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Challenges in breeding high quality apples with durable disease
resistance
M. Kellerhals1, I.O. Baumgartner1, S. Schütz1, A. Patocchi1
Abstract
The appearance of scab (Venturia inaequalis) strains that are able to overcome the
broadly used Vf (Rvi6) scab resistance as well as the spread of new diseases such as
Marssonina coronaria, highly relevant for organic apple growing, require adapted
strategies for the breeding of new varieties. Approaches for breeding new high quality
apple varieties with diverse resistance to several diseases considering phenotypic and
molecular selection techniques and results achieved up to now in the Agroscope apple
breeding programme will be shown and discussed.
Keywords: apple breeding, molecular markers, Venturia inaequalis, Erwinia amylovora,
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Introduction
Breeding for durable disease resistance combined with high fruit quality and good and
regular yields is a major objective in many apple breeding programmes throughout Europe
and in most areas of apple growing worldwide. The major apple diseases are apple scab
(Venturia inaequalis), powdery mildew (Podosphaera leucotricha) and fire blight (Erwinia
amylovora). However, storage diseases are also of importance, especially in organic
growing, and some new diseases such as the leaf disease Marssonina coronaria require
attention. Apple breeding aims developing high quality varieties with durable disease and
pest resistance. MAB (marker-assisted breeding) is an extremely useful approach to
achieve this goal (Kellerhals et al., 2013).
Apple scab
Apple scab is the most devastating fungal disease in apple growing in most temperate
growing conditions (Gessler et al., 2006). Breeding for scab resistance has a long history
going back to the beginning of the 20st century and getting more intensive after the
Second World War. A large range of scab resistant cultivars was released in the last
decades. However, most of them go back to the resistance derived from Malus floribunda
821, called Vf and later renamed Rvi6 (Bus et al. 2009). Since about 20 years there is
more frequent resistance breakdown observed in some cultivars carrying Rvi6 resistance
(Parisi et al., 1993). However, some other carriers of Rvi6 are still resistant under
comparable disease pressure and showing no scab symptoms at all. It is anticipated that
this resistance may be due to strong QTLs present in these cultivars. Within the Vinquest
initiative (www.vinquest.ch), information about the emergence and distribution of virulent
V. inaequalis pathotypes is collected. This project aims to introduce the monitoring of V.
inaequalis virulences on a regular basis (Patocchi et al., 2009). A set of differential hosts
has been identified for the monitoring of V. inaequalis populations in specific orchards
established in locations spread over many apple growing areas mainly in Europe. The set
will be extended as new gene-for-gene relationships are defined and appropriate hosts
identified. The findings of this research assist breeders in determining promising
combinations of scab resistance genes for breeding strategies based on gene pyramiding.
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Pyramiding of scab resistance genes has become easier as molecular tools for the
detection of the presence of those genes are available (Patocchi et al., 2009). The
Agroscope apple breeding program considers pyramiding of different scab resistance
sources:
‐ Major genes such as Rvi6, Rvi2, Rvi4, Rvi11, Rvi12 and Rvi15.
‐ Partial resistance originating from parents that are known to carry this characteristic.
The objective is to consider a broad range of genetic background in order to enlarge the
genetic base in apple breeding as suggested also by Bannier (2011).
Fire Blight
The development of fire blight tolerant and/or resistant cultivars is of great importance for
sustainable fire blight management. Currently only a few tolerant cultivars are supposed to
fulfill market requirements, e.g. ‘Ladina’, developed by Agroscope in Wädenswil (Leumann
et al., 2013). Genotypes with low fire blight susceptibility have been detected among
advanced selections in breeding programmes, fruit genetic resources and commercial
cultivars (Szobiczewski et al., 2011). Strong fire blight resistance is present in different wild
Malus species, e.g. M. × robusta 5 (MR5) (Peil et al, 2008), M. baccata (Norelli et al.,
1986, Peil et al., 2009), M. fusca, M. baccata and ‘Evereste’ of unknown origin (Durel et
al., 2009). However, fruit of wild resistance genitors is of small size and low eating quality.
The introduction of wild species resistance into commercial fruit quality is time-consuming.
It requires repeated pseudo-backcrossing with high quality parents followed by selection
for the desired traits within the progeny (Baumgartner et al., 2011). The undesired share of
wild apple genome is reduced on average by 50 % with each introgression cycle.
However, with traditional breeding, the juvenile period of apple lasts four to five years,
slowing down the introduction of new traits. Fast-track breeding approaches are used to
shorten the generation time from usually four or five years to about two years (Volz et al.,
2009, Baumgartner et al., 2011). With a set of molecular markers covering the whole
genome, individuals might be identified with a high proportion of genome inherited from the
elite parents (Volz et al., 2009). Selection for fire blight resistance can be based on
molecular markers or phenotypic inoculation tests. A strong fire blight resistance QTL
(FB_MR5) was identified on linkage group 3 in M. × robusta 5 (Peil et al., 2008). SSR
(simple sequence repeat, microsatellite) markers are available for marker assisted
selection (Calenge et al., 2005, Khan et al., 2007, Peil et al., 2008, LeRoux et al., 2010,
Fahrentrapp et al., 2013). Furthermore, phenotypic evaluation of tree and fruit
characteristics is included in the selection of resistant plants for further introgression
cycles.
Material and Methods
Apple scab
Based on marker-assisted parent selection, apple crosses were performed in spring 2012
with the aim to pyramid different scab resistances (Rvi6, Rvi2, Rvi4). Seeds were
extracted in autumn and subsequently stratified for 8 weeks in humid sand at 2°C to allow
for regular germination in seed trays at the end of January 2013. Seedlings were grown in
the glasshouse at 18 to 20°C and artificially inoculated at the 4 to 6 leaf stage using a
suspension of conidia dispersed in water at a concentration of 350’000 conidia per ml and
high relative humidity. The inoculum was originally collected from scabbed leaves
originating from apple trees not treated with fungicides and subsequently used for the
glasshouse scab screening where leaves with strong scab symptoms were collected and
frozen at -20°C for further inoculations. The inoculum should not contain isolates vir2, vir4
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or vir6. Around 14 DPI (days post infection) scoring of leaf symptoms was performed using
basically the scale of Chevalier et al. (1991), added with the symptoms induced by the
scab resistance gene Rvi2 (SN, stellate necrosis) and Rvi4 (PPP, pin point pits) according
to Bus et al. (2005). Molecular analysis was performed in collaboration with the company
Ecogenics, Schlieren, Switzerland (www.ecogenics.ch) following the protocol of Frey et al.
(2004) using multiplex PCR’s with fluorescently labelled primers. SSR and SCAR
(sequence characterized amplified regions) markers linked to the scab resistance genes
Rvi2, Rvi4, Rvi6 and the powdery mildew resistance locus Pl1 were used according to
Table 1.
Table 1: Molecular markers used for the analysis of the progenies

Resistance gene
Rvi2
Rvi4
Rvi6
Pl1

Marker used
CH05E03, OPL19
CH02C02a, Hi22d06
CHVf1
AT20

Marker type
SSR, SCAR
SSR, SSR
SSR
SCAR

Fire blight
Fire blight artificial glasshouse screening was performed according to Baumgartner et al.,
(2012). Lesion length was measured 7, 14 and 21 DAI (days after inoculation) and
transformed in percent of total shoot length. The cultivars ‘Enterprise’ and ‘Gala Galaxy’
were used as resistant and susceptible control, respectively.
Results and Discussion
At Agroscope, we systematically test the parents of crosses for the presence of resistance
loci towards apple scab, powdery mildew and, if suitable and available, also towards fire
blight prior performing crosses. In Fig. 1 the presence of scab resistance genes based on
the analysis of markers closely linked to them, is indicated for the parents. The
segregation in different resistance classes and susceptibility (class 4) is displayed.
Depending on the genetic background introduced from the respective parents, the
segregation in resistance classes and susceptibility is variable. Rvi6 induces symptoms as
described by Chevalier et al. (1991) with classes 0, 1, 2, 3a, 3b and 4. However, we
usually do not observe pin point pits (class 1, PPP) when incorporating only Rvi6. When
Rvi4 or Rvi15 is present in a parent, PPP should be observed in a share of the progeny
plants. Fig. 1 clearly shows that this was the case for progeny 1 (one parent with Rvi15)
and for progeny 2 (one parent with Rvi4) with almost 50% class 1 (PPP). Stellate necrosis
(SN) is a symptom related to Rvi2. The progeny ‘Golden Delicious. x Gala’ was used as
control for the quality of the scab inoculation. In this progeny, as expected, almost 100% of
the progeny plants were susceptible (class 4).
Molecular markers were applied to detect the presence of the different scab resistance
genes. This allowed comparing the phenotypic observation (Fig. 1) with the molecular
results. This comparison is shown in Figures 2 and 3. In general, the correspondence of
phenotypic and molecular results is good. The presence of at least one of the scab
resistance markers for Rvi6, Rvi2 and Rvi4 should lead to a reaction class of 0-3b
according to Chevalier et al. (1991) and/or SN or pin point pits (PPP). Only in one single
plant SN was observed phenotypically without the presence of the markers used for Rvi2.
Fourteen plants (7%, expected 6.25%) showed class 4 susceptibility reaction and no
marker was present in these genotypes.
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Results of artificial shoot inoculation tests in the glasshouse are shown in Figure 4 for ‘M. x
robusta 5’ and eight F2 genotypes carrying MR5 resistance. ‘Enterprise’ (highly tolerant)
and ‘Gala Galaxy’ (susceptible) were used as controls. All F2 progeny genotypes tested
display a high level of fire blight tolerance, with two genotypes that showed even less
symptoms than ‘M. x robusta 5’. Vogt et al. (2013) have detected a gene-for gene
relationship in the host-pathogen system M. x robusta 5 – E. amylovora. The breeding of
highly fire blight resistant cultivars is under way and F3 generations from the original wild
ancestor were obtained. However, although applying fast-track breeding approaches
without genetic modification, it will take another 10 to 15 years to release a cultivar
carrying FB_MR 5 fire blight resistance having commercial fruit quality.
Conclusion
The development of apple cultivars with commercial fruit quality and carrying pyramided
resistance towards scab, powdery mildew and fire blight is under way. Molecular selection
is a valuable tool to achieve this goal. However, there is need to broaden the genetic basis
and to develop tools for more frequent integration and detection of partial resistances
known to be durable and present in modern selections but also in old varieties (Kellerhals
et al., 2012).
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