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Apple genomics for the Swedish breeding
programme

Abstract

Swedish apple (Malus domestica Borkh.) cultivation is a niche market setting
specific requirements on new apple cultivars. Notably, the growing season is short,
especially in central and northern Sweden, and there are relatively few pesticides
available, making resistance to diseases important. The past decade has seen major
developments in tools for genomics-led breeding in apple and targeted application
of these tools could facilitate a major increase in efficiency. The aim of this thesis
has been to lay the foundations for genomics-led breeding in the Swedish apple
breeding programme. In a first step, the status of available genetic resources was
investigated and curated (Paper I). A robust high-resolution virtual linkage map
(Paper II) was then developed by analysis of two whole genome sequences and use
of a high-density linkage map. Identification of pedigree relationships and use of a
reliable map for marker ordering enabled production of highly curated and phase-
resolved marker data. Apple germplasm was screened for resistance to European
canker (Neonectria ditissima) and quantitative trait loci (QTL) in segregating
offspring of ‘Aroma’ x ‘Discovery’ were mapped (Paper III). The metabolomic
profiles of the parents during early stages of infection provided insight on the
potential roles of two of the mapped QTL, and indicated that ‘Santana’ might
provide a complementary source of resistance (Paper IV). The effect of previously
published genomic regions and QTL intervals for date of flowering and harvest date
under Nordic conditions were investigated in germplasm relevant for Nordic apple
breeding (Paper V). A study on the genetic basis for adaptation to northern Sweden
was initiated, with the timing of canopy senescence identified as a correlating trait
(Paper VI). The applicability of the novel data obtained was illustrated by discussing
future crosses that could be relevant for breeding to improve resistance to N.
ditissima and adaptation to central and northern Sweden.

Keywords: plant breeding, Malus, QTL mapping, SNP array, European canker






Apple genomics for the Swedish breeding
programme

Abstract

Den svenska marknaden for dppelodling &r en nischmarknad med specifika krav pa
vissa odlingsegenskaper. Till exempel &r odlingssdsongen kort, framforallt i
mellersta och norra Sverige, och det finns relativt fi kemiska bekdmpningsmedel
tillgéingliga, vilket gor resistens mot olika sjukdomar extra viktigt. Under det senaste
decenniet har det skett en kraftig utveckling av verktyg for genombaserad
vaxtforadling av dpple, och att utnyttja dessa skulle kunna bidra till en kraftigt 6kad
effektivitet i vaxtforadlingsprogrammet pd dpple. Dérfor har mélet med denna
avhandling varit att etablera grundliggande infrastruktur, i form av kunskap,
fardighet och datainsamling, for att arbeta med genombaserad vixtforddling i det
svenska vixtforddlingsprogrammet pa dpple. Forst undersoktes statusen pa
tillgédngliga genetiska resurser (Paper I). Sedan utvecklades en robust och hogupplost
virtuell genetisk karta efter att tvd helgenomsekvenser och en hogupplost
kopplingskarta kurerats (Paper II). Tillgéng till ett extensivt slakttrad och en pélitlig
genetisk karta gjorde det mojligt att generera kurerad och kopplingsfasad
markordata. Motstandskraften mot frukttrddskriafta (Neonectria ditissima)
undersoktes i en samling &dppelsorter och kvantitativa loci (QTL) som styr
egenskapen karterades i en segregerande avkomma av ’Aroma’ x *Discovery’ (Paper
IIT). Tva av de identifierade QTL diskuterades i relation till metabolomprofilerna
hos fordldrarna vid infektion (Paper IV). Effekten av tidigare publicerade QTL
intervall och genomiska regioner for tid for blomning och fruktmognad under
nordiska forhdllanden undersoktes i en samling sorter relevanta for nordisk
dppelfordadling (Paper V). En undersdkning av den genetiska basen for
klimatanpassning pabdrjades och visar att tid for hostsenescens &r korrelerat med
vilken odlingszon en sort dr rekommenderad for (Paper VI). Till sist exemplifieras
anvéndningen av resultaten genom en diskussion om relevanta korsningar.

Keywords: vaxtforadling, Malus, QTL kartering, SNP array, frukttradskréfta






Preface

“The Wheel of Time turns, and Ages come and pass, leaving memories that
become legend. [...] In one Age [...] a wind rose in the Mountains of Mist.
The wind was not the beginning. There are neither beginnings nor endings
to the turning of the Wheel of Time. But it was a beginning.”

-Robert Jordan, from Book One of The Wheel of Time.

Thus, while this thesis is not the ending, it is an ending to a journey. A
journey that might have begun with Ragnardk: the end of the world and the
birth of something new. Likewise, it is not just an ending but might also be
the seed of a beginning.

Jonas Skytte af Satra
Angelholm, February 2023
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1. Background

1.1 The domesticated apple

The domesticated apple (Malus domestica Borkh.) is diploid, though triploid
individuals occur. Triploid individuals make poor parents for breeding as
they have low fertility, but are generally more vigorous and give larger fruits
than diploids. Accordingly, they are relatively common among cultivars as
these properties have been favoured by human selection. The domesticated
apple most likely originated in the Tian Shan mountains, in today’s
Kazakhstan. From there, individuals of Malus sieversii appear to have spread
to Europe along the Silk Road, arriving at around the time of the roman
empire, and hybridised extensively with the European crabapple (Malus
sylvestris). Individuals of M. sieversii also spread eastward along the Silk
Road and hybridised with the Siberian crabapple (Malus baccata), leading
to a slightly different kind of apple than in Europe. Interestingly, M. sieversii
seems to have been largely self-domesticated, acquiring typical
domestication traits such as large fruits that do not drop off the tree, probably
as an adaptation to dispersal by large mammals. M. domestica shares many
of the characteristics typical of domesticated perennial plant species, it is
long lived and clonally propagated, is an self-incompatible outcrosser, and
has an extended juvenile period (Cornille et al., 2014; Duan et al., 2017; Gaut
et al., 2015; Spengler, 2019; Sun et al., 2020). More recently, other wild
Malus species have been hybridised with M. domestica in order to introduce
various traits, in particular disease resistance from e.g. Malus floribunda and
Malus robusta (Bus et al., 2011, 2019; Janick, 2006). Taken together, this
history has contributed to the very weak domestication bottleneck observed
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in domesticated apple, its high degree of heterozygosity, and its large amount
of accessible genetic variation.

1.2 The Swedish market

Sweden is part of the Scandinavian Peninsula, lying between 55°N and 69°N,
and the growing season is short, especially in central and northern parts of
the country. Approximately 20-25% of the dessert apples consumed come
from domestic production and the vast majority of production is located in
southern Sweden. Due to the small size of the domestic apple market,
Swedish growers have limited access to pesticides, making resistances to
diseases highly prioritised traits. Most of the pesticides applied in a typical
orchard are aimed at controlling apple leaf scab (Venturia inaequalis)
(Nybom, 2019).

Sweden is divided into nine growing zones (zones 1-8 and the alpine
region) for perennial horticultural crops (Fernqvist, 1993). Some orchards
have recently been established in zone 5 (around Umea, 63°N), but most
production is concentrated to zones 1 and 2.

1.2.1  Specific challenges

One of the main threats to Swedish commercial orchards is European canker,
a fungal disease caused by Neonectria ditissima. Mild symptoms result in
decreased fruit bearing capacity, while severe attacks can kill entire trees. In
extreme cases, entire orchards have been destroyed due to this pathogen. In
all cases, the profitability of apple production is affected by the disease. The
complete lack of available fungicides to control N. ditissima further
exacerbates the problem (Garkava-Gustavsson et al.,, 2016, 2013;
Gustavsson et al., 2022). Thus, breeding for improved resistance to M.
ditissima is of high importance.

The local climate also poses special challenges to domestic apple
production. Notably, the growing season in Sweden is relatively short, even
in the southernmost parts of the country. In addition, as spring becomes
earlier due to ongoing global warming the risk of frost during flowering
might increase in the future, though it is already perceived as an important
problem (Hénninen, 2006; Legave et al., 2013; Monell, 2021; Nybom, 2019;
Vitasse et al., 2018).
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1.3 The Swedish breeding programme(s)

The first apple cultivars released from a domestic breeding programme in
Sweden came from the experimental facility in Alnarp, initially known as
Permanenta Kommittén for Fruktodlingsforsék and later as Statens
Trddgdrdsforsok. These cultivars included ‘Sndvit” (1955), ‘Mio’ (1955),
‘Silva’ (1970), and the tetraploid cultivar ‘Alfa 68 (1953). In the 1940s, a
dedicated breeding programme was established outside Kristianstad. It
became known as the Balsgird programme, after the nearby mountain
Balsberget, and operated as an independent entity until it became part of
Swedish University of Agricultural Sciences (SLU) in 1970. A number of
cultivars have been released from the Balsgard programme over the years,
starting with ‘Alice’ (1963) followed by e.g. ‘Katja’ (1966), ‘Aroma’ (1973),
‘Rodluvan’ (1994), and ‘Frida’ (2007) (Nilsson, 1987; Svensson, 2005). At
the time of writing, the Balsgérd programme is in the process of being
transferred to Alnarp. The breeding work is temporarily on hold, to free up
the resources necessary for the transfer, and thus the cultivars described as
originating from the Alnarp programme in this thesis refer to those coming
from the experimental facility that operated during the 20™ century.

Until work was paused, the Swedish apple breeding programme relied
extensively on the ‘breeder’s eye’ and phenotypic data for parent and
seedling selection, although molecular markers were used to some extent.
The programme was based upon clonal seedling selection with a recurrent
breeding process implemented in a wide sense, with advanced selections or
released cultivars being used as parents in future crosses.

1.3.1 Novel tools with potential

In the past 15 years, there has been rapid development in terms of tools
available for genomic research and genome-informed breeding in apple.
These include high-density single nucleotide polymorphism (SNP) marker
arrays (Bianco et al., 2016, 2014; Chagné et al., 2012), calling and curation
pipelines (Howard et al., 2021a; Vanderzande & Howard et al., 2019),
several high-quality whole genome sequences (WGSs) (Daccord et al., 2017;
Khan et al., 2022; Sun et al., 2020; Velasco et al., 2010; Zhang et al. 2019),
a high-density linkage map (Di Pierro et al., 2016), pedigree-based analysis
(PBA) implemented through FlexQTL™ (Bink et al., 2014, 2008), and a
large number of published quantitative trait loci (QTL) intervals and
genomic regions for relevant traits and markers, some of which have been
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found to be reproducible (e.g. Allard et al., 2016; Bus et al., 2021, 2019;
Karlstrom et al., 2022; Larsen et al., 2019; Migicovsky et al., 2021;
Minamikawa et al., 2021; Urrestarazu et al., 2017). Exploiting these
advances could facilitate transformation of the Swedish apple breeding
programme into a more efficient and data-driven system. However, some
inconsistencies have been reported between the iGLMap and the
GDDH13vl1.1 (Peace et al., 2019), and clarification of these would benefit
the use of both maps.

One of the innovative approaches developed in recent years is the
application of PBA for fruit tree breeding and genetic research. It is
implemented in the software FlexQTL™ and facilitates QTL mapping from
multiple pedigree-related families simultaneously. Availability of pedigree
structures allows modelling of transmission of identical by descent (IBD)
haplotypes through lineages. A Bayesian framework enables simultaneous
estimation of number of QTL, position of QTL, and QTL effects. While
FlexQTL has mostly been applied in PBA, it can also be used for QTL
mapping in single biparental crosses, and predicted QTL genotypes can be
utilized in genomic prediction (Bink et al., 2014, 2008; Sujeet and Whitaker,
2018). Additionally, FlexQTL has a number of useful functions, such as
reporting of both Mendelian consistent and inconsistent errors, prediction of
genotype probabilities, and calculation of IBD probabilities. It should be
noted that FlexQTL requires a genetic or physical map, and that Mendelian
consistent errors that could be caused by an erroneous marker order of the
map will be flagged.
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2. Aims and objectives of the thesis

There have been dramatic advances recently in the genomic tools available
for apple genetic and breeding research, partly as a result of some very
successful international projects, such as HiDRAS, RosBREED, and
FruitBreedomics. The Swedish apple breeding programme has utilised these
resources to a limited extent to date, even though they could improve the
efficiency of the breeding programme and facilitate better integration with
the core activities of the host organisation. In order to rectify this, SLU
Grogrund funded a project entitled “Accelerated and cost-efficient cultivar
development through genome-informed apple breeding” with the goal of
establishing necessary infrastructure for utilisation of available novel tools
in terms of both data collection and competence development. The PPP
project “Nordfruit”, running in parallel, extended the genotypic data-set and
produced phenotypic data, which were of benefit to the SLU Grogrund-
funded project. Against this background, the aims of this thesis were to:

e Evaluate the genetic status of the available gene pool of apple
cultivars, starting with the Swedish Central Collection of heirloom
cultivars.

e Improve the resolution of the available consensus genetic map for
M. domestica, and resolve some of the reported inconsistencies
between iGLMap and GDDH13v1.1 WGS data.

e Identify novel QTL for breeding for improved resistance to
European canker that could be relevant for the Swedish breeding

programme.

e Validate previously published QTL regions that could be relevant
for Nordic conditions.

e Initiate preliminary studies on the genomic basis in apple for
adaptation to conditions in central and northern Sweden.

Towards this end, genotyping in this thesis was carried out using the Illumina
20 K apple Infinium® SNP array (Bianco et al., 2014).
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3. Results and discussion

3.1 Genetic status of available resources

Investigations on the genetic status of the Swedish Central Collection of
heirloom apple cultivars identified a number of synonymous accessions and
some accessions which were likely not-true-to-type (NTTT) (Paper I),
prompting further investigations. For example, the tree representing the
cultivar ‘Bjornegérdsépple’ seemed to have been lost from both the local
clonal archives and the central collection, as the sample was synonymous to
the rootstock ‘A2’. In further investigations, budwood from the presumed
mother tree of ‘Bjornegédrdsdpple’ was located and was found to be
genetically unique in the collection of samples obtained, thus likely being
true-to-type (TTT) (unpublished work). In another example, Paper I showed
that the cultivar ‘Hedemoradpple’ was synonymous with ‘Grégylling’,
despite these generally being considered to be separate cultivars. Later
analysis of a tree planted in the 1930’s in a private garden close to Hedemora
revealed that it was also synonymous with ‘Gragylling’ (unpublished data).
Five key founders among the Swedish heirloom cultivars were identified in
Paper 1. These were ‘Gimmersta’ (most likely a red sport of ‘White
Astrachan’), ‘Gragylling’, ‘Vitgylling’, ‘Rosenhiger’, and
‘Klockhammarsépple’. Since the publication of Paper I, additional material
has been genotyped within this thesis project or in sister projects with
material provided for genotyping by Lidija Bitz (Luke), Dag Rgen
(Graminor), Jakob Sandberg (Fredriksdal), and Gordana Puri¢ and Mirela
Kajkut Zeljkovi¢ (University of Banja Luka). In addition, Eric van de Weg
and Bjarne Larsen (Wageningen University and Research) kindly shared
20K SNP array data for some genotypes, and Nicholas P. Howard has shared
valuable pedigree information for some genotypes. Thus, by the end of the
work in this thesis, 20K SNP array data had been obtained for over 700
unique diploid apple cultivars and advanced selections, as well as three large
full-sibling (FS) families. Of these cultivars and selections, 59% were found
to be involved in at least one parent-offspring relationship, most of which
formed a large interconnected network (Figure la, unpublished work). In
general, the results in Paper I indicated that most modern Swedish cultivars
exploit only a fraction of the available genetic variation. In a principal
component analysis (PCA) plot of the full data set (excluding some
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genotypes with a very large contribution from exotic crab apples), the
cultivars released from the Balsgard breeding program cluster separately
from most of the Swedish heirloom cultivars (Figure 1b, unpublished work).
The only exception being ‘Rédluvan’, the only cultivar released from the
Balsgard programme that is recommended for cultivation in northern
Sweden (zone 6) (Svensson, 2005). Indeed, some heirloom cultivars are
considered to be very hardy and are recommended for cultivation in northern
Sweden, e.g. ‘Antonovka Obyknovennaja’, ‘Gragylling’, ‘White
Transparante’, ‘Sdvstaholm’, and ‘Suislepp’. Thus, the modern Swedish
cultivars appear to be genetically distinct from the Swedish heirloom
cultivars. This might in part indicate that the need for hardy cultivars for use
in central and northern Sweden has been given relatively little attention by
the breeding programme.
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Figure 1. (a) Network plot and (b) principal component analysis (PCA) plot of apple
germplasm. In the network plot each dot represents a unique diploid genotype and solid
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(continued) lines indicate parent-offspring relationships. Parent-offspring relationships
are based on tests for Mendelian consistency (Vanderzande & Howard et al., 2019.
Cultivars released from the Swedish breeding programmes in (b) are labelled Alnarp
(Aln) and Balsgérd (BG). The PCA analysis was performed with PLINK1.9 (Chang et
al., 2015), using a subset of SNPs from the 20K SNP array (Howard et al., 2021b) pruned
for linkage disequilibrium (LD). The genotypes were coming from the Swedish Central
Collection of heirloom cultivars (‘Heirloom’, red), the collection in Balsgérd (‘Balsgard’,
orange), bilateral exchange of data or samples (‘Shared’, light blue), and the PPP
Nordfruit project (‘Nordfruit’, dark blue). Note that some genotypes might have been
represented by synonymous samples from more than one source, but is only represented
by a single dot in the figure. The three large full-sibling (FS) families analysed are not
included in the figure.

3.2 iGLMap, GDDH13, HFTH1, and 15K-iGW-map

The work in Paper II began by investigating inconsistencies reported
between the GDDH13v1.1 WGS and the iGLMap (Peace et al., 2019).
However, shortly after the study began, the HFTH1 WGS was published
(Zhang et al., 2019). Access to two independent WGSs allowed a more
thorough analysis, and the HFTH1 WGS was found to be of sufficient quality
to allow its use as base for a virtual genetic map, the iGW-map. Several
contigs were found to be misassembled, misplaced, or misoriented on the
GDDH13v1.1 WGS (Figure 2a), and accurate information about the
composition, location, and order of these will be valuable for future work.
Similarly, some of the haploblocks (HBs) of the iGLMap were found to be
misplaced within their genetic bins or incorrectly composed. However, only
one HBs was erroneously mapped, despite the large proportion of markers
mapped, indicating the high quality of the iGLMap. This is particularly
interesting since in construction of the iGLMap, special attention was paid
to mapping loci that would normally be considered to exhibit segregation
distortion, which are commonly discarded during linkage mapping.
Segregation distortion can be caused by incorrect marker calls if there are
e.g. secondary polymorphisms segregating for the marker or multiple loci
affecting the marker calls. On the other hand, such loci can be highly
informative if called correctly. During construction of the iGLMap, a
forerunner of ASSIsT (Di Guardo et al., 2015) was used to call some types
of null-allele segregation, and efforts were made to call at least some of the
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markers segregating for more than one loci. Having confirmed the high
quality of the iGLMap and the HFTH1 WGS, a polynomial regression of the
genetic iGLMap positions on the physical HFTH1 positions for each linkage
group (LG)/chromosome, using the 15K SNPs from the 20K SNP array that
had been mapped to the iGLMap. This resulted in identification of a series
of polynomial coefficients for each LG/chromosome that can be used to
interpolate genetic positions from HFTHI1 positions, combining the
robustness of the iGLMap and accounting for variations in recombination
rate across the genome with the high resolution of a WGS. The map
generated by interpolating genetic position for the 15K SNPs mapped to the
iGLMap was given the name ‘15K-iGW-map’ (Figure 2b).

Analysis of the causes of the observed map errors provided new empirical
knowledge on the reasons for these and highlighted some of the pitfalls in
identifying genetic and WGS positions for a SNP probe. This is valuable
information for all fields of research relying on genetic maps, sequence-
based maps, or both.
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Figure 2. (a) Quality of chromosome 1 in the GDDH13v1.1 and HFTH1 whole genome
sequences (WGSs) and (b) collinearity between linkage group (LG) 1 of the iGLMap and
the 15K-iGW-map and chromosome 1 in the HFTH1 WGS. Adopted from parts of
figures in Paper II.

3.2.1 Interlude

The reliability of genetic analyses using molecular marker data is highly
dependent on the quality of the marker data used. A workflow for curation
of SNP data based on pedigree information in outcrossing species, which
accounts for Mendelian consistent and inconsistent errors, has been proposed
by Vanderzande & Howard et al. (2019). Two of the main causes of such
errors are problematic clustering and errors in the map positions used. Due
to the extensive pedigree connections between the accessions genotyped in
this thesis (Figure 1a), curation with the workflow described by Vanderzande
& Howard et al. (2019) was possible for a large proportion of the genotyped
germplasm. Subsequent work by Howard et al. (2021b) led to the
identification of a subset of SNPs from the 20K SNP array with compatible
calls between the Illumina Infinium® 20 K and Affymetrix Axiom® 480 K
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SNP arrays available for apple (Bianco et al., 2016; Bianco et al., 2014). It
was possible to limit the curation in Paper III and V to this set of robust
SNPs, and to use curated cluster definitions kindly made available by
Howard et al. (2021b). Similarly, the 15K-iGW-map provided a reliable
marker order with high resolution. Taken together, these resources reduced
the amount of work spent on marker curation during analysis for subsequent
papers in this thesis, and are likely to do so also for some of the future work
suggested in Chapter 5.

3.3 Resistance to N. ditissima

Quantitative trait loci (QTL) mapping of resistance to European canker was
performed in Paper III, while Paper IV presents initial results from partial
analysis of lipidomic and metabolomic data from a set of reference cultivars
during infection by N. ditissima. Both studies used the same inoculation
procedure (Figure 3a), as previously described in detail by Garkava-
Gustavsson et al. (2016). For QTL mapping (Paper III) an FS family of 172
offspring of ‘Aroma’ x ‘Discovery’ (res. and suc., respectively, Figure 3b)
was used, and the lesion length was assessed at seven time-points from
approximately 42 to 126 days post inoculation (DPI). For the metabolomics
study (Paper IV), samples were taken at 5, 15, 30 and 45 DPI. Thus, the first
assessment in the QTL mapping study corresponded roughly to the last
sampled time point in the metabolomic study. This allowed the results of the
two studies to be integrated, although they derived from separate
experiments. In the QTL mapping study, the assessment data were analysed
in terms of a sigmoid growth model for lesion length and the area under the
disease progression curve (AUDPC). Thus, Bayesian QTL mapping was
performed using five parameters (Paper III). Five QTL with strong or
decisive evidence were identified, two of which were associated with the
LL A1 parameter, i.e. the lesion length at around 42 DPI (Figure 4a and 4b).
These two QTL were found on LG15 and LG16, the latter being designated
as LG16b in Paper III. Data from previous cultivar screening experiments
were also compiled, leading to identification of some cultivars with high
levels of resistance with good potential for future breeding and research,
some of which are known to be well-adapted to cultivation in northern
Sweden.

26



The metabolomics analyses in Paper IV revealed clear patterns in the
changes in metabolomic profiles during infection, particularly during the
later stages of infection. Notably, ‘Aroma’ and ‘Discovery’ showed different
patterns of accumulation of the suberin component suberic acid, with the
susceptible ‘Discovery’ having a much lower concentration of this
metabolite at 45 DPI (Figure 4c). The formation of a mature suberin layer
enclosing the infection is known to be a key component of a successful
resistance reaction in the M. domestica — N. ditissima pathosystem (Krdhmer,
1980).

A predicted gene with similarity to a peroxidase (TPX! of Arabidopsis
thaliana) is indicated in the GDDH13 genomic region corresponding to the
LG15 QTL interval (Genome database for Rosaceae, GDR; Jung et al.,
2018). Similarly, there is a predicted gene with similarity to a laccase (LAC7
of A. thaliana) in the GDDH13 genomic region corresponding to the LG16b
QTL interval. It has recently been suggested that peroxidases and laccases
play an important role in suberin formation in hybrid poplar (Populus
tremula x Populus alba) (Rains et al., 2018). Peroxidases have also been
found to be involved in suberin synthesis in tomato (Quiroga et al., 2000)
and laccases have been shown to be associated with response to biotic
stresses in e.g. apple (Zhu et al., 2021) and cotton (Hu et al., 2018). While
this provides further indication of the different roles of the identified
resistance QTL during infection, key metabolites annotations should be
verified and additional studies involving other omics-techniques are needed
to shed further light on the resistance mechanisms in the M. domestica — N.
ditissima pathosystem.

Interestingly, the resistant cultivar ‘Santana’ was not identical by state
(IBS) for the favourable alleles at any of the QTL segregating in ‘Aroma’ x
‘Discovery’. ‘Santana’ also showed a pattern for some metabolites that
deviated from ‘Aroma’, for example for the Jasmonyl-Isoleucines (Figure
4d). The Jasmonyl-Isoleucines include the bioactive form of jasmonic acid,
a phytohormone traditionally associated with response to necrotrophic fungi
(Antico et al., 2012). Thus, ‘Santana’ is likely to provide a complementary
source of resistance to N. ditissima that could be exploited in future breeding
and genetic research.
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Figure 3. (a) Graphical summary of experimental protocol used in Paper III and IV
whereby one year trees are inoculated in a glasshouse in late autumn. Briefly, three buds
per tree are removed by a scalpel and 1,000 condia in 10 pl of water are then added to
each wound. The wounds are then covered with petrolatum, which is removed after five
days. The length of each wound is measured with a digital calliper, starting
approximately 42 days post inoculation (DPI). Assessments are then repeated six more
times, every second week, until the end of the experiment. (b, c) Examples of European
canker symptoms on ‘Aroma’ and ‘Discovery’ 41 DPI, from a different experiment than
those reported in Paper III and IV, but using the same protocol.
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Figure 4. (a) Posterior QTL positions with the AUDPC_All7 parameter, (b) posterior
QTL positions with the LL._A1 parameter, and average area under the curve (AUC) of
(c) suberic acid and (d) Jasmonyl-Isoleucines metabolites over time in infected samples.
Note that for plots (a) and (b), statistical evidence for a QTL is based on area under the
peak. Metabolite data series are coloured by cultivar, from most susceptible (‘Katja’,
dark red) to most resistant (‘Santana’, dark blue). (a) and (b) comes from the data analysis
of Paper III, but from another Bayesian replicate than shown in the manuscript. (c) and
(d) are modified from Paper IV.
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3.4 Validation of genomic regions for phenological traits

Paper V investigated whether some previously published genomic regions
and QTL intervals for flowering and harvest date could be validated in
germplasm relevant for Nordic apple breeding under Nordic conditions.
Phenotypic data were available from the PPP Nordfruit project, and
associations with haplotypes in the germplasm were investigated. Post-hoc
analyses were also performed to identify haplotypes associated with
increasing and decreasing alleles at the validated loci.

Concerning flowering date, no association was found on the top of
chromosome 9 above the threshold, despite this region showing the highest
statistical power in previous studies (Allard et al., 2016; Urrestarazu et al.,
2017). This is in line with Urrestarazu et al. (2017) who found no significant
association for the part of the germplasm from SLU used in that study,
although the work in Paper V was based on a different germplasm and
compilation of phenotypic data from three locations across the Nordic
countries. Cornelissen et al. (2020) mapped a QTL interval for chilling
requirement for dormancy release to the top of LG9. If this was the same
QTL as reported for flowering date, one would not expect it to have a large
effect under Nordic conditions, as exposure to chilling is unlikely to be a
limiting factor. The remaining genomic regions considered for validation had
small effects, and several of the latest flowering cultivars were generally
considered not to be suitable for cultivation under Nordic conditions (Paper
V). Thus, a more promising approach to managing the risks of frost during
flowering might be to breed for tolerance to frost during flowering, rather
than avoidance. Previous work has identified locally adapted cultivars and
advanced selections that could be used for further breeding and research on
tolerance to frost during flowering (Nybom, 1992).

For harvest date, a significant association was found in the genomic
region surrounding NACI8.1, which has previously been reported to control
fruit ripening in apple (Migicovsky et al., 2021). Haplotypes associated with
late and early harvest dates, respectively, were also identified, as were
haplotype profiles from a reduced number of SNPs. Using the reduced SNP
haplotypes, individuals that were heterozygous had on average a harvest date
that was 26 days earlier than that of individuals homozygous for either of the
late haplotypes (Figure 5a).

Regarding deployment in Nordic breeding programmes, care should be
taken with parents that are homozygous for the late haplotypes. In particular,
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special awareness is required for crosses where both parents are homozygous
for the late haplotypes, as the offspring is expected to have a lower
probability of being able to reach harvest maturity under Nordic conditions.
This is particularly important when breeding for central and northern
Sweden, which have a much shorter growing season than e.g. the Scania
region in the south. Among the individuals that were found to be
homozygous for the late alleles of the reduced SNP haplotypes, there were
some cultivars of relevance for the Swedish breeding programme, including
‘Dayton’, ‘Elise’, ‘Golden Delicious’, ‘Goldrush’, ‘John-Georg’,
‘Rubinola’, and ‘Scarlet O’Hara’. It should be noted that NAC18.1 has also
been reported to be associated fruit firmness, with the alleles for late harvest
being associated with increased fruit firmness (Migicovsky et al., 2021,
2016). Thus, considering breeding for commercial apple production under
short growing seasons the capacity of other firmness loci to counter the
undesirable effect of the early allele at NAC18.1 has to be considered.

3.5 Autumn senescence

Paper VI presents the first results from a study on autumn senescence in
apple and its implication for adaptation to northern Sweden. The first steps
in that study were to phenotype the Swedish Central Collection of mandate
cultivars in Alnarp for canopy senescence over three years and calculate the
average date of 50% senescent canopy. The results showed that the collection
contains considerable variation for the trait, with the first and last genotypes
to reach 50% senescent canopy being separated by 70 days on average
(Figure 5b). The average date of 50% senescence was significantly
negatively correlated with the highest recommended growing zone stated in
pomological literature (Néslund, 2010; Nilsson, 1987; Svensson, 2005),
when evaluated by both Pearson’s correlation (p-value 0.01) and by Stuart’s
tau-c (99% confidence interval -0.34 to -0.01). The cultivars recommended
for cultivation only in zone 1 reached 50% senescence on average two weeks
later than those recommended for cultivation in zone 6 (Figure S5c,
unpublished work). Previous studies on aspen have shown that genotypes
collected from northern (Latitude 66°) and southern (Latitude 56.2°) parts of
Sweden differ in date of onset of senescence by approximately one week
when grown in Scania (Michelson et al., 2018). Thus, while the research on
the genetic basis for adaptation to northern Sweden in apple is in its infancy,
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canopy senescence appears to be an interesting candidate trait for further
studies.
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Figure 5. Distributions of Best Linear Unbiased Estimates (BLUESs) for (a) harvest date in
relation to the reduced single nucleotide polymorphism (SNP) haplotypes, showing only
individuals with effects assigned to both haplotypes, (b) distribution of BLUEs for date of
50% senescence in the Swedish Central Collection of heirloom cultivars, and (c) date of 50%
senescence plotted against the highest recommended growing zone stated in pomological
literature (Néslund, 2010; Nilsson, 1987; Svensson, 2005). Average values for each of the
groups are indicated by black (a) or red (c) diamonds. (a) and (b) are modified from Paper V
and IV, respectively.
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3.6 Tracing haplotypes through pedigrees

Curated genotypic data in a pedigreed germplasm were used to trace the
inheritance of desirable and undesirable alleles for identified genomic
regions (Figure 6). Considering the QTL regions segregating for resistance
to N. ditissima in ‘Aroma’ x ‘Discovery’, the only cultivar in the germplasm
other than ‘Aroma’ appearing to have inherited the desirable allele from
‘Filippa’ at the LG15 locus was ‘Gratia’. On the other hand, the desirable
allele from ‘Beauty of Bath’ (“BeutBath” in Figure 6) seems to have been
transmitted only to the susceptible cultivar ‘Julia’, which is likely not well
suited for future breeding towards improved resistance to N. ditissima.
Notably, ‘Ingrid Marie’ (“IngMarie” in Figure 6) appears to have three
recombination events on the copy of LG15 coming from ‘Cox’s Orange
Pippin’ (“Cox” in Figure 6), potentially spanning a region sufficiently large
to make it plausible. One of these recombination events might be within the
consensus QTL region for the LG15 locus, although most of the consensus
QTL region from ‘Cox’s Orange Pippin’ in ‘Ingrid Marie’ seems to
constitute the haplotype transmitted to ‘James Grieve’ (“JamesGr” in Figure
6) and ‘Katja’. Note that ‘Lord Lambourne’ (“Lambourne” in Figure 6)
seems to have inherited the undesirable allele from ‘Worcester Pearmain’
(“WorcPearm” in Figure 6) and one of the haplotypes from ‘Cox’s Orange
Pippin’ through ‘James Grieve’ (Figure 6a).

The LGI16b locus was found to exhibit monohybrid segregation in
‘Aroma’ x ‘Discovery’, with the desirable allele coming from ‘Worcester
Pearmain’. While the susceptible cultivar ‘Julia’ seems to be the only
individual in the current germplasm to have inherited the undesirable allele
from ‘Beauty of Bath’, several individuals seem to have inherited the
desirable allele from ‘Worcester Pearmain’ (Figure 6b). One of these being
the advanced selection denoted ‘Lillarosardda’ (“Lillarosarod” in Figure 6),
which also seems to have inherited the desirable allele from ‘Worcester
Pearmain’ at the LG8 locus (not shown). However, as the locus at LG16
exhibits monohybrid segregation in ‘Aroma’ x ‘Discovery’ dominance
effects could not be assessed, and the potential presence of such effects
should be taken into consideration when designing crosses based on this
locus. Thus, considering the moderate estimated effect of this locus and
potentially recessive resistance, the most robust interpretation would be to
avoid using ‘Beauty of Bath’, ‘Discovery’, or ‘Julia’ as parents for further
breeding.
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Considering the genomic region associated with harvest date of
chromosome 3, the haplotypes of founder individuals associated with early
and late maturity were similarly traced through the germplasm. The results
showed that the cultivar ‘Melba’ appears to be heterozygous for haplotypes
associated with early and late fruit maturity and has two half-siblings and
several offspring. Of its offspring, ‘Norland’, ‘Pirja’, ‘Silva’, and the
selection BM51880 from the Swedish breeding program seem to have
inherited the haplotype associated with early maturity from ‘Melba’. The
cultivars ‘Norland’ and ‘Parkland’ are full siblings descending from ‘Melba’
and ‘Rescue’, and both have been reported to mature very early (Nybom,
2017). While ‘Norland’ seems to have inherited the early allele from
‘Melba’, ‘Parkland’ seems to have inherited the allele associated with late
maturity. However, ‘Rescue’ is considered very winter hardy and is
recommended for cultivation in the Swedish zone 6, where the growing
season is very short. Thus, the rare haplotype of ‘Rescue’ might confer early
maturity, and ‘Rescue’ might also carry genetic variation conferring early
maturity at other loci. Among the other descendants of ‘Melba’ in the
germplasm, ‘Britemac’, ‘Maikki’, ‘Samo’, and ‘Vuokko’ seem to have
inherited the haplotype associated with late maturity coming from
‘Mclntosh’. Note that ‘Britemac’ appears to be homozygous IBD for a part
of LG3 coming from ‘Mclntosh’ as it is the offspring of ‘Melba’ x
‘Cortland’, which are half-siblings.

Thus, for future breeding one might consider e.g. crossing ‘Lillarosaréda’
with ‘Gratia’ to combine the desirable alleles for resistance to N. ditissima at
LG8, LG15 and LG16. However, based on the performance of the ancestors,
the offspring of such cross might not be suitable for cultivation in northern
Sweden. ‘Lillarosardda’ has one rare allele and one allele with ambiguous
effect at LG3, while ‘Gratia’ has one rare allele and one allele associated
with late maturity. Thus, while the offspring of such a cross might be hardy
enough for cultivation in e.g. central Sweden, the fruit might not mature well
at those latitudes.

In breeding for central or northern Sweden, one might instead consider
crossing ‘Santana’ or ‘Gratia’ with one of the hardy cultivars identified as
being resistant in the N. ditissima screening experiments, e.g. ‘Rodluvan’
(“Rodluvan” in Figure 6), ‘Rescue’, and ‘Snovit’ (“Snovit” in Figure 6). The
cultivar ‘Rodluvan’ was released from the Swedish apple breeding
programme at Balsgard in 1994 and is recommended for cultivation in
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northern Sweden (zone 6) (Svensson, 2005), but not for commercial
production. It is IBS to one of the desirable alleles segregating for resistance
to V. ditissima in ‘Aroma’ x ‘Discovery’ and has one rare haplotype and one
haplotype with ambiguous effect at LG3, although it reaches maturity at
approximately the same time as ‘Discovery’ (not shown). Considering the
risk of inbreeding, it should be noted that ‘Lobo’, one of the parents of
‘Rodluvan’, is also a grandparent of ‘Santana’ (Figure 6¢). The cultivar
‘Rescue’ is considered to be very winter hardy and its offspring ‘Norland’
and ‘Parkland’ could also be considered for future crosses, although they
have not been evaluated for resistance to N. ditissima at SLU. As both
‘Norland’ and ‘Parkland’ are very early maturing (Nybom, 2017), one might
consider combining them with ‘Santana’, which is homozygous for
haplotypes associated with late maturity at LG3. The cultivar ‘Sndvit’ was
released from the breeding programme in Alnarp in 1955 (Nilsson, 1987). It
is recommended for cultivation in northern Sweden, has inherited the
haplotype for early maturity from ‘Stenbock’ and reaches maturity
approximately five days earlier than ‘Discovery’ (not shown). It should be
noted that heirloom cultivars may express other traits that are undesirable
under commercial production, e.g. the tendency to flower and bear fruit on
the terminal buds of vegetative shoots rather than on spurs. Thus, additional
work on these aspects might be needed to allow efficient exploitation of these
resources.
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Figure 6. Transmission of founder haplotypes for (a) resistance to Neonectria ditissima
at linkage group (LG) 15, (b) resistance to N. ditissima at LG16 (the LG16b locus in
Paper III), and (c) harvest date at LG3. Each box represents an individual with its two
homologs for the respective LG. Horizontal lines in the homologs indicate boundaries of
the consensus quantitative trait locus (QTL) intervals for loci for resistance to N.
ditissima, and boundaries of the genomic region associated with harvest date. The boxes
are coloured by scale according to their phenotypes for the two traits, from red
(susceptible, late harvest) to blue (resistant, early harvest) or beige (no data). The
homologs are similarly coloured by the effect of the allele within the boundaries, with
haplotypes with unknown effect in black and haplotypes in (c) with ambiguous effect in
beige. The lines connecting the individuals indicate maternal inheritance (red lines) and
paternal inheritance (blue lines) when known from records; otherwise assignment is
arbitrary as no cytoplasmic markers were used. Some individuals discussed in the text
are indicated by green arrows. Note that the pedigree in (c) has been cut for space reasons,
thereby assigning ‘Katja’ as a founder, though it is a descendant of ‘Cox’s Orange Pippin’
through ‘James Grieve’ as can be seen in (a). The homolog of ‘Katja’ associated with
late harvest that is transmitted intact to BM51880 seems not to be from ‘Cox’s Orange
Pippin’. (a) and (b) are modified from Paper III.
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4. Implications for the Swedish apple
breeding programme

The long generation time and expensive phenotyping required in apple
breeding, together with the limited resources of the Swedish breeding
programme, pose great challenges for the Swedish apple breeding
programme. Under such circumstances, efficient selection of parents for
crosses is extremely important, as it takes several years until the offspring
can be evaluated for most key traits. Thus, the deployment of marker-assisted
parent selection (MAPS) allows for a more informed choice of parent
combinations, improving the performance of the entire seedling population
and increasing the possibility of finding a desirable individual. Greater
genetic gain can be achieved from the same number of crosses, or the same
genetic gain can be obtained from a reduced number of crosses. Given the
weak economic driver for a higher rate of cultivars released to the Swedish
market, the latter might be a preferable approach in the Swedish apple
breeding programme. This could allow resources to be allocated to e.g. data
collection and small-scale recurrent speed breeding programmes while
maintaining a steady rate at which new cultivars are released to the market.

The work in this thesis served to establish a base for MAPS using phased
SNP array data in a pedigreed germplasm, exemplified by the two key traits
resistance to N. ditissima and fruit maturity date, as discussed in previous
chapters. The results presented in this thesis could also improve the
efficiency of the breeding programme further, as resources could be saved
by reducing the size of the breeding germplasm maintained. Examples of
accessions that could be culled from a slimmed breeding germplasm include
genetic duplicates, accessions that are not TTT, and triploids.
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5. Conclusions and future prospects

The work presented in this thesis lays the foundations for genome-informed
breeding in the Swedish apple programme. Relating to the aims of the thesis
there are some key conclusions:

>

Some of the available germplasm was curated and a number of
synonymous accessions and some accessions which were likely
NTTT were identified. Five key founders among the Swedish
heirloom cultivars were identified: ‘Gimmersta’, ‘Gragylling’,
‘Vitgylling’, ‘Rosenhdger’ and ‘Klockhammarsapple’. This also led
to further work to locate and preserve other heirloom cultivars,
which otherwise risked being lost.

A virtual linkage map, the iGW-map, was developed based on the
analysis of two independent WGSs and an existing high-density
linkage map. A version of this map, the 15K-iGW-map, served as
the base for Paper Il and V in this thesis. The analysis also provided
empirical information on causes for the reported inconsistencies
between the GDDH13v1.1 WGS and the iGLMap, and pinpointed
the occurrence of the different types of errors on the three maps.

Five QTL for resistance to Neonectria ditissima were mapped in
segregating offspring of ‘Aroma’ x ‘Discovery’, both parents being
highly relevant to Swedish apple breeding. A preliminary analysis
of metabolomic profiles of some apple cultivars during infection of
N. ditissima indicated a potential role for two of the mapped QTL.
Additionally, data from previous screening experiments were
compiled, which led to the identification of some relatively resistant
cultivars of relevance for further breeding.

Haplotypes on LG3 associated with early and late harvest dates
under Nordic conditions were identified in germplasm relevant for
Nordic apple breeding. The locus for flowering date identified on
LG9 in previous studies did not appear to have a significant effect
under Nordic conditions.

Preliminary studies exploring the genomic basis for adaptation to
northern Sweden were performed. These showed that date of 50%
canopy senescence was correlated with adaptation to northern
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Sweden, and might be a relevant trait for further breeding and
genetic research on cultivars adapted to such climate.

Future research

However, these novel findings are only the starting point. In order to
transform the Swedish breeding programme so that it can tackle current and
future challenges efficiently, further work is essential. Key targets for future
work in relation to the Swedish breeding programme could be to:

>

>
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Identify complementary QTL for resistance to N. ditissima
segregating in ‘Santana’.

Validate QTL for resistance to N. ditissima, using complementary
experimental procedures and complementary genetic material,
possibly allowing for estimation of potential interaction effects.

Analyse Metabolomic, Proteomic, and Transcriptomic profiles of
key founder cultivars towards an improved understanding of the
molecular basis for differences in susceptibility to N. ditissima.

Validate reported QTL regions with large or intermediate effects for
important fruit quality traits, such as firmness, acidity, and
sweetness, in particular in relation to alleles for harvest date at the
LG3 locus.

Establish phenotyping methods for tolerance to freezing during
flowering, and identify tolerant material for further breeding and
genetic research.

Perform genetic mapping of QTL intervals for autumn senescence
and undesirable traits in heirloom cultivars, e.g. by PBA.

Identify candidate genomic regions underlying adaptation to
northern Sweden using population genomic approaches, and
establish germplasm collections for phenotyping in central and
northern Sweden, which is crucial to advance this line of research.

Validate markers for deployment in marker-assisted seedling
selection (MASS) for key traits such as acidity, sweetness, and
firmness, to allow efficient culling of the least promising seedlings
during early stages of selection.
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Popular science summary

Most people probably have their own ideas about the most tasty types of apple. Some
can even identify a few apple cultivars by name and have personal favourites among
the different cultivars available. The question then is whether we need plant breeding
to develop new cultivars, if we already have access to so many different tasty apples?

While there are indeed vast numbers of apple cultivars available, few can be
grown commercially at a profit. Commercial apple producers struggle every day
with the challenges of running an orchard and, as the global climate and cultivation
practices change, new problems are emerging. The purpose of plant breeding is to
develop new cultivars that are better adapted to current or future conditions, thereby
easing the burden on growers and helping to improve the profitability of apple
production. Advances achieved by breeding may include improved resistance to
pests and diseases, to reduce the need for chemical treatments if such are available
and better adaptation to the current and future climate (considering ongoing global
warming).

Sweden’s geographical location in the Scandinavian Peninsula in northern
Europe presents special challenges to local apple growers, for example by a short
growing season. In addition, the cool humid climate favours a serious disease known
as European canker, which causes severe losses to growers by strangling branches
or entire trees. Furthermore, with future global warming bud break and flowering is
expected to occur earlier, which might lead to an increased risk of late spring frosts
occurring during flowering, which is already an important problem that could ruin
the yield of entire orchards.

Recognising the special challenges faced by Nordic apple growers, Sweden has
had a dedicated domestic apple breeding programme running since the 1940s, with
the goal of delivering new cultivars that can help farmers meet these special
challenges. The aim of this thesis was to establish the infrastructure needed to make
use of technological advances in plant breeding achieved in the past decade, so that
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the Swedish apple programme can continue doing its important work, but with
increased efficiency.

The work in the thesis started by investigating the genetic resources currently
available (Paper I) and making a contribution to the available toolbox (Paper II). The
information obtained was used to identify regions of the apple genome conferring
resistance to European canker (Papers III & IV). The effect under Nordic conditions
of some previously identified regions of the apple genome regulating date of
flowering and fruit harvest was then assessed (Paper V). Date of 50% canopy autumn
senescence was found to be associated with how far north a cultivar can be grown,
which is an important first step in gaining better knowledge about the genetic basis
of adaptation to central and northern Sweden (Paper VI). Lastly, use of the
knowledge generated in the thesis was exemplified by a discussion on possible
crosses for further breeding in relation to the key traits studied.



Popularvetenskaplig sammanfattning

De flesta ménniskor har formodligen sin egen ide om hur ett perfekt dpple
ska vara. En del av oss kan till och med identifiera ett par dppelsorter vid
namn och har personliga favoriter bland de sorter vi smakat. Man kan stélla
sig frdgan om vi egentligen behdver véxtforddling for att ta fram nya
dppelsorter, nir det redan finns s ménga olika véilsmakande dpplen?

Trots att det finns ett mycket stort antal dppelsorter att tillga &r det endast
ett fatal av dessa som det dr ekonomiskt l6nsamt att odla kommersiellt.
Kommersiella &dppelodlare kédmpar dagligen med odlingstekniska
utmaningar. Med den globala uppvarmningen och nya odlingsmetoder
kommer ocksa nya problem. Syftet med véxtforadling &r att utveckla nya
sorter som &dr béttre anpassade till dagens och framtidens
odlingsforhallanden, och pé sa sétt gora livet lite léttare for &ppelodlarna och
bidra till en forbattrad I1onsamhet i deras verksamhet. Véaxtforadling kan bidra
med t.ex. forbéttrad motstandskraft mot olika sjukdomar, vilket kan minska
behovet av kemisk bekdmpning om sidan finns tillginglig, och béttre
anpassning till dagens eller framtidens klimat i ett visst omrade.

Sverige utgor geografiskt en del av den skandinaviska halvon i norra
Europa, vilket innebér specifika utmaningar for landets dppelodlare som t.ex.
en relativt kort odlingssdsong. Det svala och fuktiga klimatet dr dessutom
gynnsamt for en allvarlig véixtsjukdom kidnd som frukttridskréfta.
Frukttradskrifta orsakar stora forluster for odlare genom att strypa
néringstransporten mellan rotterna och enskilda grenar eller hela tridet,
beroende pa var infektionen sitter. Med den pagdende globala
uppvarmningen forvéntas knoppsprickning och blomning att ske tidigare pa
aret, vilket kan leda till en okad risk for att sen nattfrost ska infalla under
blomning. Frost i blomning &r redan i dag ett alvarligt problem som kan
fordérva skorden for hela odlingar.
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Mot bakgrund av de speciella utmaningar som landets dppelodlare méter
har Sverige ett dedikerat inhemskt véxtforddlingsprogram pé épple sedan 40-
talet, som har som mal att forse svenska odlare med nya dpplesorter som
battre hanterar landets specifika utmaningar. Malet med den hér
avhandlingen har varit att etablera den infrastruktur som krévs for att utnyttja
den tekniska utveckling som skett inom vixtforddlingen det senast artiondet,
sd att det svenska véxtforddlingsprogrammet pd dpple kan fortsétta sitt
viktiga arbete med okad effektivitet.

Arbetet i den hédr avhandlingen borjade med en undersékning av de
tillgdngliga genetiska resurserna (Paper I) och ett bidrag till den tekniska
verktygslddan for véaxtforddling och forskning pé é&pple (Paper II).
Informationen frdn dessa tvd studier anvédndes sedan till att identifiera
omraden i dpplets arvsmassa som bidrar till 6kat motstdndskraft mot
frukttradskrifta (Paper III & IV). Tidigare studier har identifierat omraden i
arvsmassan som paverkar datum for blomning och skérdemognad av frukt,
och effekten av dessa regioner undersoktes under nordiska forhéllanden
(Paper V). Datumet for senescens av bladverket visade sig vara korrelerat
med hur l4ng norrut en dpplesort kan odlas, vilket &r ett forsta steg pa vigen
mot en Okad forstielse av hur anpassning till mellersta och norra Sverige
styrs genetiskt (Paper VI). Till sist illustreras hur den samlade informationen
kan anvindas inom véxtforddlingen for att identifiera intressanta korsningar
for vidare sortutveckling och forskning.
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ARTICLE INFO ABSTRACT

Keywords: Cultivated apple is one of the most widely grown fruit crops worldwide. With the introduction of modern apple
Malus domestica cultivars, from foreign and national breeding programs, the use of local cultivars decreased during the 20th
SNP array century. In order to minimize genetic erosion and avoid loss of special genotypes, a number of local clonal
Ge“f’typ‘“g archives were established across Sweden, with the goal of retaining old and local cultivars. About 220 apple
g:‘ff:ﬂk cultivars, appointed for preservation, obtained the status of mandate cultivars. Initially, they were identified

based on pomological traits, but prior to the establishment of the Swedish Central Collection they were geno-
typed with simple sequence repeat (SSR) markers. SSR markers helped to evaluate the status of the preserved
material, as well as to find the best possible true-to-type source for propagation, thus guiding the establishment
of the Central Collection. Recently, 215 accessions from this collection were genotyped using the 20K apple
Infinium® single nucleotide polymorphism (SNP) array, in order to gain insight into its genetic structure. The
initial SSR analysis confirmed the identity of multiple samples with the same cultivar name grown in different
locations and identified several mislabeled samples. In the subsequent SNP analysis we identified 30 clonal
relationships and a number of parent-offspring relationships, including 18 trios. We also identified five cultivar
samples with inconsistent ploidy levels between the SNP and SSR data, in some cases indicating problematic
samples preserved in either the Central Collection or some of the local clonal archives. These cultivars need
further investigation to ensure their true-to-typeness. Furthermore, the Swedish Central Collection has continued
to grow since the onset of this work and now contains additional cultivars, which should be included in future
studies. The results indicate that a number of the preserved mandate cultivars holds high potential value for
modern breeding programs.

Local cultivars
SSR markers

1. Introduction

The cultivated apple (Malus domestica Borkh.) is one of the world’s
most widely grown fruit crops. It belongs to the family Rosaceae, is
diploid (2n = 34x), and has life-history traits characteristic of perennial
fruit crops, i.e., it is outcrossing and to a large extent self-incompatible,
has a long juvenile period and a long life span, and is often clonally
propagated (Gaut et al., 2015). This generally leads to a high degree of
heterozygosity and a large proportion of genetic diversity being re-
tained following domestication (Miller and Gross, 2011). These life-
history traits also facilitate close genetic relationships between very old
cultivars and those emerging from modern breeding programs. In
Sweden, a program studying pollination compatibility between

* Corresponding author.
E-mail address: Jonas.skytte.af.satra@slu.se (J. Skytte af Sétra).

https://doi.org/10.1016/j.scienta.2020.109599

cultivars was established in Alnarp in the 1920s. Seeds from interesting
crosses were sown out and resulted in a number of cultivars being re-
leased (Nilsson, 1987). The current Swedish apple breeding program
was established in Balsgard in the 1940s, and since then has released a
number of cultivars adapted to the Scandinavian climate, both for
commercial production and home gardening (Nybom, 2019). Some of
the cultivars released from these two programs have been appointed for
preservation, despite their modern source.

As modern cultivars increased in popularity among commercial
growers, a national inventory and collection of local cultivars was in-
itiated in 1979 by Nordiska Genbanken (now NordGen), to prevent loss
of genetic resources. This resulted in the establishment of the first local
clonal archives spread across the country and a compilation of
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pomological descriptions (Nilsson, 1987). Today the responsibility for
conservation of heirloom apple cultivars lies with the National Gene
Bank of Vegetatively Propagated Crops, similarly to other Scandinavian
countries, e.g. Norway (Gasi et al., 2016) and Finland (Heinonen and
Bitz, 2019). Starting in 2013, the local clonal archives were com-
plemented by the establishment of the Swedish Central Collection of
mandate cultivars at SLU in Alnarp, with the majority of the trees being
planted in 2014 and 2015. Mandate cultivars are heirloom cultivars
assigned for preservation by the National Gene Bank and are defined as
either i) being of local origin according to lore, or ii) originating from
Swedish breeding programs, or iii) foreign cultivars with a long docu-
mented history of cultivation (Hjalmarsson, 2019, Hjalmarsson, 2020).
Thus, the primary criteria for the selection of mandate cultivars was
their specific cultural importance and not the inherent genetic diversity.

The Swedish Central Collection of mandate cultivars is expected to
include genetic variation relevant for local adaptation, as it contains
cultivars with a wide range of climate hardiness (Nilsson, 1987). This
collection has the potential to become a rich source of favorable alleles
for the Swedish apple breeding program. Current knowledge con-
cerning relationships among the Swedish mandate cultivars is limited,
and mainly based on historical pomological records (Nilsson, 1987),
pedigree records in the breeding programs, and previous studies using
SSR markers (Garkava-Gustavsson et al., 2008; Urrestarazu et al.,
2016). Recently, the pedigrees of some cultivars in the collection have
been elucidated using a large set of SNP markers (Muranty et al., 2020).
Clarifying unknown pedigrees greatly enhances the prospects for
germplasm utilization, by increasing the accuracy of pedigree-based
quantitative trait loci analyses (Howard et al., 2017) and reducing the
risk of unwanted inbreeding in future crosses.

Genotyping of gene bank material is crucial in order to ensure that
genetic variation is maintained, but also to make gene bank material a
useful resource for breeding. In the past, SSR markers have been widely
used in germplasm studies of apple at the national, regional, and
European level (Garkava-Gustavsson et al., 2013, 2008; Gasi et al.,
2016; Heinonen and Bitz, 2019; Larsen et al., 2017; Lassois et al., 2016;
Marconi et al., 2018; Patocchi et al., 2009; Routson et al., 2009;
Urrestarazu et al., 2016; van Treuren et al., 2010). More recently,
genotyping-by-sequencing (GBS), SNP arrays, and diversity array
technology (DArT) markers have been used to unravel apple pedigrees
(Larsen et al., 2018; Muranty et al., 2020; Ordidge et al., 2018;
Vanderzande et al., 2017). The IRSC 8K SNP array (Chagné et al.,
2012) available for apple has been useful in elucidating pedigrees
(Howard et al., 2017), while the 20K Infinium® SNP array (Bianco
et al., 2014) that followed is currently being used in an ongoing apple
pedigree project (Howard et al., 2018). The latter has also been used in
the construction of a high-density genetic map (Di Pierro et al., 2016)
and QTL-discovery for several traits (Allard et al., 2016; Di Guardo
et al.,, 2017; van de Weg et al., 2018). Thus, genotyping a collection
with the 20 K SNP array not only provides robust assessments of pedi-
gree inference and population structure, but also improves the useful-
ness of the collection by allowing integration with larger germplasms
and facilitates its implementation in a breeding-by-design concept
(Peleman and Van Der Voort, 2003) that utilizes published information
on the genetic control of relevant traits.

In the present study, we first demonstrate how SSR markers were
used to assist the establishment of the Swedish Central Collection of
mandate cultivars by identifying the best possible true-to-type source of
graft wood for the trees intended for preservation in the Central
Collection. Recently, we used the 20 K apple SNP array to characterize
215 apple accessions from the Swedish Central Collection. The geno-
typic data was used to describe the status of the collection by identi-
fying clonal relationships, putative 1st degree relationships, and pos-
sible parent-offspring relationships, and by assessing population
structure.
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2. Material and methods
2.1. Plant material

For SSR analysis, young leaves from a total of 204 apple cultivars
were collected in May — early June (2007-2009) and stored at —80 °C
until use. Samples were collected from different clonal archives, the
stock collection of the Swedish Elite Plant Station (EPS, holding true-to-
type and virus-free genotypes in stock orchards in Fjélkestad), the re-
search- and breeding-oriented germplasm collection at the Swedish
University of Agricultural Sciences (SLU-Balsgérd) and the Institute of
Horticulture in Kiev (Ukraine). If several trees of the same cultivar were
present in different collections, all those were sampled and analyzed
resulting in 340 samples (Supplementary File 1).

For SNP genotyping, leaf samples were collected from 215 acces-
sions of Malus domestica Borkh. in the Swedish Central Collection of
mandate cultivars (Alnarp, Sweden), including two rootstocks: ‘A2’ on
which the collection is grafted and ‘Bemali’ (Supplementary File 1).
Young leaves from growing shoots of a single tree were collected at the
end of May 2018, freeze-dried, and stored at — 80 °C. Extraction of total
genomic DNA was performed using the DNeasy Plant Mini Kit (Qiagen)
following the standard protocol. The quality and concentrations of the
DNA samples were measured by spectrometry (Nanodrop, Thermo
Scientific). The sample names used in this work are the accepted names
according to the Swedish Utility and Cultivated Plants Database (SKUD)
in January 2020, whenever such were available.

2.2. DNA-amplification and SSR analysis

Genomic DNA was isolated from approximately 100 mg of frozen
leaves, using the Qiagen Dneasy™Plant Mini Kit (Qiagen) following the
manufacturer’s protocol. Twelve primer pairs, developed by Liebhard
et al. (2002) were used for SSR-analysis: CH01h02, CH02c06, CH02c09,
CHO02c11, CH02d08, CH04c06, CH04c06, CH04e05, COL, CH02b10,
CHO04e02 and CH02c02b. The forward primers were fluorescently la-
beled at the 5™-end using either FAM or HEX.

Amplifications were performed for each primer pair separately as
described in (Garkava-Gustavsson et al., 2008). PCR-products were
pseudo-multiplexed before being analyzed on a 3730 DNA analyzer
(Applied Biosystems). Size of the amplified products was calculated
based on an internal standard (500ROXTM Size Standard (Applied
Biosystems)) and evaluated using GeneMapper ® software v. 3.0 (Ap-
plied Biosystems).

2.3. Flow cytometry

The flow cytometry analyses were conducted on the samples
showing more than two alleles at the Plant Cytometry Services (JG
Schijndel) in the Netherlands. The fresh leaves were chopped in ice-cold
buffer with DAPI, and flow cytometry was performed on a CyFlow ML
(Partec GmbH, Miinster, Germany) using Lactuca sativa as internal
standard, and ‘Cox Orange’ as a ploidy level standard.

2.4. Analysis of SSR-data

The SSR fragments were scored in terms of loci and alleles, and thus
the allelic composition of each sample was determined. Then Simple
Matching coefficient (Sokal and Michener, 1958) was calculated for all
the analyzed samples with NTSYS-pc statistical package v. 2.2 (Rohlf,
2005) to produce a similarity matrix and detect accessions with iden-
tical allelic profiles (a few mis-matches in one allele were allowed for
the genotypes to be considered as identical). Allelic compositions were
examined to verify the identity of cultivars with their known sports, to
assure that accessions with the same name had identical profile, as well
as to identify problematic cases (e.g., obvious identification mistakes
and mislabeling).
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Next, all triploid cultivars and a tetraploid cultivar were removed
from the data set. The genetic diversity of the remaining 150 unique
profiles of diploid cultivars was estimated using GenAlex 6.503 (Peakall
and Smouse, 2006, 2012). Genetic diversity parameters analyzed in-
cluded: number of different alleles (Na), number of effective alleles
(Ne), Shannon’s information index (I), observed heterozygosity (Ho),
expected heterozygosity (He), unbiased expected heterozygosity (uHe)
and inbreeding coefficient (F).

2.5. SNP genotyping

The SNP genotyping was carried out using the 20 K Infinium® SNP
array (Illumina Inc.) (Bianco et al., 2014). Samples comprising 200 ng
of genomic DNA from each of the 215 accessions were analyzed, fol-
lowing the standard Illumina protocol detailed in Chagné et al. (2012).
Intensity data were analyzed using the workflow described by
Vanderzande et al. (2019), with one major deviation. In Vanderzande
et al. (2019) the cluster definitions were obtained from ASSiST (Di
Guardo et al., 2015), while in this project we used manually adjusted
cluster definitions and a subset of SNPs obtained through an ongoing
apple pedigree project (Howard et al., 2018) consisting of 10,368 SNPs.
The cluster definitions were loaded to Genome Studio (GS), v 2.0 (Il-
lumina Inc.) was implemented, and the SNP genotype calls obtained
were used for further analyses. Sample quality was assessed using the
overall call rate and the histogram distributions of the B-allele fre-
quency and the R-parameter.

2.6. SNP-data analysis

Putative ploidy levels were determined using frequency plots ac-
cording to Chagné et al. (2015), as described by Vanderzande et al.
(2019). Duplicate individuals were identified using PLINK 1.9 (Chang
et al., 2015), using the Pi_Hat parameter as an approximation of the
global pairwise identity-by-decent (IBD) of individuals. PLINK utilizes a
method-of-moments approach to estimate proportion of alleles shared
IBD (PLHAT, #):

A=P(Z=12+P(Z=2),

where P(Z = 1) and P(Z = 2) is the global estimate of the proportion of
loci with 1 and 2 alleles in common, respectively (Purcell et al., 2007).

Duplicates as well as known sports were used as quality controls, to
verify the accuracy of the SNP genotyping procedure. In the case of
unexpected duplicates, these were further examined for morphology of
individual trees, records from sample preparations, historical descrip-
tions and SSR data from local archives. All duplicates were removed
from the dataset, which was then analyzed with PLINK to identify pu-
tative 1st degree relationships, i.e., pairs of individuals with coefficients
of relationship equal to 0.5, such as full siblings and parent-offspring
relationships.

The available pedigree records were verified using the R-script for
counting Mendelian inconsistent errors, as described by Vanderzande
et al. (2019). The pedigree records were adjusted for any errors de-
tected and the script was re-run to identify possible parent-offspring
combinations, using thresholds of 30 and 60 Mendelian inconsistent
errors for parent-offspring (P-O) and parent-parent-offspring (P-P-O)
combinations, respectively. To illustrate the results, network plots were
generated using the iGraph package (Csardi and Nepusz, 2006) in
RStudio version 1.1.463.

Assessment of population structure was performed following re-
moval of synonymous samples, but without pruning for linkage dis-
equilibrium (LD) or minor allele frequencies (MAF). Principal compo-
nent analysis (PCA) was carried out in PLINK and plotted in Excel 2016
(Microsoft). Statistical analysis was carried out using a model-based
clustering as implemented in the software STRUCTURE v2.3.4 (Falush
et al., 2007, 2003; Pritchard et al., 2000). STRUCTURE was run with
Parallel GNU (Tange, 2011) while assuming admixture, correlated
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allele frequencies between population, and implementing the LD
model, using the genetic positions from Di Pierro et al. (2016). Initially,
a single-replicate analysis was run assuming 1-10 subpopulations (K),
in order to determine suitable settings. Five independent replicates
were then performed, with a burn-in of 15,000 and a run length of
50,000 for each K from 1 to 5. Next, the most probable number of
subpopulations was estimated using the method from Evanno et al.
(2005), as implemented in Structure Harvester (Earl and von Holdt,
2012).

3. Results
3.1. Ploidy level and duplicates

All primer pairs produced clear and consistent DNA-profiles, which
were used in the analysis. In all loci except two (CH04c06 L1 and
CHO02c02b) three alleles were found in some genotypes. Some of these
were previously known triploid cultivars, e.g. ‘Gravensteiner’.
However, some cultivars were not previously described as being tri-
ploid and their ploidy level was confirmed by flow cytometry analyses,
e.g. ‘Skoldinge’. Analysis of the similarity matrix confirmed a number of
samples with identical SSR profiles, as expected as multiple samples of
the same cultivar had been collected from different locations. Others
concerned samples with an SSR based indication of a need for further
investigation, i.e. were 9 cases of samples with the same name having
distinct SSR profiles when collected from different collections. In ad-
dition, there were 49 cases of multiple cultivars sharing the same SSR
profile, indicating potentially synonymous cultivars or mislabeling
(Supplemental File 1).

3.2. Genetic diversity

The number of alleles varied from 2 (CH04c06 L1) to 20 (CH02c06)
(Table 1). Loci with a high number of alleles also produced high values
for H, and H,, and vice versa. For each locus, H, values (from 0.30 to
0.89) were quite similar to H, values (from 0.34 to 0.88). The highest
H, was found at locus CHO2b10, while the lowest at locus CH02c02b.
Locus CHO2b10 yielded the highest H. value, while locus CH04c06 L1
had the lowest. All loci had F coefficients bellow 0.1, except CH02c02b
which deviated with a value of 0.49.

3.3. SNP quality check and ploidy

Of the 10,368 SNPs considered here, 406 showed significant de-
viations from Hardy-Weinberg equilibrium (‘ChiTest100’ column in the

Table 1

Genetic diversity in terms of number of different alleles (Na), number of ef-
fective alleles (Ne), Shannon’s information index (I), observed heterozygosity
(Ho) expected heterozygosity (He), unbiased expected heterozygosity (uHe)
and inbreeding coefficient (F) from the 150 unique diploid genotypes analyzed.

Locus Na Ne I Ho He UHe F
CHO1h02 12 3.06 1.44 0.67 0.67 0.68 0.00
CHO02c06 20 7.77 2.34 0.86 0.87 0.87 0.01
CHO02c09 11 7.58 213 0.85 0.87 0.87 0.02
CHO2c11 14 6.97 2.15 0.83 0.86 0.86 0.03
CH02d08 15 4.41 1.85 0.79 0.77 0.78 —0.02
CHO04c06 L1 2 1.51 0.52 0.37 0.34 0.34 —0.11
CHO04c06 L2 12 6.45 2.07 0.86 0.84 0.85 —0.02
CHO04e05 13 3.84 1.76 0.75 0.74 0.74 —0.01
COL 11 5.38 1.85 0.75 0.81 0.82 0.08
CHO02b10 17 8.57 2.37 0.89 0.88 0.89 —0.01
CHO04e02 11 4.29 1.68 0.76 0.77 0.77 0.01
CHO02c02b 8 2.43 1.16 0.30 0.59 0.59 0.49
Mean 12 5.00 1.78 0.72 0.75 0.75 0.04
Total 146 62
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Table 2

Sample ploidy level inconsistencies. Cssg indicates ploidy level expected from
simple sequence repeat (SSR) data, validated by flow cytometry and Csyp in-
dicates ploidy level based on single nucleotide polymorphism (SNP) data.

Sample Cssr Csnp
’Bosebo Sétipple’ 3n 2n
*Cellini’ 2n 3n
’Holléndare’ 3n 2n
’Skélbyépple’ 3n 2n
Pomme de Cannelle' 3n 2n

GS SNP table) in this collection. Six of these SNPs were not called, 35
displayed an excess of homozygosity and the remaining 365 SNPs dis-
played an excess of heterozygosity. Since the fraction of markers de-
viating from Hardy-Weinberg equilibrium was low (< 5%), these
markers were included in the downstream analyses.

Using cluster definitions and a robust subset of SNPs from an on-
going apple pedigree project (Howard et al., 2018), all samples had an
overall call rate above 0.88 (except for the tetraploid ‘Alfa68’, which
had a call rate of 0.80) and p50 GC values between 0.75 and 0.81. All
samples had B-allele frequency (distinct heterozygous and homozygous
peaks) and R-parameter histograms (low values on the x-axis) in GS,
indicating good sample quality without contamination (distinct het-
erozygous and homozygous peaks), as described by Vanderzande et al.
(2019). Next, we inspected the B-allele frequency plots generated using
the method described in Chagné et al. (2015) which, together with the
B-allele frequency histograms in GS, allowed us to identify sample
ploidy. A few samples had ploidy levels differing from those revealed
based on SSR markers (Table 2). Interestingly, ‘Tegnérsépple’ showed a
B-allele frequency plot indicating a translocation/aneuploidy at
Linkage Group 15 (Supplementary File 2)

3.4. Duplicates in the Swedish Central Collection

Duplicate samples were defined as having global pairwise estimates
of IBD > 0.999, as there were no sample pairs with IBD values be-
tween 0.99 and 0.7. Analysis for the presence of duplicates resulted in
185 unique samples out of the total 215 apple accessions tested. In the
case of triploid synonymous samples, their B-allele frequencies were
investigated to ensure that they had the same heterozygous state (i.e.,
either ‘AAB’ or ‘ABB’). All synonymous triploid samples had B-allele
frequencies with correlations above 0.99, indicating that they were
identical. All expected duplicates were identified, both duplicate sam-
ples and color sports. However, we identified a number of unexpected
duplicates and these were compared against the SSR data obtained from
the local clonal archives. Two cases, ‘Rédluvan’/‘Borsdorfer’ and ‘A2’/
‘Bjérnegardsapple’, were clear examples of mislabeling or propagation
mistakes, and the true-to-type individuals were revealed based on ex-
amination of morphological characters. In the case of ‘Cox’s Orange
Pippin’/‘Skélbyépple’, the IBD coefficients to other cultivars were in-
vestigated and were found to be consistent with the pedigree of ‘Cox’s
Orange Pippin’. Duplicate samples were excluded from further analysis
(Table 3).

3.5. 1st degree relationships, P-O relationships, and possible crosses

Having removed duplicates, the remaining 185 samples were re-
analyzed for pair-wise IBD. A threshold for putative 1st degree re-
lationships was set at IBD = 0.484 (0.5-1/64), guided by the IBD values
of samples with known relationships. A draft pedigree based on pre-
vious SSR studies (Urrestarazu et al., 2016) and historical records
(Svensson, 2005) concerning the cultivars was then constructed and
analyzed for pedigree errors using an R-script as described by
Vanderzande et al. (2019). Erroneous parents (3 cases; Supplementary
File 1) were removed and the pedigree was re-analyzed to search for
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possible parent-offspring combinations. Nineteen possible crosses were
identified, all of which appeared plausible according to the historical
record of cultivar ages (Nilsson, 1987; Svensson, 2005) (Table 4). Most
of the offspring were local Swedish cultivars, with two exceptions,
‘Transparante Blanche’ and ‘Gestreifter Wintercalvill’. These are
thought to be of Baltic/Russian and German origin, respectively, and
both have possible parents that are either very old or of unknown origin
(Nilsson, 1987).

3.6. Possible parents

A number of possible parent-offspring relationships within the col-
lection were also identified, heavily biased towards a few cultivars. The
cultivars with the highest number of possible parent-offspring re-
lationships were ‘Gimmersta’ (29), ‘Gragylling’ (19), ‘Vitgylling’ (16),
‘Rosenhéger’ (7), and ‘Klockhammarsépple’ (6). For most cultivars, the
number of possible parent-offspring relationships was in line with the
number of 1st degree relationships estimated from IBD values
(Supplementary File 1).

3.7. Network

Based on the possible parent-parent-offspring combinations identi-
fied, parent-offspring relations, and estimated 1st degree relationships,
a single network was identified for the collection, comprising 115
cultivars interconnected through 1st degree relationships (Fig. 1).
Forty-nine of the 185 unique cultivars were found to have no 1st degree
relationships within the collection. A number of putative 1st degree
relationships that are not supported by the test for Mendelian incon-
sistent errors were also highlighted. Notably, ‘Skoldinge’ and ‘Alnarps
Favorit’ had a low number of possible parent-offspring relationships,
while having a relatively high number of putative 1st degree relation-
ships.

3.8. Genetic structure

In PCA, the first three principal components explained 9.0, 6.1, and
4.8 % of the genetic variation in the SNP set in the collection, with no
evident population structure (Fig. 2). Accordingly, the STRUCTURE
analysis yielded the highest L(K) value for K = 1 and AK dropped to 5
already at K = 2, indicating that the Swedish Central Collection most
likely consists of one sub-population (Supplementary File 1).

4. Discussion
4.1. SSR-analysis of local clonal archives

The SSR analysis of the local clonal archives elucidated several ac-
cession that were either duplicates or mislabelings. Some of the inter-
esting cases involved the different accessions traditionally referred to as
‘Antonovka’. ‘Antonovka’ from Bergianska tridgarden has the same SSR
profile as ‘Antonovka’ from Julita and ‘Antonovka Pamtorutka’ from
Balsgérd. The latter was found to be identical to ‘Antonovka Polotora
Funtovaja’ by Urrestarazu et al. (2016), which has been the preferred
name in subsequent studies (Muranty et al., 2020). In contrast, ‘Anto-
novka’ from Ekebyhov is identical to ‘Antonovka Kamenichka’ at
Balsgérd and a sample of ‘Antonovka’ imported from the Institute of
Horticulture, Kiev (Ukraine). According to the same studies as above,
the preferred name for this cultivar has been ‘Antonovka Obykno-
vennaja’ (Muranty et al., 2020; Urrestarazu et al., 2016). ‘Antonovka
Polutora Funtovaja’ and ‘Antonovka Obyknovennaja’ was recently
found to have a parent-offspring relationship, which was directed based
on historical data with the latter suggested as being one of the possible
parents (Muranty et al., 2020). For the establishment of the Central
Collection ‘Antonovka’ from Bergianska tradgérden was used as graft
wood source, i.e. ‘Antonovka Polotora Funtovaja’. Thus, the collection
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Table 3
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Synonymous sample names based on identity-by-decent (IBD) analysis. Samples 1-4: Synonymous sample names. SSR: Simple sequence repeat data from the samples
collected from the local archives confirming that the samples are synonymous (Same) or indicating that the sampled tree was not true to type (Diff). TTT: Phenotypic
characters of the sampled trees in situ indicated that one of the sampled trees was not true-to-type (Diff).

Sample 1 (used name) Sample 2 Sample 3 Sample 4 SSR TTT
‘Gragylling’ ‘Grégylling, Skokloster’ ‘Rodgylling’ ‘Hedemorazpple’ n/a -
‘Ullstrémsépple’ ‘Gislaved’ ‘Hagbyberga’ Same -
‘Akerd’ ‘Akerd fran Gripsholm’ ‘Akerd’ (mother tree) Same -
‘Cox’s Orange Pippin’ ‘Skélbyépple’ Diff -
‘A2 ‘Bjornegardsapple’ Same Diff
‘Aroma’ ‘Amorosa’ n/a -
‘Alexander’ ‘Annero’ Same -
‘Aspa’ ‘Eneroths Klarépple’ n/a -
‘Brita Horn’ ‘Ringstad’ n/a -
‘Gravensteiner’ ‘Roter Gravenesteiner’ Same -
‘Gyllenkroks Astrakan’ ‘Gyllenkroks Astrakan’ (mother tree) n/a -
‘Suislepp’ ‘Gul Hostkalvill’ Same -
‘Kristinadpple’ ‘Nadig Frun’ Same -
‘Melonenapfel’ ‘Rott Melonépple’ Same -
‘Mio’ ‘Rod Mio’ Same -
‘Savstaholm’ ‘Savstaholm’ (mother tree) ‘P.J. Bergius’ n/a -
‘Vitgylling’ ‘Ramsta’ Same -
‘Borsdorffer’ ‘Rodluvan’ Diff Diff
‘Sérso’ ‘Spasserud’ Same -
‘Sjoholmsépple’ ‘As Baron’ ‘Stor Klar Astrakan’ Same -
‘Calville Blanche d'Eté’ ‘Calville Rouge d'Eté’ n/a -
‘Stenkyrke’ ‘Stenkyrke’ (mother tree) n/a -
‘Transparante Blanche’ ‘Tistads Vaxgylling’ Same -
‘Kavlas’ ‘Wickstrands Favorit’ Same -

Table 4

Possible crosses identified using the R-script described in Vanderzande et al. (2019). Offspring, Parent 1 & Parent 2: Possible parent-parent-offspring trios identified,
maternal/paternal parent cannot be identified. Age Offspring, Age Parent 1 & Age Parent 2: Recorded approximate first appearance of offspring and parent cultivars,
from Nilsson (1987). n/a = unknown origin, old = cultivars of unclear origin, but older than ~ 1850, *arrival in Sweden, ** from Svensson (2005).

Offspring Parent 1 Parent 2 Age Offspring Age Parent 1 Age Parent2
‘Adelhill’ ‘Alexander’ ‘Oranie’ n/a 1800s* n/a
‘Akerd’ ‘Gréagylling’ ‘Vitgylling’ 1700s old old
‘Blasingeapple’ ‘Stenkyrke’ ‘Summer Pearmain’ 1900s 1800s old
‘Edsele’ ‘Rosenhiger’ ‘Vitgylling’ 1900s n/a old
‘Fredriksdalsapple’ “Ullstrémséapple’ ‘Klockhammarsépple’ 1900s 1800s 1800s
‘Frosvidal’ ‘Hampus’ ‘Grégylling’ 1800s 1700s old
‘Gronso’ ‘Gragylling’ ‘Vitgylling’ 1800s n/a old
‘Hanaskogsépple’ ‘Oranie’ Vitgylling’ 1800s n/a old
‘Hornsberg’ ‘Hampus’ ‘Gimmersta’ 1800s 1700s 1800s
‘Milardalens Vitgylling’ ‘Klockhammarsapple’ ‘Vitgylling’ n/a 1800s old
‘Molnbacka Skogsépple’ ‘Holmserudsépple’ ‘Rosenhéger’ 1800s n/a n/a
‘Raby Rubin’ ‘Savstaholm’ Maglemer’ 1900s** 1800s 1700s
‘Sandbergs Roda’ ‘Gragylling’ ‘Vitgylling’ 1900s old old
‘Sjoholmsépple’ ‘Gimmersta’ ‘Vitgylling’ 1800s 1800s old
‘Sparreholm’ ‘Gimmersta’ ‘Rosenhéger’ 1800s 1800s n/a
’Stédringe Karin’ ‘Gimmersta’ ‘Gragylling’ 1800s 1800s old
‘Gestreifter Wintercalvill’ ‘Holmserudsépple’ ‘Rosenhéger’ n/a n/a n/a
‘Transparante Blanche’ ‘Aspa’ ‘Vitgylling’ 1800s * 1800s old

might benefit from including ‘Antonovka Obyknovennaja’ as well as it
is likely to have a long history of cultivation in Sweden, even though
there has been some confusion in past as both of these cultivars have
commonly been designated as simply ‘Antonovka’.

There were also some clear cases of mislabelling, e.g. ‘Eva-Lotta’ in
one of the local archives appears to be identical to ‘Alice’ and
‘Hornsberg’” in one of the local archives was identical to
‘Hanaskogsdpple’. Revealing of such cases provided valuable support
for the choice of graft wood source for the establishment of the central
Swedish Central Collection. Noteably, some accessions from the
breeding collection in Balsgard appears to be not true to type, including
‘Domé Favorit’, ‘Menigasker’ and ‘Silva’ which all have different SSR
profiles than accessions with the same names at the local clonal ar-
chives. Though beyond the scope of this study, this might be a relevant
note, as several international studies including old Swedish cultivars
have been based on samples obtained from the Balsgard collection

(Muranty et al., 2020; Urrestarazu et al., 2017, 2016).

Of the 12 SSR-markers utilized here, only 5 are common with those
used by Urrestarazu et al. (2016) and their usefulness for comparison
against a larger germplasm is therefore limited. Nevertheless, SSR
profiles have been made available to the MUNQ-database and MUNQ
genotype codes have been assigned as previously described, whenever
possible (Muranty et al., 2020; Urrestarazu et al., 2016).

In the analysis for genetic diversity only diploid accessions were
considered, as triploids are considerably less efficient as parents. Thus,
diversity conserved in polyploids has limited impact as an actual re-
source. Considering the diversity parameters analyzed, the local ar-
chives seem to retain a high degree of genetic diversity. The mean
observed heterozygosity (Table 1) is close to the expected hetero-
zygosity, and quite high, which is expected considering the life history
traits of the species and being in line with comparable studies (Gaut
et al., 2015; Larsen et al., 2017; Lassois et al., 2016; Marconi et al.,
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Fig. 1. Network plot of the Swedish Central Collection of heirloom apple cultivars. Diploid accessions are indicated as circles, triploid and tetraploid accessions as
squares. Solid lines indicate possible parent-offspring and parent-parent-offspring relationships, including confirmed pedigree records; dotted lines indicate putative

1st degree relationship. Some of the cultivars mentioned in the discussion are designated with names.
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2018).

It should be noted, however, that the main criterion for the estab-
lishment of the Swedish Central Collection was not genetic diversity per
se, but rather cultural diversity. Consequently, several duplicates with
different names that were revealed by analysis with SSR markers were
nonetheless considered as distinct mandate cultivars. While being ge-
netically identical, duplicate accessions might still be sports, which can
be difficult to distinguish without detailed investigations of morphology
in common gardens. Another aspect is the richness in folk lore ac-
companying many of the old cultivars, which cases can be just as im-
portant as the genetic properties of an old cultivar.

4.2. Central collection - ploidy and synonyms

From the SNP markers analysis, we found the Swedish Central
Collection of mandate cultivars to be comprised of 190 diploid, 24
triploid, and 1 tetraploid accessions, corresponding to 89, 10, and 1 %
of all unique samples. Slightly higher frequencies of triploids have re-
cently been reported for Belgian and Danish collections (15 % and 19
%, respectively). Similarly, we found the Swedish central collection to
contain 86 % unique accessions, which is in line with the 79 % and 85
% reported for the Belgian and Danish collections, respectively (Larsen
et al., 2018; Vanderzande et al., 2017).

When comparing ploidy levels with those obtained during SSR
analysis of the same cultivars, but from the local clonal archives, we
found five inconsistent cases. For one such case, ‘Skilbyépple’, the
sample analyzed from the local clonal archive was triploid and ge-
netically identical with ‘Gravensteiner’, and accordingly a different
source for budwood was used, which had not been analyzed prior to
propagation. In the Central Collection, ‘Skélbyépple’ was found to be
morphologically similar to ‘Cox’s Orange Pippin’(Nilsson, 1987), while
also having estimated global pairwise-IBD to other accessions that are
in line with the pedigree of ‘Cox’s Orange Pippin’. According to po-
mological description ‘Skélbyépple’ appears to be quite similar to ‘Cox’s
Orange Pippin’, thus it appears likely that ‘Skélbyapple’ is synonymous
with ‘Cox’s Orange Pippin’. The other accessions with inconsistent
ploidy levels identified here were ‘Bosebo Sétépple’, ‘Cellini’, ‘Hollédn-
dare’ and ‘lPomme de Cannelle’ (Table 2). Similar to ‘Skélbyépple’,
‘lPomme de Cannelle’ was propagated from source not analyzed by SSR
markers, thus explaining the inconcistency. However, none of the other
three samples appears to be synonymous with any other accession in
the Central Collection, and this inconsistency thus requires further in-
vestigation.

The consistency between the use of SNP array data and flow cyto-
metry to determine ploidy levels has previously been established
(Chagné et al., 2015), making incorrect calling of ploidy levels unlikely.
Consequently, the accessions from both the local clonal archives and
the central collection should be analyzed using the same genetic mar-
kers, to clarify these inconsistencies. For example, ‘Cellini’ has pre-
viously been described as diploid (Urrestarazu et al., 2016), making it
likely that the ‘Cellini’ accession present in the central collection is not
true-to-type. Interestingly, although the ‘Cellini’ sample might not be
true-to-type, it could still be a valuable part of the collection, as it does
not appear to be synonymous with anything else in the collection. Si-
milarly, ‘Bergiandpple’ has historically been sold as ‘Antonovka’
(Hjalmarsson, 2019), but it is now recognized as a separate cultivar
with, according to our data, no close relationship to ‘Antonovka’
(IBD = 0.14). Regarding the synonymous samples, for nine out of the
24 pairs, SSR data were lacking for at least one of the accessions. This
illustrates the usefulness of the current thorough examination of the
collection, and complements the SSR-based information acquired
during the establishment of the gene bank. Some of the duplicate pairs/
trios reported here are either duplicates from different sources, e.g.,
‘Gyllenkroks Astrakan’ (EPS) and ‘Gyllenkroks Astrakan’ (mother tree),
or well-known sports such as ‘Sdvstaholm’ and ‘P.J. Bergius’. The re-
maining duplicate pairs would benefit from further genetic
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investigation of the material in the local clonal archives and from
morphological studies, in order to establish whether they are synon-
ymous accessions, mixed-up trees, or sports. For example, ‘Hedemor-
adpple’ appears to be synonymous to ‘Grégylling’ in the Swedish Central
Collection and these two cultivars are described as having rather similar
morphology, but ‘Hedemoradpple’ is not described as having the
twisted stem that is characteristic of ‘Gragylling’ (Nilsson, 1987). The
accessions of ‘Rodgylling’ from the local clonal archives also had the
same SSR profiles as ‘Hedemoradpple’ and some accessions labeled as
‘Gréagylling’. According to lore, ‘Hedemoraépple’ is said to originate
from a seedling, and thus it would be interesting to investigate whether
it is a mix-up or a stem morphology sport, or whether the ‘Hedemora’
tree investigated previously was not old enough to express the twisted
stem trait clearly. Another example is ‘Bjornegardsépple’, which is de-
scribed as “particularly valuable”, with a taste and aroma reminiscent
of both pineapple and wild strawberries (Nilsson, 1987). In both the
Swedish Central Collection and the local clonal archive analyzed, it
seems to have been lost and overtaken by shoots from the rootstock.
Thus, a new source has to be found for this cultivar through inventory
of sources closer to the supposed origin, preferably the mother tree.

4.3. 1st degree relationships

4.3.1. Parent-offspring test

Using a parent-offspring test for Mendelian inconsistent errors, we
were able to reject some stipulated relationships. For example, ‘Kaniker’
was speculated by the early 1900s’ pomologist Carl Dahl to be the
parent of ‘Oranie’ (Dahl, 1943), but according to our current SNP
marker analysis these cultivars clearly did not share a parent-offspring
relationship. On the other hand, the data suggest that they might both
be the offspring of ‘Gimmersta’, and their pairwise IBD estimates in-
dicate either a half-sibling or a grandparent-offspring relationship
(0.28). According to tradition ‘Flddie’ is supposed to originate from a
seed of a ‘Gravensteiner’ apple (Dahl, 1943), which is not supported by
our data. However, these cultivars appear to share a cryptic relationship
(IBD = 0.37). Interestingly, Larsen et al. (2017) also reported a com-
plete lack of parent-offspring relationships involving ‘Gravensteiner’,
despite some suggested by pomologies. Yet another example that has
been the cause of speculation is ‘Sparreholm’. It was discovered as a
pippin by the gardener L. G. Hedlund, who believed it to be the off-
spring of ‘Rosenhéger’ and an astrakhan-type cultivar (Dahl, 1943).
According to our results, this speculation was correct, as it was iden-
tified as the possible offspring of ‘Rosenhéger’ and ‘Gimmersta’, the
latter being of astrakhan type. More recently, Garkava-Gustavsson et al.
(2008) speculated that ‘Oranie’ could be one of the parents of ‘Ha-
naskogsépple’, based on SSR profiles, which our data seem to support.
Similarly, ‘Kabbarp’ and ‘Vittsjodpple’ were found to be genetically si-
milar according to our SSR-analysis. Accordingly, our SNP data suggest
that they are likely full siblings (IBD = 0.6), with ‘Gimmersta’ as one of
the parents, as supported by the Mendelian inconsistent errors test.

4.3.2. Possible parent-parent-offspring combinations

From the analysis of the Swedish Central Collection we identified
several possible parent-parent-offspring combinations, all of which
seem plausible based on historical records of the cultivar ages. All ac-
cessions involved were diploid, except for the triploid ‘Ullstromsépple’
which is a possible parent of ‘Fredriksdalsépple’ (Table 4, Supplemen-
tary File 1). Triploid apples perform much better as pollen donors than
as mothers (Sato et al., 2007), so it is reasonable to assume that ‘Ull-
stromsépple’ is the father. However, the procedure used here calls tri-
ploids only as heterozygous, regardless of their heterozygous state, and
some proportion of true heterozygous SNPs can be expected not to be
called, as they will have signals outside the heterozygous clusters. Thus,
further clarification of putative parent-offspring relationships would
clearly benefit from automated SNP calling of triploid samples, al-
lowing more robust integration of triploids with diploid datasets.
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4.3.3. Possible parent-offspring combinations

The most common possible parents were all old cultivars of un-
known origin, e.g., ‘Gimmersta’ (29 P-Os), ‘Grégylling’ (19 P-Os),
‘Vitgylling’ (16 P-Os), ‘Rosenhéger’ (7 P-Os) and ‘Klockhammarsépple’
(6 P-Os). Thus ‘Gimmersta’, a sparsely spread local cultivar considered
to be related to an astrakhan-type cultivar (Nilsson, 1987), surprisingly
emerged as having the highest number of possible parent-offspring re-
lationships in the collection. At the same time, a very old cultivar which
was previously among the most common grown in central Sweden,
‘White Astrachan’ (Nilsson, 1987), is currently missing from the Central
Collection. In our SSR analysis of local archives, ‘Gimmersta’ was found
to be identical to samples of ‘White Astrachan’, as well as the not true-
to-type accession of ‘Arvidsépple’ preserved in the breeding collection
in Balsgérd. The accession of ‘Arvidsipple’ preserved at Balsgard has
previously been found to be synonymous to ‘Astrakan Bilyi’
(Urrestarazu et al., 2016). In our analysis of SNP data from the Swedish
central collection, ‘Stdringe Karin’ was found to be the offspring of
‘Gimmersta’ x ‘Gragylling’, whereas Muranty et al. (2020) found the
same cultivar to be the offspring of ‘White Astrachan’ x ‘Grégylling’.
While ‘Gimmersta’ is described as having red fruit over color (Nilsson,
1987) a plausible explanation is that ‘Gimmersta’ is in fact a sport of
‘White Astrachan’, which would then explain the rather large number of
possible parent-offspring relationships.

4.3.4. Residual putative 1st degree relationships

Two cultivars, ‘Skoldinge’ and ‘Alnarps Favorit’, had far more pu-
tative 1st degree relationships than possible parent-offspring relation-
ships. Many of the 1st degree relationships suggested by IBD values, but
not passing the test threshold for Mendelian inconsistent errors, in-
volved triploid cultivars or occurred within the network of 1st degree
relationships. Due to their higher heterozygosities, triploids are ex-
pected to have higher IBD using the method-of-moments technique.
Despite this, a few recorded heteroploid relationships were confirmed
by the test for Mendelian inconsistent errors (‘Alfa 68’ - ‘Filippa’ and
‘Alnarp Favorit’ - ‘Alfa 68”).

Remaining couples (those not involving ‘Skéldinge’ and ‘Alnarps
Favorit’) with putative 1st degree relationships, but failing the test
threshold for Mendelian inconsistent errors, generally had quite high
IBD values (up to 0.6). However, they also had Z0 parameters above 0.1
(Supplementary File 1), illustrating that the method-of-moments tech-
nique implemented in PLINK generally inflates IBD values (Morrison,
2013). The structure of the Swedish Central Collection is similar to the
Danish collection, in that an equal proportion of the collection belongs
to a single network of parent-offspring relationships and has a similar
distribution of 1st degree relationships (Larsen et al., 2017).

4.4. Genetic structure

The three first principal components explained a greater proportion
of the genetic variation (9.0 and 6.15 % for the first two dimensions)
than in two recent studies with similar numbers of cultivars that used
GBS (2.87 and 2.47 %) or the 8 K apple SNP array (5.9 and 4.5 %) for
genotyping (Larsen et al., 2018; Vanderzande et al., 2017). No popu-
lation structure was evident from the PCA analysis, even though the
dataset was not pruned for markers in LD. As reviewed by Miller and
Gross (2011), perennial fruit crops generally exhibit limited population
structure due to their life history traits such as clonal propagation,
outcrossing, and long juvenile periods. Thus, as the Swedish Central
Collection was established with the aim of preserving mainly local
cultivars, a lack of population structure is to be expected. Comparable
studies have found other European collections to consist of different
subpopulations. However, they also contain modern cultivars (Lassois
et al.,, 2016; Marconi et al., 2018; Pereira-Lorenzo et al., 2017;
Vanderzande et al., 2017) and wild material (Larsen et al., 2018), in
addition to local cultivars. An investigation of Norwegian ex situ col-
lections found separate clustering between cultivars from southern
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countries and traditional Scandinavian or very winter-hardy cultivars
(Gasi et al., 2016). Similar clustering patterns have been proposed
elsewhere (Garkava-Gustavsson et al., 2013; Urrestarazu et al., 2016),
but as the Swedish Central Collection is well curated, containing only
mandate cultivars, little clustering is expected. From a genetic resource
point of view, a lack of population structure indicates that allelic var-
iants underlying e.g., adaptation to a northern climate are present in an
otherwise diverse genetic background, making it a promising germ-
plasm to identify those underlying regions. Based on our PCA analysis,
the cultivars released from the Swedish National breeding program at
Balsgérd seem to encompass only a small fraction of the genetic var-
iation available in the mandate cultivar collection along the two first
principal components. Furthermore, a majority of the parents of those
cultivars are not represented in the collection (Fig. 2). The Swedish
central collection can therefore be expected to contain considerable
variation that can invigorate future breeding efforts. Based on the
clustering of cultivars released from the Balsgérd breeding program,
diploid cultivars with coordinates below zero along principal compo-
nent one and above zero along principal component two might serve to
broaden the genepool (upper-left part of Fig. 2). Considering cultivation
in northern Sweden as a potential breeding goal for the Swedish
breeding program, the cultivars ‘Gubbépple’, ‘Risdter’ and ‘Suislepp’ as
well as ‘Forlovningsdpple’ and ‘Sundsidpple’ might be interesting for
crosses. ‘Gubbépple’ is described as having big fruits similar to
‘Gravensteiner’, with a balanced sweetness and acidity as well as crispy
flesh and an aroma reminiscent of almonds. ‘Risdter’ is described pri-
marily suited as a cooking apple but is hardy, resistant to diseases and
having broad branch angles. ‘Suislepp’ is a cultivar of Estonian origin,
which is considered to combine excellent hardiness and a good, aro-
matic, taste. ‘Forlovningsdpple’ and ‘Sundsépple’ are very briefly de-
scribed in the literature, but originate from the northern part of Sweden
and can thus be expected to be adapted to the climate (Hjalmarsson,
2019; Nilsson, 1987; Svensson, 2005). To our knowledge, these are not
the recorded parents of any of the cultivars released from the Swedish
breeding program in Balsgdrd, which has mainly been directed at
commercial apple production in Sweden’s most southern province
Scania, but this does not exclude the possibility that these cultivars
have been used in unsuccessful crosses.

5. Conclusions

SSR markers were useful for first screening of the material preserved
in local clonal archives and the collection at SLU-Balsgird and the
Swedish Elite Plant Station in order to pinpoint putative identification
mistakes as well as providing guidance in choosing the best possible
source of graft wood for the Swedish Central Collection. The later has
subsequently been analyzed using a subset of 10,368 SNPs from the
20K SNP array. Thus, we obtained robust information from char-
acterization of the Swedish central collection of mandate cultivars. A
few, previously unknown, clonal relationships were identified and these
might merit revision of cultivar names. It was also possible to identify
putative ploidy levels and possible parent-offspring relationships.
Notably, a few cases were identified where the SNP data were in con-
flict with data obtained from the presumed graft-wood source using SSR
markers. In order to guarantee the true-to-typeness and genetic in-
tegrity of the Swedish Central Collection and its congruence with local
clonal archives, these conflicting cases should be investigated further to
identify the sources of the errors. Furthermore, the collection has
continued to grow since the onset of this study, and thus molecular-
based efforts should continue. Despite considerable phenotypic varia-
tion in traits related to hardiness and diverse geographic origins, the
collection exhibits limited genetic structure. This information is ex-
pected to help improving the future development of the Swedish
Central Collection and to facilitate use of the material in breeding
programs.
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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’ X ‘Discovery’. Map-
ping was performed with the area under the disease progression curves (AUDPCs) from all seven (AUDPC_AII7) 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.

Keywords Neonectria ditissima - Malus domestica - FlexQTL - Sigmoid growth - IBD

Introduction throughout the year and is favored by cool and wet climates,

such as North-West Europe, New Zealand, and Chile (Weber

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
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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 (Krihmer
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; Gomez-Cortecero
et al. 2016; Karlstrom 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; Gomez-Cortecero et al. 2016; Karlstrom 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

@ Springer

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’ x ‘Robusta 5°, ‘Jonathan’ X ‘Dis-
covery’, and ‘Golden Delicious’ X ‘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 (Karlstrom 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 (Gomez-Cortecero et al. 2016; Karlstrom 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’ X ‘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’ X ‘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 pl 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_AII7’) 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 Y is the lesion length at the ith assessment, X; is the
number of days at the ith observation and # 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:

K
M= B @
+ - e

0

where N, is the lesion length at time ¢, K is the carrying
capacity (maximum lesion length reached at girdling of
the wound), N, 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:

RO
N r

cen 3)
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 (BLUESs) 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 () 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 BLUESs, the regression coefficient can
be used as an approximation of H2. A Genotype x Year (‘G x
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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_AIl7, 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 (Tllumina 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 > 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 Sitra 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.flexqtl.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 (‘2InBF”) for
an incremental number of QTL per LG through a pair-wise
comparison. A 2InBF 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_AII7 parameter. QTL
regions were defined as successive 2-cM bins with 2InBF
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:

PVE = <A—V[> x 100 @
Ve

where V) is the total phenotypic variance and AV 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

outputs Q and ¢ 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 2InBF 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 ‘Imtest’ 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 g 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 g 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_AIl7, AUDPC_First4, and t_gen
for the LG1/LG8 loci, and AUDPC_AIl7, AUDPC_First4,
and LL_A1 for the LG15/LG16b loci. Additionally, subsets
of 89 and 71 individuals carrying the ¢ and Q alleles from
‘Discovery’ at the LG16a locus, respectively, were also used
to search for additional epistatic loci for the LL._G parameter.

@ Springer


http://www.flexqtl.nl

12 Page 6 of 16 Tree Genetics & Genomes (2023) 19:12
a) 500 500 05 1.0 b)
—— | |
. 0.94 ‘ ’ 0.70 ‘ 0.45 ‘ 0.72 E =]
< 2
IDPC Tt ]
A ]
' oA 0
w 1 L;ﬁ' W L 0.089 o E 9 C) Reference cvs.
e - - — r=0.87 Dlscovery.b cox
& & % ﬁm [”]h 0.39 K1e)
o o’ Katja

Q

-1000 2000

AUDPC_AII7

ol

AUDPC_Firsts

"

e)

1

2020

.
Aroma gle*® pyi
..Q Q Prima

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 ()
in the upper off-diagonal, and pairwise scatter plots in the lower left
off-diagonal. b Correlations between the two years of phenotyping for

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_AIl7, AUDPC_First4, LL_A1, t_gen, and

LL_G) were heteroscedastic and had residual distributions
that deviated from normality (File S2). A’ was moderate to
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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

high for the FS family across both years (0.78, 0.78, 0.67,
0.73, and 0.52 for AUDPC_AIl7, AUDPC_First4, LL_Al,
t_gen, and LL_G, respectively). Similarly, moderate to high
A 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_AIll7, AUDPC_First4, LL._Al, t_gen, and LL_G,
respectively). The two AUDPC parameters, AUDPC_AII7
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_AIl7, AUDPC_First4, LL_
Al, 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_AIll7, AUDPC_First4, LL._Al, t_gen, and LL_G,
respectively, Fig. 1¢). 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 BLUESs over both
years were used as phenotypes for QTL mapping.

QTL mapping

First, we considered the AUDPC over all seven assess-
ments (AUDPC_AII7), and subsequently we also assessed
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Table1 QTL regions are summarized from four replicate FlexQTL
runs for each parameter. For each parameter (Param.) and QTL,
the highest and lowest LG-wide 2InBF* 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 2InBF 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)

Param QTL 2InBF* Range (cM) Width (cM) Peak (cM) B-prob PVE (%) ’Aroma’ ’Discovery’
AUDPC_AII7 LGl 5.6-6.1 44-54 10 50-54 0.6 13.4 - Qlq
LG8 6.1-7.3 38-50 12 40-44 0.7 14.0 - Qlq
LG15 54-6.2 51-61 10 51-55 0.7 10.9 Qlq Qlq
LGl6a 4.0-44 20-22%* —k 20-22%%* 0.2 8.7 - QOlq
LG16b 48-50%* ik 48-50%* 0.2 9.8 - Qlq
AUDPC_First4 LGl 5.8-6.5 40-52 12 44-48 0.7 11.8 - QOlq
LG8 10.6-14.0 38-50 12 46-50 1.0 14.0 - Qlg
LG15 10.9-12.4 51-57 6 51-55 1.0 13.6 Qlq Qlq
LGl6a - - - - - - - -
LG16b 8.7-9.8 44-50 6 46-50 0.9 16.1 - Qlq
LL_Al LG1 - - - - - - - -
LG8 2.1-24 50527 ik 50-52%% 0.2 8.7 - -
LG15 8.0-9.7 49-57%* 6F* 53-57#%* 1.0 14.0 Qlq -
LGl6a - - - - - - - -
LG16b 6.1-7.8 38-50 12 46-50 0.7 12.1 - Qlq
t_gen LGl 3.4-3.7 50-54%#* 4 50-54 0.4 9.8 - Qlq
LG8 9.2-9.7 42-52 10 46-50 1.0 13.0 - Qlq
LG15 - - - - - - - -
LGl6a - - - - - - - -
LGl16b - - - - - - - -
LL_G LG1 - - - - - - - -
LG8 - - - - - - - -
LGI15 - - - - - - - -
LGl6a 53-6.2 20-24 4 20-24 0.6 13.9 - Qlq
LGl16b - - - - - - - -
Consensus LGl - 40-54 14 44-54 - - - -
LG8 - 38-52 14 40-50 - - - -
LG15 - 51-61 10 51-55 - - - -
LGl6a - 20-24 4 20-24 - - - -
LG16b - 38-50 12 46-50 - - - -

“A 2InBF 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 2InBF above 5 in all four replicate runs, but shown for consistency with QTL regions for

other parameters.

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_ALIL7 there was strong statistical evidence
for three QTL, one each on LG1, LGS, 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 (2InBF: 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_AIL7,
there was a single consistent peak in posterior intensity for
LG16, coinciding with one of the peaks for AUDPC_AII7
on that LG, denoted LG16b (Table 1, Fig. 1, File S2).
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«Fig.2 Posterior QTL positions from FlexQTL for each parameter,
from a run with 3 prior QTL, a AUDPC_AIl7, b AUDPC_First4, ¢
LL_A1l, 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

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_AII7 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 LGS,
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 LGS, overlapping with the QTL on LG8 detected
for AUDPC_AI17 and AUDPC_First4. In addition, one QTL
with only positive evidence was detected on LG1, overlap-
ping with the QTL for AUDPC_AI117 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_AII7 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
(2InBF > 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 LGS, 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_AIL7 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 log,,-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,
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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 ¢ alleles appeared
to have similar effects, different linear models with the
total number of ¢ alleles regardless of locus were fitted and
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compared to the alternative models with individual alleles.
Adding an extra g 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_AII7 of 2, 423, and
523 mm*days. The model with the lowest AIC accounted
only for linear additive effects from the total number of ¢
alleles across both loci, although a number of models which
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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 g 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 ¢ allele coming from ‘Worcester
Pearmain’. Individuals carrying the g allele had lesions that
were on average 9.18 mm shorter when they girdled, and a
325 mm*days lower AUDPC_AII7.

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 ¢
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 g 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 (2InBF =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 (2InBF=3.4) and on LG10 (2InBF=2.6), in the
subgroups with one and zero g 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 (2InBF=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 Qg genotype at the LG13 locus occurred at a
frequency close to 0.5 for both the 1g and 2¢ 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_AII7 and AUDPC_
First4 (2InBF=4.2 and 3.1, respectively) parameters only in
the subgroup carrying a single g 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 ¢ 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_AI17 parameter than with LL._A1 (File S2).
Furthermore, positive LG-wide evidence was found for the
LL_G parameter (2InBF =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 g 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 ¢ allele of LG16a being
in coupling phase with the g allele at the LG16b locus) and
ambiguity in which allele should be considered desirable
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«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’ X ‘Discovery’ are indicated as
dark/light green (¢) 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

(see the “Discussion” section). Thus, haplotypes of the LG8,
LGI15, 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 LGS, ‘Lillarosaroda’ (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 g allele for
AUDPC from ‘Worcester Pearmain’. However, the g 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 g alleles (Fig. 4a, File S1).

Regarding the LG15 locus, ‘Gratia’ seems to be the only
descendant of ‘Aroma’ to share the ¢ allele by IBD, and the only
individual that shares the ¢ 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’ X ‘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 g 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 ¢
allele include ‘Discovery’, ‘Katja’, and ‘Lord Lambourne’
(Fig. 4c, File S1). These have in turn transmitted the g allele
to cultivars such as ‘Agnes’, ‘Lillarosaréda’, ‘@ye’, ‘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_AII7 is in coupling phase with the g 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 g 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’ X ‘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_AII7 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 ¢
allele for LL_G at the LG16a locus. The g 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 g 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 ¢ 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 ¢ 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
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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 LGS 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, Karlstrom 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-
strom 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’ X ‘Lillarosar6da’ where ‘Gratia’ is carrying the g
allele from ‘Filippa” at LG15 and ‘Lillarosaréda’ is carry-
ing the ¢ 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

@ Springer

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. Karlstrom 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_AII7). 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 g 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 BLUE:s for the different parameters of the FS-fam-
ily can be made available upon request.
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