared to the alternative models with individual alleles. 
Adding an extra q allele decreased LL_A1 by 0.85, 2.84, and 
1.18 mm when going from zero to one, from one to two, and 
from two to three alleles, respectively (Fig. 3), correspond-
ing to an average decrease in AUDPC_All7 of 2, 423, and 
523 mm*days. The model with the lowest AIC accounted 
only for linear additive effects from the total number of q 
alleles across both loci, although a number of models which 

Fig. 3  Phenotype distributions 
of compound genotypes within 
the ArDi FS family, grouped by 
a number of Q alleles for t_gen 
at the LG1 and LG8 loci, b 
number of q alleles for LL_A1 
at the LG15 and LG16b loci, 
and c number of q alleles for 
LL_G at the LG16a locus. 
Individuals with recombina-
tion events within the QTL 
regions of the respective QTL 
loci are excluded. Note that for 
LG1, LG16a, and LG16b the 
homozygous state of ‘Aroma’ 
cannot be determined, thus 
those alleles are not counted

12   Page 10 of 16 Tree Genetics & Genomes (2023) 19:12



1 3

had additional terms for non-linear or allele-specific effects, 
had AICs that were less than 2 units larger than the simple 
model. The latter had a BIC value 3.7 units lower than the 
alternative full model with the second lowest BIC. Similar 
to the case for the LG1 and LG8 loci, the second-best model 
was one that instead of the total number of Q alleles, had 
one term for going from zero to one Q allele and one term 
for additional Q alleles beyond one. While this might indi-
cate the presence of some degree of synergistic epistasis for 
the LG1 and LG8 loci, and the LG15 and LG16b loci with 
regard to the number of q alleles, it could also be an arte-
fact from the data as the distribution is skewed, particularly 
LL_A1 for which there are ‘zero’ observations (Fig. 1 and 
File S2).

There were 159 individuals without recombination events 
within the LG16a QTL region. Considering either mater-
nal or paternal alleles separately, or compound genotypes, 
provided statistical evidence only for maternal segrega-
tion, with the decreasing q allele coming from ‘Worcester 
Pearmain’. Individuals carrying the q allele had lesions that 
were on average 9.18 mm shorter when they girdled, and a 
325 mm*days lower AUDPC_All7.

Search for epistatic loci

As the phenotypic distributions of some of the subgroups of 
the FS family seemed to indicate some residual segregation 
(e.g., the two Q alleles subgroup in Fig. 3a and the one q 
allele subgroup in Fig. 3b), we considered the possibility of 
epistatic interactions specific to each subgroup. To search 
for potential epistatic loci, we divided the FS population into 
four subsets with individuals having zero to three desirable 
alleles at the LG1 and LG8 loci, four subsets with individu-
als having zero to three desirable alleles at the LG15 and 
LG16b loci, and two groups carrying the q or Q allele from 
‘Discovery’ at the LG16a locus. However, as this resulted in 
very small subsets, this must be considered very preliminary 
results. For individuals with one Q allele for t_gen at LG1 or 
LG8, there was strong LG-wide evidence for a QTL on LG3 
for the t_gen parameter (2lnBF = 5.6), which was not found 
in the full FS family for any of the parameters. In the LG16a 
subgroups there was LG-wide positive evidence for one QTL 
on LG3 (2lnBF = 3.4) and on LG10 (2lnBF = 2.6), in the 
subgroups with one and zero q allele for LL_G, respectively.

In the original mapping using the full FS-family, strong 
LG-wide evidence for a QTL on LG13 was found for the 
LL_A1 parameter (2lnBF = 5.5–6.1). Investigation of the 
genotype probabilities assigned by FlexQTL for one of the 
replicate runs with the full mapping population and LL_A1 as 
parameter indicated that individuals with a probability above 
0.5 for having a Qq genotype at the LG13 locus occurred at a 
frequency close to 0.5 for both the 1q and 2q subgroups (0.5 
and 0.43, respectively). Thus, the LG13 locus is expected to 

segregate in both subgroups, but positive evidence was found 
for one QTL on LG13 for the AUDPC_All7 and AUDPC_
First4 (2lnBF = 4.2 and 3.1, respectively) parameters only in 
the subgroup carrying a single q allele for AUDPC or LL_A1 
at either the LG15 or the LG16b locus. That the locus on 
LG13 is only detected in the subgroup with one q allele might 
indicate that there is a locus on LG13 that is partially recessive 
to the other loci mapped in this study, although the absence 
of detectable segregation in the 2q subgroup could be due to 
scale effects. However, this is expected to be less of an issue 
with the AUDPC_All7 parameter than with LL_A1 (File S2). 
Furthermore, positive LG-wide evidence was found for the 
LL_G parameter (2lnBF = 2.8–3.6) on the same LG, although 
there was barely any evidence using the AUDPC or t_gen 
parameters (Fig. 2, File S2). The peak for the LL_A1 parame-
ter appears on the lower end of LG13 together with the LG16b 
locus on the upper end of LG16, and the peak for the LL_G 
parameter appear of the upper end of LG13 together with the 
LG16a locus on the lower end of LG16 (Fig. 2). Chromosome 
13 is known to be homoeologous to chromosome 16 (Dac-
cord et al. 2017), although the QTL mapping was done based 
on genetic distances, which do not follow a linear relation-
ship to the physical position across the entire LG. Due to the 
low power for the LG13 loci and the large QTL intervals, the 
potential homoeology between the two LG13 peaks and the 
LG16a and LG16b loci was not investigated further, although 
it might indicate a complex interaction between these regions.

Prevalence of the segregating haplotypes 
in the screening germplasm

Several of the phenotyped individuals in the screening germ-
plasm were related to either of the parents of the FS family, 
with phased marker data available. Thus, transmission of 
IBD haplotypes can be traced and haplotypes being IBS to 
those segregating in the FS family can be identified. While 
validation of QTL with moderate effects on a polygenic trait 
can be difficult in a genetically diverse germplasm, it can 
still provide information on the effect of a QTL and guide 
future crosses for breeding and genetic research. Among 
the identified QTL regions, we focused on LG8, LG15, 
and LG16b for further analysis due to the low prevalence 
of the desirable allele from ‘Beauty of Bath’ at LG1 and 
the uncertain biological effect of the q allele at LG16a. The 
LG1 locus was not considered further, as the donor of the 
q allele, ‘Beauty of Bath’, had very few descendants in the 
germplasm studied. Also, the LG1 locus had lower Bayesian 
probability across parameters (Table 1). The LG16a locus 
was omitted due to its small effect, uncertainties in its segre-
gation (low Bayesian probability, relatively few segregating 
SNP markers in the QTL region, and q allele of LG16a being 
in coupling phase with the q allele at the LG16b locus) and 
ambiguity in which allele should be considered desirable 
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(see the “Discussion” section). Thus, haplotypes of the LG8, 
LG15, and LG16b loci that segregated in the FS family were 
traced along the known pedigrees of some cultivars related 
to ‘Aroma’ and ‘Discovery’ (Fig. 4), and individuals with 
IBS haplotypes were identified in the germplasm (File S1).

Concerning LG8, ‘Lillarosaröda’ (an unreleased selection 
from the Swedish breeding program, ‘Lillarosarod’ in Fig. 4) 
and the highly susceptible ‘Julia’ are the only individuals, 
apart from ‘Discovery’, to have inherited the q allele for 
AUDPC from ‘Worcester Pearmain’. However, the q allele 
for AUDPC coming from ‘Cox’s Orange Pippin’ has been 
transmitted to several descendants, and there are 15 haplo-
types that are IBS to either of the q alleles (Fig. 4a, File S1).

Regarding the LG15 locus, ‘Gratia’ seems to be the only 
descendant of ‘Aroma’ to share the q allele by IBD, and the only 
individual that shares the q allele of ‘Beauty of Bath’ by IBD is the 
susceptible cultivar ‘Julia’. Notably, ‘Ingrid Marie’ seems to have 
a recombination event within the consensus QTL region, so it is 
unclear which of the descendants of the ‘Cox’s Orange Pippin’ 
inherited the Q allele segregating in the ‘Aroma’ × ‘Discovery’ 
family. However, 10 haplotypes in the screening germplasm are 
IBS to either of the Q alleles, while only 5 are IBS to either of the 
q alleles, all of which are IBD (Fig. 4b, File S1).

The q allele from ‘Worcester Pearmain’ at the LG16b locus 
has been transmitted to six individuals in the screening germ-
plasm, and several other cultivars which were not phenotyped. 
Offspring of ‘Worcester Pearmain’ that have inherited the q 
allele include ‘Discovery’, ‘Katja’, and ‘Lord Lambourne’ 
(Fig. 4c, File S1). These have in turn transmitted the q allele 
to cultivars such as ‘Agnes’, ‘Lillarosaröda’, ‘Øye’, ‘Nanna’, 
‘Estelle’, ‘Maj-Britt’, and ‘Skaistis’ (‘Estelle’ and ‘Maj-Britt’ 
are unreleased selections from the Swedish breeding program).

While not considered further, it should be noted that the LG16a 
q allele for AUDPC_All7 is in coupling phase with the q allele of 
the LG16b locus in ‘Worcester Pearmain’. Also, a relatively large 

number of haplotypes in the screening germplasm are IBS to either 
the Q or the q alleles (17 haplotypes of each allele, File S1).

Discussion

QTL related to resistance to European canker

We identified several QTL for resistance against N. ditis-
sima segregating in ‘Aroma’ × ‘Discovery’, five of which 
were considered for further analysis. Two QTL on LG15 
and LG16 (LG16b) were identified for the LL_A1 param-
eter as well as AUDPC_First4. Two QTL on LG1 and LG8 
were identified for the t_gen parameter and both AUDPCs. 
Lastly, a second QTL on LG16 (LG16a) was identified for 
the LL_G parameter. The AUDPC_All7 parameter gave 
strong evidence for only three QTL and no evidence for 
presence of two QTL on LG16. However, further analysis 
by parametrization provided strong evidence for two QTL on 
LG16 with effects during different stages of lesion growth. 
Thus, parametrization of the phenotypic data allowed us to 
identify more QTL with better statistical power, and pro-
vided a first insight into their roles during different stages 
of disease development under these current experimental 
conditions. For example, ‘Discovery’ segregated for a q 
allele for LL_G at the LG16a locus. The q allele results in a 
shorter lesion length when the wound girdles, which implies 
a smaller lesion with less potential as a source for secondary 
infections. On the other hand, a shorter lesion length when 
the wound girdled implies that distal parts of the stem dies 
quicker. From an epidemiological point the q allele might 
be desirable while the effect of the Q allele might be pre-
ferred by the farmer as the distal parts of the branch can 
remain productive for a longer time before it dies off. Thus, 
the Q allele could be considered a tolerance allele rather 
than a susceptibility allele. In the current study, we found no 
statistically significant dominance effects for the five loci, 
although this could be due to a lack of statistical power in the 
available data and monohybrid segregation as for, e.g., the 
LG16b locus. Thus, further validation studies would benefit 
from being designed to enable the assessment of dominance 
effects at the QTL of interest. On the other hand, we identi-
fied potentially epistatic loci on LGs 3 and 13, with effects 
specific to individuals in the FS family carrying one q allele 
for AUDPC at the LG1 and LG8 or the LG15 and LG16b 
loci, respectively. We also identified a potential epistatic 
interaction between the LG3 and LG10 loci for subsets of the 
FS family that have one and zero q allele at the LG16a locus, 
respectively. However, these potentially epistatic loci were 
identified based on small subsets of the FS family, with the 
parameters of each subgroup suffering from scale effects to 
different degrees. Thus, their status as epistatic loci must be 

Fig. 4  Transmission of QTL haplotypes of the QTL a LG8, b LG15, 
and LG16b along the pedigrees of some cultivars, which have inher-
ited parts of the haplotypes of the consensus QTL regions segregat-
ing in ‘Aroma’ and ‘Discovery’. The color of the frames indicates 
the cultivars BLUE for AUDPC_First4, ranging from purple (high 
value, susceptible) to green (low value, resistant). The boundaries of 
the consensus QTL regions are indicated by white lines. The founder 
haplotypes segregating in ‘Aroma’ × ‘Discovery’ are indicated as 
dark/light green (q) and dark/light purple (Q), all other haplotypes are 
grey. Red lines indicate maternal inheritance and blue lines indicate 
paternal inheritance. Note that both haplotypes of ‘Cox’s Orange Pip-
pin’ are traced for LG15, as ‘Ingrid Marie’ seems to have a recom-
bination event within the consensus QTL region, such that the first 
3  cM comes from one haplotype (light purple) and the upper 7  cM 
from the other haplotype (dark purple) of ‘Cox’s Orange Pippin’. 
Additionally, ‘Ingrid Marie’ seems to have two subsequent double 
recombination events on LG15 from ‘Cox’s Orange Pippin’, including 
a 10-cM region upstream of the QTL regions where ‘Cox’s Orange 
Pippin’ is homozygous for the markers included in this study

◂
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considered very preliminary, and interpretations should be 
made with great caution until their effects have been further 
verified. Putative epistatic QTL interactions have previously 
been identified in other pathosystems of M. domestica, e.g., 
resistance to fire blight (van de Weg et al. 2018).

In the current study, the LG8, LG15, and LG16b loci 
had the highest probabilities across parameters (Table 1). 
Bus et al. (2021) also identified QTL for resistance against 
European canker on LG8 and LG16 segregating in a bi-
parental family. The SNP being most strongly linked to 
the LG8 locus in that study was within the consensus QTL 
peak of the LG8 locus in the current study and might thus 
represent the same locus. Similarly to the current study, the 
LG8 locus was segregating in the cultivar considered to be 
susceptible (‘Scired’). On the other hand, the SNP being 
reported by Bus et al. (2021) as most tightly linked to the 
LG16 locus is located in between the LG16a and LG16b 
loci identified in the current study, outside the consensus 
QTL regions of both loci. Additionally, Karlström et al. 
(2022) recently performed QTL mapping through Pedigree 
Based Analysis (PBA) using several disease parameters 
and found positive or strong evidence for QTL regions on 
several linkage groups, including LGs 8, 15 and 16. While 
the QTL regions on LG15 of that study barely coincided 
with the QTL at LG15 in the current study, the statistical 
power was much higher in the current study, with decisive 
evidence for the AUDPC_First4 parameter. This might in 
part be due to the much smaller families used by Karl-
ström et al. (2022) (60–69 individuals). Considering a trait 
that is controlled by several QTL with moderate effect, 
large families will be required for both breeding and QTL 
mapping. For further efforts in pre-breeding or validation 
of QTL effects, one might for example consider the cross 
‘Gratia’ × ‘Lillarosaröda’ where ‘Gratia’ is carrying the q 
allele from ‘Filippa’ at LG15 and ‘Lillarosaröda’ is carry-
ing the q alleles for AUDPC from ‘Worcester Pearmain’ at 
the LG8 and LG16b loci (Fig. 4).

Experimental procedures

The experimental procedures of the current study pro-
vided phenotypic data of high quality, which facilitated 
high statistical power in QTL detection. By dissecting 
the phenotypic data further, in light of a sigmoid growth 
curve for lesion growth, these QTL regions were found 
to play key roles during specific stages of the infection. 
This indicates that the time points at which assessments 
are being made can have a crucial effect on which QTL 
regions are detected in a study. Wenneker et al. (2017) 
suggested LGR as the most robust metric for quantification 
of resistance to European canker. In the current study, we 
used the parameter t_gen, which is conceptually similar 
to LGR as both are measures of growth rate. In line with 

Wenneker et al. (2017), we found the t_gen parameter to 
provide high heritability and correlations between years 
in both the screening germplasm and the FS family. While 
the t_gen parameter provided strong evidence for the LG8 
QTL, it did not provide any evidence for the LG15, LG16a, 
or LG16b QTL regions.

While it has been questioned whether screening tests in 
controlled conditions are relevant to field conditions (Del-
gado et al. 2022), there are large differences between experi-
mental set-ups that might appear similar at a first glance, 
e.g., potted trees experiment. Karlström et al. (2022) also 
made use of a controlled conditions experiment with potted 
trees, which in some respects was similar to the experimental 
set-up of the current study. There were, however, several 
differences in the procedure, including physiological growth 
stage of the trees, climatic conditions, number of replicates 
and pseudo-replicates, number of conidia applied to each 
wound, and assessment intervals. They reported a broad 
sense heritability of 0.46 for their potted trees experiments, 
which is much lower than what is reported here (0.78 for 
AUDPC_All7). Consequently, they reported a much weaker 
statistical support for the QTL regions identified in their 
study.

Future prospects

As the identified QTL all had low to moderate effects, and 
the estimates of broad-sense heritability were high, each 
of the identified QTL will likely have a low predictiveness 
by themselves. Thus, maximal genetic gain will likely be 
obtained by first identifying the most suitable parent-par-
ent combination, followed by a two-step selection process, 
first by culling the worst genotypes using marker-assisted 
selection and subsequently by phenotypic screening of the 
remaining individuals (Vanderzande et al. 2018; Ru et al. 
2016). However, this requires that the identified QTL hap-
lotypes can be converted to a small number of markers that 
can be routinely analyzed on a relatively cheap platform. 
As the SNPs for the 20 K SNP array were selected from 
a narrow genetic base of only 14 individuals, mostly with 
high MAF, single SNPs that are diagnostic of a given QTL 
region are unlikely to be identified. Rather, subsets of SNPs 
that can distinguish a given haplotype in a given breeding 
germplasm could be searched for (Chagné et al. 2019). 
Additionally, QTL effects from desirable alleles that are 
rare in a germplasm, such as the q allele at LG15 from 
‘Filippa’, are difficult to verify, and even more so in the 
presence of several additional QTL of moderate effect seg-
regating in the germplasm. Thus, future efforts to validate 
the QTL regions identified in the current study, and poten-
tial subsets of SNPs for marker-assisted seedling selection, 
would require FS-families that are expected to segregate 
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for the specific QTL alleles to be validated. Furthermore, 
a promising source of resistance for the Swedish breed-
ing program, the cultivar ‘Santana’, was not IBS for the 
favorable alleles at any of the QTL loci. Thus, ‘Santana’ 
might pose a supplementary source of resistance, and fur-
ther breeding efforts would benefit from the mapping of 
resistance QTL segregating in that cultivar.

Data archiving statement

BLUEs for phenotypic parameters for the screening germ-
plasm and phased SNP calls of the parents of the FS family 
for each consensus QTL region are given in File S1. SNP 
calls and BLUEs for the different parameters of the FS-fam-
ily can be made available upon request.
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