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Abstract

Fire blight is the most important bacterial disease in apple (Malus x domestica). Owing to the severity of the caused
damages, fire blight resistance is an important breeding objective. In the past, various phenotypic screening methods and
strategies have been used to identify new sources of fire blight resistance for breeding. In this study, breeding material,
modern cultivars and heirloom accessions were phenotyped by artificial inoculation of shoots under greenhouse (n=273)
and flowers under field conditions (7»=20) and genotyped for known resistance genes and quantitative trait loci by using
molecular markers. A comparison between the two phenotyping methods was made in relation to the two control varieties
‘Gala Galaxy’ and ‘Enterprise’. The results obtained for the resistance sources FB_MR5, Fb_E and FB_F7 are consistent
with previously published data, showing a large effect of the two major resistance genes FB_MRS5 (‘Malus x robusta 5)
and Fb_E (‘Evereste’). Genotypes carrying FB F7 showed greater variation in their resistance levels, but were on average
less susceptible than ‘Gala Galaxy’ and genotypes with no known resistance gene or quantitative trait locus (QTLs) in
both tests. No correlation was found between the results of 18 genotypes phenotyped with both inoculation methods. The
ranking of genotypes according to their flower and shoot fire blight resistance varied between the two methods. However,
11 of the 18 tested genotypes showed no significant difference between the results of the two methods. Additionally, it
was found that flower shedding appears to be an important triggered mechanism for flower resistance to fire blight.
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Introduction In Switzerland, the first cases of fire blight infections

were observed in 1989 (Duffy et al. 2005) and the first

Fire blight, caused by the bacterium Erwinia amylovora,
is a devastating disease for several genera of the Rosaceae
family (Vanneste 2000). It is the most important bacterial
disease in apple fruit production. The bacteria infect the host
plant via flowers, twigs and suckers and overwinter in can-
kers on woody organs and infected plant material. During
flowering, E. amylovora is actively spread by pollinating
insects under optimal climatic conditions. After rapid mul-
tiplication on the flower organs (stigma and nectarthodes)
(Spinelli et al. 2005), the bacteria invade the entire flower
cluster and move into the shoot, further through the branch
into the trunk and finally to the roots (Bogs et al. 1998).
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major disease outbreak occurred in 2007 (Holliger 2008). In
2016, the Swiss government completely banned the hitherto
strictly regulated use of antibiotics for fire blight control.
Currently, only products with a partial efficacy are available
in Switzerland (e.g., LMA® [80% potassium aluminum
sulfate], Myco-sin [65% sulfuric acid clay, plus silicates,
yeast components and horsetail extract], BlossomProtect™
[5x10° cfu/g Aureobasidium pullulans], Bion® [50%
acibenzolar-S-methyl], Regalis® Plus [10% prohexadione-
calcium], Vacciplant® [45 g/L laminarin]; Reininger et al.
2021; Perren et al. 2023). The use of fire blight resistant cul-
tivars in combination with other control strategies such as
orchard phytosanitary management, targeted application of
plant protection products and the use of resistant rootstocks
are key factors in fire blight control. In fact, Reininger et al.
(2021) showed that fewer fire blight infections occurred and
plant protection products showed a higher efficacy against
fire blight when applied to the fire blight robust cultivar
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‘Ladina’ compared with the fire blight susceptible cultivar
‘Gala Galaxy’. However, only a few partially resistant culti-
vars have been released to date, and most modern cultivars
are more or less susceptible to fire blight. For this reason,
fire blight resistance is an important breeding goal in many
apple breeding programs around the world.

Known sources of fire blight resistance (e.g. Fb_E (Durel
etal. 2009), FB_MRS5 (Peil et al. 2007) and FB_F7 (Calenge
et al. 2005; Khan et al. 2006; Baumgartner et al. 2015) cur-
rently used in breeding were found by performing artificial
shoot inoculation according to the method of Khan et al.
(2006). Whether the resistances found with this method also
provide flower resistance, i.e. resistance when the pathogen
enters through the flowers and not through a wound in the
tree, has not yet been tested for all resistances. Since the
main entry of E. amylovora into a tree is through the flow-
ers, it is mandatory for the application of these resistances
in breeding that genotypes that show good shoot resistance
to fire blight also show flower resistance. However, evaluat-
ing shoot resistance is much easier and less time-consuming
than evaluating flower resistance.

This paper presents the results of the comparison between
artificial inoculation of shoots and flowers used to study fire
blight resistance within the Agroscope apple breeding mate-
rial, as well as heirloom accessions and modern cultivars
used in breeding. In addition, molecular markers were used
to characterize and select for qualitative and quantitative fire
blight resistance.

Materials and methods
Plant material

Five heirloom accessions from the Swiss apple collection
of genetic resources, the two fire blight resistance donors
‘Evereste’ (Fb_E resistance; Durel et al. 2009) and ‘Malus
x robusta 5° (FB_MRS5 resistance; Peil et al. 2007), and
264 genotypes from the Agroscope apple breeding program
were tested in this study. ‘Gala Galaxy’ and ‘Enterprise’
were used as susceptible and resistant control genotype,
respectively. For the artificial fire blight shoot inoculation
test, the scions of each genotype were grafted onto the root-
stock M9vf T337 and potted in rose pots (Stuewe & Sons,
Inc., Tangent, OR, U.S.; 35.5 cm pot height, 7 cm diameter).
For the artificial fire blight flower inoculation test, two- to
three-year-old trees on rootstock M9vf T337 were potted in
10-L pots approximately one month before the inoculation.
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Artificial fire blight shoot inoculation test

All 273 genotypes were inoculated by artificial shoot
inoculation with E. amylovora in the biosafety quarantine
greenhouse at Agroscope in Waedenswil, Switzerland, from
2012 to 2022 in a total of 16 independent trials (Supple-
mentary Table S1). ‘Gala Galaxy’ and ‘Enterprise’ were
included in each trial as susceptible and resistant control
genotype, respectively. Per genotype, twelve grafted plants
were grown during five to six weeks in a regular greenhouse
(temperature: 1624 °C, humidity: 65%). Actively growing,
healthy plants with a preferred minimum shoot length of
13.5 cm were then transferred to the quarantine greenhouse
(temperature: 16-24 °C, humidity: 65%) and inoculated the
next day with E. amylovora Swiss strain Ea ACW 610 Rif
(suspension at approx. 1 x 10° cfu/ml), which is a natural Rif
mutant of the strain used for the flower inoculation, into the
shoot tip using a syringe according to Khan et al. (2006).
In each independent screening trial, actively growing and
healthy shoot tips of five to twelve replicated plants per gen-
otype were inoculated. Maximum shoot length and length
of the visually fire blight free shoot part was measured per
week (7, 14, 21 days after inoculation (DAI). Lesion length
at 21 DAI was calculated by subtracting the measured
length of the visually fire blight free shoot part 21 DAI from
the maximum shoot length reached within 21 days.

Artificial fire blight flower inoculation test under
field conditions

During the years 2013 to 2015, 2018, 2019 and 2021, 18
advanced breeding selections were tested plus the two
control genotypes ‘Gala Galaxy’ and ‘Enterprise’ in each
year; eight breeding selections carried the quantitative trait
locus (QTL) FB_F7 (Calenge et al. 2005; Khan et al. 2006;
Baumgartner et al. 2015), one genotype carried the resis-
tance gene FB_MR)5, and nine genotypes without known
fire blight resistance genes or QTLs (Supplementary Table
S2). All 18 genotypes had shown, on average, a lower shoot
susceptibility than ‘Gala Galaxy’ in previously shoot inocu-
lation trials and were additionally positively evaluated in
the selection process for their fruit quality. The trials were
conducted in spring at the Agroscope Stone Fruit Center
Breitenhof in Wintersingen, Switzerland, in a completely
netted plot with black insect-proof mesh (1 X2 mm) on the
side and a hail net (approx. 3X8 mm) on the top. ‘Gala
Galaxy’ and ‘Enterprise’ were included in each trial as sus-
ceptible and resistant control genotype, respectively. Potted
trees were placed in rows by using a randomized complete
block design (three replicated blocks with four to five exper-
imental trees per block, spaced 1x3 m) in the netted plot
prior to bud break (approx. one month before inoculation).
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Table 1 Evaluation scale for artificial flower inoculation with Erwinia
amylovora under field conditions

Class Symptoms

0 no visible infection with or without
flower shedding

1 infection of flowers and peduncle

2 infection of flowers, peduncle and leaves

3 necrosis in wood (<5 cm)

4 necrosis in wood (5-10 cm)

5 necrosis in wood (> 10 cm)

Trees were drip-irrigated as needed without fertilizer, and
only vigorous and healthy trees were included in the evalua-
tion. Bumblebees (Bombus terrestris; Andermatt Biocontrol
Suisse AG, Grossdietwil, Switzerland) were released in the
completely netted plot to promote pollination of the flow-
ers. Around full bloom (BBCH stage 65; Meier et al. 1994)
approximately 10 flower clusters per tree were labeled and
inoculated with a hand spray bottle (500 ml) containing
the E. amylovora bacterial suspension (Swiss strain Ea L
610/03/2013, adjusted to approx. 1.5x 10° cfu/ml) prepared
according to Reininger et al. (2021). Flowers in balloon
stage (BBCH stage 59; Meier et al. 1994) were inoculated
after manual opening. Fire blight symptoms on artificially
inoculated flower clusters were scored approximately 28
DAI by using classes 0 to 5 of the evaluation scale explained
in Table 1.

In 2022, six breeding selections (‘ACW 22800°, ‘ACW
18313, ‘ACW 18252°, ‘ACW 22750°, ‘ACW 18769’,
‘ACW 21303”) and the susceptible control genotype ‘Gala
Galaxy’ were inoculated and tested as previously described,
assessing the symptoms at 14, 21 and 28 DAI (Supplemen-
tary Table S3). In addition, the number of flower clusters
with flowers shed and the number of developing fruits per
flower cluster were counted 14 and 21 DAL

Molecular marker analysis

The 273 phenotyped genotypes were additionally genotyped
with specific molecular markers for the fire blight resistance
genes Fb_E (Durel et al. 2009), FB_ MRS (Peil et al. 2007)
and the QTL FB_F7 (Calenge et al. 2005; Khan et al. 2006;
Baumgartner et al. 2015) based on the presence or absence of
the resistance source in their pedigree. Dried (LGC Genom-
ics Ltd., Teddington, UK) or frozen (Ecogenics GmbH, Bal-
gach, Switzerland) leaf samples were prepared for shipment
according to the company’s requirements. Genotyping with
simple-sequence repeat (SSR) markers and sequence char-
acterized amplified region (SCAR) markers was performed
between 2012 and 2019 at Ecogenics GmbH (www.eco-
genics.ch) using multiplex PCR assays with fluorescently
labeled primers. Genotyping with single nucleotide poly-
morphism (SNP) markers was performed between 2020 and
2022 at LGC Genomics Ltd. (www.lgcgroup.com) using
the KASP™ PCR assays developed for Fb_E, FB_MRS5 and
FB_F7 (Table 2).

Statistical analysis

Statistical analysis was performed in the R software envi-
ronment (v 4.2.2; R Core Team 2023). The tidyverse pack-
ages magrittr (v 2.0.3), dplyr (v 1.0.9), tidyr (v 1.2.0) and
ggplot2 (v 3.4.0) were used for data preparation and visual-
ization (Wickham et al. 2019). To compare the two pheno-
typic susceptibility tests with each other and over the years,
the data were normalized using the two control genotypes
‘Gala Galaxy’ and ‘Enterprise’ to account for environmen-
tal and trial effects. Equation (1) and Eq. (2) were used to
normalize the data of each repetition of the shoot and flower
inoculation, respectively. The used normalization puts the
data in relation to the control genotypes ‘Gala Galaxy’ and
‘Enterprise’. For this reason, the term relative susceptibility

Table 2 Simple-sequence repeat (SSR), sequence characterized amplified region (SCAR) and single nucleotide polymorphism (SNP) markers
associated with a specific resistance gene (R-gene) or quantitative trait locus (QTL)

R-gene or QTL LG? Marker name Marker type Allele in coupling Reference

Fb E 12 ChFbEO6 SSR 260 (243/243)° Parravicini et al. 2011
FBsnFBE-1_Y230 SNP Ce Jénsch et al. 2015
FBsnFBE-2 Y495 SNP Ce Jénsch et al. 2015

FB_MR5 3 FEM47 SSR 218 (202/225)° Fahrentrapp et al. 2013
FEM19 SSR 157 (145/165)° Fahrentrapp et al. 2013
FB-MR5_SNP_M106 SNP A° Jansch et al. 2015
FB-MR5_SNP_R209 SNP A° Jansch et al. 2015

FB F7 7 AE10-375 SCAR 375 (0)° Khan et al. 2007
GE-8019 SCAR 397 (0)° Khan et al. 2007
SNP_FB 0716011 SNP A° van de Weg et al. 2018
SNP_FB_0716013 SNP C* van de Weg et al. 2018

“Linkage group

bSSR allele in coupling with resistance and reference alleles of ‘Gala Galaxy’ in brackets

°SNP allele in coupling with resistance
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is used in the following. A relative susceptibility greater
than 100 indicates that a genotype is more susceptible than
‘Gala Galaxy’. A relative susceptibility of zero indicates
that a genotype is as resistant as ‘Enterprise’, whereas a
genotype that is more resistant than ‘Enterprise’ has a nega-
tive relative susceptibility. For the comparison of the resis-
tance genes in the shoot inoculation test, the term relative
susceptibility corresponds to the mean value of the scaled
relative lesion lengths (vLL,) of all shoots per genotype
across trials. When comparing shoot and flower tests, rela-
tive susceptibility is the scaled relative lesion length (rLL,,)
per shoot or the mean of the scaled scoring classes (C,,) per
tree, respectively.

rLL—rLLp

rLL, = x 100 (1)

rLLc —rLLp

where:

o L[, =scaledrelative lesion length
rLL =relative lesion length (lesion length / shoot length).
rLLy = mean of the rLL from ‘Enterprise’ in the same

trial.
° I o = mean of the rLL from ‘Gala Galaxy’ in the
same trial.
Co= =9 o @
Ce —Cg
where:

e (. = scaled scoring class

e ('=scoring class.

° C_’E = mean of the classes of all flowers of ‘Enterprise’
in the same trial

° (j . =mean of the classes of all flowers of ‘Gala Galaxy’
in the same trial

Results

Effect of fire blight resistance Fb_E, FB_MR5 and
FB_F7 on shoot susceptibility

The relative susceptibility of the 271 genotypes were
grouped according to the presence or absence of the fire
blight resistances predicted by the molecular markers asso-
ciated with Fb_E, FB_ MRS5 and FB_F7 (Fig. 1). Significant
differences (post hoc Tukey test, p <0.05) between groups
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of genotypes were found. As expected, the group of geno-
types not carrying Fb_E, FB_MR5 and FB_F7 were on
average the most susceptible. These genotypes were in gen-
eral less susceptible than the susceptible control genotype
‘Gala Galaxy’ (relative susceptibility of ‘Gala Galaxy’ equal
to 100). The group of genotypes carrying FB_F7 were on
average only slightly (but not significantly) less susceptible
than the previous group (“no resistance”). By contrast, all
four groups of genotypes carrying either Fb_E or FB_MR5
resulted in a mean relative susceptibility of about zero and
thus showed the same level of resistance as the resistant
control genotype ‘Enterprise’. There was no significant dif-
ference between the four groups carrying either Fb_E or
FB MRS, regardless of whether or not FB_F7 was addi-
tionally present. To assess the repeatability and reliability
of the obtained results, a Pearson correlation coefficient was
calculated using the mean relative susceptibility of 48 geno-
types tested in two independent trials. A positive correlation
was found between two measurements of the same genotype
(r47]1=0.67; p=1.35x10""; Supplementary Figure S1).

Flower fire blight resistance

All 18 genotypes tested showed a significant difference
in flower resistance level compared with the susceptible
control ‘Gala Galaxy’ (Supplementary Figure S2). ‘ACW
18346’, without any known source of fire blight resistance,
was significantly more susceptible than ‘Gala Galaxy’ in the
artificial flower inoculation test. All the other 17 genotypes
were significantly less susceptible than ‘Gala Galaxy’. Com-
paring the relative susceptibility of the 18 genotypes with
the resistant control ‘Enterprise’, six genotypes showed no
significant differences (Fig. 2). The genotypes were: ‘ACW
22800’ (without known resistance), ‘ACW 23794, ‘ACW
13490°, ‘ACW 12556°, ‘ACW 19256’ (all four carrying
FB F7) and ‘1124 26’ (carrying FB_MRS5). In addition, a
very low level of flower susceptibility was observed in the
two genotypes ‘ACW 20280’ and ‘ACW 21274’ (without
known resistance) as well as in ‘ACW 14992’ and ‘ACW
16426’ (both carrying FB_F7).

Comparison of fire blight resistance between
artificial shoot and flower inoculation

The Pearson correlation coefficient between the mean
values of all 18 genotypes of both tests revealed no sig-
nificant correlation between the two phenotyping methods
(r[16]=—-10.014; p=0.9562; Supplementary Figure S3). In
fact, the ranking of genotypes according to their flower and
shoot fire blight resistance varied between the two inocula-
tion methods (Fig. 2). For instance, ‘ACW 18346’, ‘ACW
22744° and ‘ACW 22984’ showed large and significant
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Fig. 1 Comparison of the relative susceptibility among six groups of
genotypes with different genetic backgrounds 21 days after artificial
shoot inoculation. Relative susceptibility is a normalized value that
sets the susceptible control genotype ‘Gala Galaxy’ to 100 and the
resistant control genotype ‘Enterprise’ to 0 (upper and lower red dotted
line, respectively). The numbers under the boxes indicate the number

differences between the two tests (Wilcoxon rank sum test,
p<0.05). These three genotypes proved to have a high level
of shoot fire blight resistance not significantly different
from ‘Enterprise’, whereas they were highly susceptible in
the flower inoculation test, with ‘ACW 18346’ being even
more susceptible than ‘Gala Galaxy’. Also, ‘ACW 16756°,
‘ACW 12556°, ‘ACW 19256’ and ‘1124 26’ showed sig-
nificant differences between the two inoculation methods.
The flower fire blight resistance of ‘ACW 19256’ and
‘ACW 12556’ was higher than their level of shoot resis-
tance, whereas the opposite was true for ‘ACW 16756’ and
‘1124 _26°. However, the differences between the level of
flower and shoot resistance for ‘ACW 12556’ and ‘1124 26’
were not large. All other genotypes did not show significant
differences between the two inoculation methods. On aver-
age, genotypes with FB_F7 were classified as more resistant
than genotypes without the QTL in both tests. In fact, the
mean relative susceptibility in both tests was lower for gen-
otypes carrying FB_F7. ‘1124 26’ is the first offspring of

of evaluated genotypes per group. Each data point contains the mean
of 5 to 34 inoculated shoots per genotype. The red dots represent the
relative susceptibility of the resistance donors ‘Malus x robusta 5’
(FB_MRS5) and ‘Evereste’ (Fb_E) tested in two different years. Let-
ters indicate significant differences according to a post hoc Tukey test
(»<0.05)

the third pseudo backcross generation of ‘Malus x robusta
5°, which was tested in both inoculation trials and carries the
resistance gene FB_MRS. It proved to be at least as resistant
as ‘Enterprise’ in both tests.

Development of fire blight symptoms over time
upon artificial flower inoculation under field
conditions

Clear differences between the tested genotypes were already
visible after 14 DAI (Fig. 3). Three genotypes, ‘ACW
22800’ (without known resistance), ‘ACW 18313° and
‘ACW 18252’ (both carrying FB_F7), showed the high-
est level of resistance and had more than 90% of “class 0”
flower clusters and no symptoms were observed on flowers,
peduncles, leaves and shoots. At 28 DAI, the same three
genotypes were still the most resistant, and symptoms had
worsened only slightly over time. The majority of flower
clusters were still assigned to “class 07, and infection of the
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Fig. 2 Comparison of fire blight resistance assessed by artificial shoot
(21 days after inoculation) and flower (approx. 28 days after inocula-
tion) inoculation of 18 genotypes. The data were normalized against
the susceptible control ‘Gala Galaxy’ and the resistant control ‘Enter-
prise’ so that in both tests a relative susceptibility of 100 corresponds
to the susceptibility of ‘Gala Galaxy’ and a relative susceptibility of 0
to the resistance of ‘Enterprise’. A single data point in the flower test
corresponds to the average value of all flowers per tree, whereas in the
shoot test a single data point corresponds to one value per shoot. The
numbers in parentheses below the genotype name indicate the number
of trees in the artificial fire blight flower inoculation test and the num-
ber of shoots in the artificial fire blight shoot inoculation test, respec-

young shoot (class 3) was observed in only about 10% of
the flower clusters of ‘ACW 18313 and ‘ACW 18252°. The
remaining three genotypes (‘ACW 22750°, ‘ACW 18769’
and ‘ACW 21303’) and the susceptible control genotype
‘Gala Galaxy’ showed a different picture. Most of the young
shoots were infected (class 3) already 14 DAI, and the
symptoms worsened gradually over time. At 28 DAI, necro-
sis (class > 3) was present in the wood of more than 75% of
the infected flower clusters. Another difference between the
two groups of genotypes concerned flower shedding. For the
three genotypes showing a higher level of resistance (‘ACW
22800°, ‘ACW 18313’ and ‘ACW 18252°), it was observed
that up to 50% of the inoculated flower clusters dropped
flowers before 21 DAI. This behavior was observed for the
more susceptible genotypes (‘ACW 22750°, ‘ACW 18769’
and ‘ACW 21303”) only for a few flower clusters, whereas
no flower shedding was observed for ‘Gala Galaxy’. A simi-
lar behavior was observed for fruit development, i.e., the
three most resistant genotypes developed fruits despite the
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tively. In each group, the genotypes were ordered according to their
median performance in the flower test. The dashed horizontal lines
show the mean relative susceptibility for both tests in the two groups
(‘no resistance’ and ‘FB_F7’). Asterisks indicate significant differ-
ences between the results of flower and shoot test for each genotype.

«__3

Equal signs (“="") mean no significant difference between the respec-
tive genotype and ‘Enterprise’. All other genotypes were significantly
different from ‘Enterprise’ (“<” indicates significantly better perfor-
mance than ‘Enterprise’). Compared with the susceptible control ‘Gala
Galaxy’, all genotypes showed a significant difference, with only one
genotype being significantly more susceptible. Significant differences
were determined using Wilcoxon rank sum tests (p <0.05)

artificial inoculation, whereas the more susceptible geno-
types and ‘Gala Galaxy’ showed only few or no flower clus-
ters with fruits.

Discussion

The fire blight resistances Fb_E (Durel etal. 2009), FB_ MRS
(Peil et al. 2007) and FB_F'7 (Calenge et al. 2005; Khan et
al. 2006; Baumgartner et al. 2015), which explain between
37.5% (FB_F7),50-70% (Fb_FE), and up to 80% (FB_MR5)
of the phenotypic variation of shoot resistance, respectively,
were evaluated for their level of shoot and/or flower resis-
tance to fire blight in selected breeding material, modern
cultivars and heirloom accessions. Genotypes from the four
groups carrying one of the major resistance genes (Fb_E or
FB_MR5) were significantly less susceptible to fire blight
in the artificial shoot inoculation test than genotypes with-
out known resistance or with the QTL FB_F7 only (Fig. 1).
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Fig. 3 Development of fire blight symptoms over time after artificial
flower inoculation (14, 21 and 28 days after inoculation [DAI]) for
six breeding selections and the susceptible control genotype ‘Gala
Galaxy’. The left part of each panel shows the proportion of flower
clusters in each class 14, 21 and 28 DAI (See Table 1 for description

All genotypes carrying the resistance gene from ‘Evereste’
(Fb_F) or ‘Malus x robusta 5’ (FB_MRS5) were substan-
tially less susceptible than ‘Gala Galaxy’. By contrast, the
variation of the level of shoot fire blight resistance among
genotypes carrying the QTL FB_F7 was much greater, and
the average group level was not significantly different from
‘Gala Galaxy’ (Fig. 1). Some genotypes carrying FB F7
were as susceptible as or even more susceptible than ‘Gala
Galaxy’. Van de Weg et al. (2018) found epistatic interac-
tions between FB_F7 (also present in ‘Enterprise’) and two
other loci on linkage group (LG) 8 and 13. Their presence
or absence in the tested genotypes could partially explain
the large difference in resistance levels within the group
of genotypes carrying FB_F7. Peil et al. (2021) reported
that elite apple cultivars, such as ‘Fiesta’, ‘Cox’s orange
Pippin’, ‘Enterprise’, ‘Delicious’, ‘Nova Easygro’ or ‘Flo-
rina’, are moderately resistant to fire blight. As many of

of the classes). The two bars on the right side of each panel show the
proportion of flower clusters that have shed flowers or have developed
fruit as a percentage of all inoculated flower clusters, from the time of
inoculation to 21 DAI

these cultivars are present in the pedigree of the genotypes
included in this study (data not shown), the inheritance of
these (partially unknown) additional resistance QTLs could
explain their unexpected, relatively high level of fire blight
resistance (e.g., accessions ‘ACW 21274’ or ‘ACW 20280’
that both have ‘Florina’ in their pedigree).

Artificial shoot inoculations with a syringe or scissors
in the greenhouse are the most used methods for assessing
the shoot fire blight resistance level of an apple genotype
(Peil et al. 2021). The results provided by this test mimics
fire blight infections that in nature may occur when trees
are injured (e.g., during a storm, a hail event or mechanical
and manual pruning). Genotypes possessing a good level of
shoot fire blight resistance are more easily sanitized in case
of infection (e.g., by pruning diseased twigs and branches
in summer or winter; Norelli et al. 2003). In such genotypes
the pathogen is likely to spread less rapidly than in very
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susceptible genotypes. Nevertheless, the most important
and major entry point of E. amylovora into the tree remains
through the flowers (van der Zwet and Keil 1979). Testing
the level of flower fire blight resistance is more costly and
time consuming than the assessment of shoot resistance. For
the artificial fire blight flower inoculation test, two- to three-
year-old trees must first be produced, and depending on the
country (e.g., Switzerland) elaborate biosafety measures
may have to be fulfilled in order to perform inoculation with
E. amylovora in field trials. If a good correlation between
the level of shoot and flower fire blight resistance existed,
the costly and time-consuming flower inoculation test could
be avoided. For this reason, the results obtained by artifi-
cial shoot and flower inoculation tests were compared in
this study and in the past. Horner et al. (2014) studied the
correlation between shoot and flower fire blight resistance
of individual progeny plants of a ‘Royal Gala’ X ‘Malus x
robusta 5’ cross and found no correlations. Peil et al. (2019)
performed a QTL study for flower fire blight resistance in a
cross between ‘Idared’ and ‘Malus x robusta 5° and found
a major QTL on LG3. The same major QTL (FB_MR5) had
previously been found by Peil et al. (2007) using the same
mapping population for fire blight shoot resistance. Broggini
et al. (2014) cloned FB_MRS5 and used this gene to gener-
ate the first cisgenic fire blight resistant ‘Gala Galaxy’ line
(‘C44.4.146’; Kost et al. 2015). Recently, Schlatholter et al.
(2023) demonstrated that ‘C44.4.146° showed high levels
of shoot and flower fire blight resistance under greenhouse
conditions. In our study, ‘1124 26’, an offspring of the first
pseudo backcross generation (pBC’1) of ‘Malus x robusta
5’ carrying FB_MRS5, also showed high levels of flower
and shoot fire blight resistance (Fig. 2). Therefore, it can
be concluded that FB_MRS5 confers both types of fire blight
resistance. It is reasonable to assume that the lack of corre-
lation found by Horner et al. (2014) may be due to slightly
different inoculation protocols or too much variability in
the shoot inoculation test within a year, resulting in a weak
correlation (0.474) of the test results between two different
years. In this context, our normalization approach, using a
resistant and a susceptible control cultivar can account for
environmental and trial effects and allows for easier com-
parability between the two test methods and across years.
Nevertheless, our normalization approach also has a limita-
tion, as it assumes that the genotypes tested respond in a
similar way to environmental changes, i.e. different weather
conditions between years, as the control genotypes used to
perform the normalization. With this study, we aimed to
verify whether FB_F7,a QTL widely used in the Agroscope
apple breeding program, is sufficient to provide resistance
to fire blight in flowers and whether the level of resis-
tance in flower and shoot is comparable. Six out of eight
genotypes carrying QTL FB_F7 showed good and similar
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levels of resistance in both tests (exceptions: ‘ACW 16756°,
‘ACW 22984’; Fig. 2). However, for half of the eight FB_
F7 breeding selections, a significant difference was found
between the levels of flower and shoot resistance. The small
number of genotypes tested does not allow definitive con-
clusions to be drawn. According to the genotypes tested, the
presence of QTL FB_F7 seems to be a good prerequisite
for a higher level of flower fire blight resistance (Supple-
mentary Figure S2). However, this result still needs to be
verified experimentally. Finally, the fire blight resistance of
genotypes not carrying a known resistance gene or QTL was
examined and it was additionally tested whether in this case
there was a significant difference between the shoot and
flower resistance levels. The largest differences between
the two types of resistance and inoculation methods were
observed in this group of genotypes, but a significant differ-
ence was only found for two out of nine genotypes included
in this study. Therefore, also in this case, the level of shoot
resistance seems to be a good indicator for the selection of
genotypes to be further tested for their level of flower fire
blight resistance under field conditions. For a more accurate
assessment of the comparability of the two test methods,
a larger group of unselected genotypes without resistance
and with a broad resistance spectrum should be phenotyped
with both methods. In our study, a single strain of E. amy-
lovora (‘Ea ACW 610 Rif’, a natural Rif mutant of ‘Ea L
610/03/2013”) was used for both artificial shoot and flower
inoculation tests. It was shown that a gene-for-gene rela-
tionship between FB_MRS5 and E. amylovora exist (Vogt
et al. 2013). Strains capable of overcoming this resistance
gene were reported and that a single point mutation in the
bacterial genome can lead to resistance breakdown. There-
fore, the results presented in our study may only be valid for
the strain used. Consequently, the use of a mixture of differ-
ent E. amylovora strains for artificial inoculation should be
considered in the future.

Based on observations from previous years, we decided
in spring 2022 to additionally systematically record the
number of flower clusters with shed flowers and the num-
ber of fruits developed despite artificial inoculation of the
flower clusters. For the three most resistant genotypes
(‘ACW 22800°, ‘ACW 18313’ and ‘ACW 18252), flower
shedding was observed in 25-50% of inoculated flower
clusters. Therefore, flower shedding could be part of the
resistance response. A repetition of this experiment includ-
ing non-inoculated trees will allow to clarify the role of
flower shedding in fire blight resistance. Flower shedding
has previously been reported to occur after natural infection
of the flower peduncle with apple scab (Venturia inaequa-
lis) (A¢imovi¢ et al. 2019). In terms of fruit development,
the three previously mentioned genotypes showed great dif-
ferences. Whereas genotype ‘ACW 22800’ developed only
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very few fruits, 25% of the flower clusters of ‘ACW 18252’
developed fruits despite infection. To our knowledge, this
behavior has not been described before and should be con-
sidered when phenotyping fire blight resistance of flowers
in the future.

Field trials remain crucial for the evaluation of fire blight
resistance of new breeding material under more natural
conditions. In the near future, additional genotypes with
resistances based on major genes, i.e., Fb_E (Durel et al.
2009; Parravicini et al. 2011) or FB_Mful0 (Emeriewen et
al. 2014), will become available (Biithlmann-Schiitz et al.,
unpublished). Likewise, for these resistances, it is impor-
tant to verify their level of flower resistance under field
conditions in addition to their high level of shoot resistance
in the greenhouse. The availability of advanced breeding
selections carrying these major resistance genes will further
allow their stacking to develop new cultivars with a high
level of durable fire blight resistance.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s42161-
023-01550-7.
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