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Malus xarnoldiana accession MALOO04 has been found to be resistant to moderately
and highly virulent strains of the fire blight causal pathogen — the Gram-negative bacterium,
Erwinia amylovora. Genetic analyses with an F1 segregating population derived from
crossing the highly susceptible apple cultivar ‘Idared’ and MALO004 led to the detection
and mapping of the fire blight resistance locus of M. xarnoldiana to linkage group (LG)12
(FB_Mar12). FB_Mar12 mapped at the distal end of LG12 below the apple SSR Hi07f01 in
an interval of approximately 6 cM (Centimorgan), where both the fire blight resistance loci
of M. floribunda 821 and ‘Evereste’ were located. We fine mapped the region containing
FB_Mari2 using 892 progenies. Mining of the region of interest (ROI) on the ‘Golden
Delicious’ doubled haploid genome (GDDH13) identified the presence of 2.3 Mb
(megabases) in the homologous region. Of 40 primer pairs designed within this region,
20 were polymorphic and nine were mapped, leading to the identification of 24 significant
recombinant individuals whose phenotypes were informative in determining the precise
position of the locus within a 0.57 cM interval. Analyses of tightly linked marker sequences
on the M. baccata draft genome revealed scaffolds of interest putatively harboring the
resistance loci of M. xarnoldiana, a hybrid between M. baccata and M. floribunda. Open
reading frame (ORF) analyses led to the prediction of first fire blight resistance candidate
genes with serine/threonine kinase and leucine-rich repeat domains, including homologs
of previously identified ‘Evereste’ candidate genes. We discuss the implications of these
results on breeding for resistance to fire blight.
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INTRODUCTION

Erwinia amylovora (Burrill; Winslow et al., 1920) is the causative
pathogen of fire blight - the most destructive bacterial disease
of the domesticated apple (Malus domestica Borkh.). The Gram-
negative bacterium uses the type III secretion system (T3SS)
to deposit effector proteins into host cells thereby causing fire
blight in susceptible hosts (Oh and Beer, 2005; Khan et al,
2012; Malnoy et al., 2012; Emeriewen et al., 2019; Yuan et al.,
2020). Fire blight symptoms, such as blossom blight, necrosis,
shepherd’s crook, shoot and rootstock blights, begin to develop
the following entry of the pathogen via flowers and wounds
into host plants and the subsequent internal spread within
the host (Peil et al., 2009). Since most commercial apple cultivars
are susceptible to fire blight, there is a heavy dependence on
antibiotics’ application especially in the United States to avoid
fire blight epidemics (McManus, 2014; Beckerman and Sundin,
2016) even until recently - in organic apple orchards (Johnson
and Temple, 2013). Many European countries in contrast,
prohibit the use of antibiotics, emphasize other control strategies,
such as the application of antagonists or phytosanitary measures
like pruning of infected tissues, and complete destruction of
affected trees. Breeding of elite fire blight resistant cultivars
(Peil et al., 2020) remains the silver bullet.

Although there is an abundance of genetic studies, which
describe genomic regions that contribute to fire blight resistance
in the genus Malus (reviewed in Emeriewen et al, 2019),
several intertwined factors affect breeding for resistance to this
devastating disease. Firstly, most cultivars with acceptable
marketable characteristics are more or less susceptible to the
pathogen. Nonetheless, fire blight quantitative trait locus (QTL)
studies have led to the discovery of QTLs in apple cultivars
explaining only less than 50% of the phenotypic variance
(Calenge et al., 2005; LeRoux et al., 2010; Khan et al., 2013;
Desnoues et al, 2018; van de Weg et al, 2018). Secondly,
stronger resistance to fire blight is found in some wild apple
accessions, which are the donors of mapped resistance QTLs,
notably on linkage group (LG) 3 of Malus xrobusta 5 (Peil
et al., 2007, 2019), on LG10 of M. fusca (Emeriewen et al,
2014a,b, 2020) and on LG12 of ‘Evereste;, M. floribunda 821
(Durel et al, 2009) and M. xarnoldiana (Emeriewen et al.,
2017a). These wild Malus accessions have small and astringent
fruits (Peil et al, 2020). Thirdly, resistance to fire blight is
relative; it is highly dependent on the strain of the bacterium
(Norelli and Aldwinckle, 1986; Peil et al., 2011; Vogt et al., 2013;
Wohner et al., 2014, 2018; Emeriewen et al., 2019).

The development of an elite cultivar that is resistant to fire
blight is a key goal of resistance breeding. However, the
introgression of the QTLs from apple cultivars, especially the
QTL of ‘Fiesta® on LG7 (Calenge et al., 2005), which is easier,
faster, and more promising since it is from an elite background,
is risky as the locus alone is not sufficient to provide reliable
resistance. The use of resistance from wild species is especially
difficult due to the several pseudo-backcrosses that is required
to eliminate linkage drag - a situation that makes apple breeding
in general to last for several decades, coupled with the long
juvenile phase of the apple plant (Hanke et al., 2007, 2020;

Gessler and Pertot, 2012). Nevertheless, the development of
pre-breeding materials from wild apple accessions that are
highly resistant to fire blight is crucial.

The long generation cycle of apple can be shortened by
“Fast track” breeding (Volz et al,, 2009; Baumgartner et al,
2014) or the “rapid cycle” breeding approach, using intermediate
transgenic steps (Flachowsky et al., 2011; Le Roux et al., 2012;
Schlatholter et al., 2018). The use of biotechnological approaches
like the over expression of fire blight resistance genes (Broggini
et al., 2014; Kost et al., 2015) or the knockdown of susceptibility
genes (Campa et al., 2019; Pompili et al, 2020; Tegtmeier
et al., 2020) could improve high quality cultivars in a reasonable
time but one has to keep in mind that these trans- or cis-genetic
techniques are not accepted by the general public at least
in Europe.

Further, even a strong resistance can succumb to very virulent
strains of E. amylovora. For example, the resistance of
M. xrobusta 5 (Mr5) and the strong QTL on LG3 (Peil et al,
2007) is overcome by the very virulent Canadian strain Ea3049
(Peil et al., 2011; Vogt et al., 2013). Bacterial effector proteins
play crucial roles in strain specificity. The breakdown of Mr5
resistance is the result of a single mutation in the avrRpt2g,
effector of E. amylovora or the deletion of this effector (Vogt
et al, 2013; Emeriewen et al,, 2019). Similarly, the deletion
of the eopl effector of E. amylovora has been implicated in
the potential breakdown of the resistances of M. floribunda
821 (Mf821) and ‘Evereste’ (Wohner et al., 2018; Emeriewen
et al., 2019) but not of MAL0004. Thus, durable resistance to
fire blight requires the pyramiding of several genes/QTLs, which
potentially possess different resistance mechanisms. Thus far,
in the genus Malus, only a single gene for fire blight resistance,
FB_MRS5 (Fahrentrapp et al., 2013), underlying the Mr5 fire
blight resistance QTL on LG3 (Peil et al,, 2008), is found to
be functional (Broggini et al., 2014). However, this gene has
been overcome by E. amylovora strains, thereby highlighting
the importance of identifying alternative and novel genes and
their functional alleles (and linked molecular markers), which
would be useful for pyramiding to obtain durable resistance
to fire blight and for marker-assisted selection of
breeding materials.

There are a few fire blight resistance candidate genes with
potential novelty. A receptor-like kinase gene (FB_Mful0) was
proposed for the major fire blight resistance QTL region of
M. fusca (Emeriewen et al., 2018). The donor of this gene, M.
fusca accession MAL0045, is highly resistant to strains that
break the resistance of Mr5; and its corresponding QTL on
LG10 is not broken down by these strains (Emeriewen et al.,
2015, 2017b), suggesting that the underlying gene acts in a
different manner as FB_MR5. However, a functional proof of
FB_Mful0 in complementing studies is still required. Furthermore,
Parravicini et al. (2011) proposed receptor-like kinase and
NBS-LRR candidate genes in the fire blight QTL region of the
ornamental cultivar ‘Everest¢ on LG12 (Durel et al., 2009),
but their functional proof is yet to be reported.

The basis of the present study is the fire blight resistance
locus (FB_Marl2) of M. xarnoldiana located on LGI2
(Emeriewen et al, 2017a) in a similar region, where the fire
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blight QTLs of ‘Evereste’ (E12) and Mf821 (Mf12) are located
(Durel et al., 2009). It is unclear if these three QTLs at the
distal end of LG12 are distinct or distinct alleles of the same
QTL/gene. However, while Mr5 resistance breaking-strain Ea3049
does not overcome FB_Marl2 and only minimally affects its
donor, M. xarnoldiana - accession MAL0004 (Emeriewen et al.,
2017a; Wohner et al., 2018), there is no data confirming if
E12 and Mf12 (Durel et al., 2009) are broken down by this
strain or similar highly virulent strains. Results of inoculation
experiments on all three donors of the resistance QTLs on
LG12 with an eop] effector deletion mutant strain of E. amylovora
showed that fire blight was induced in ‘Evereste’ and Mf821,
but not in MAL0004 (Wohner et al., 2018), indicating a possible
difference in mechanisms. Thus, the strong resistance of MAL0004
to Ea3049 makes FB_MarI2 an interesting candidate for durable
resistance. Hence, identifying the gene underlying FB_Marl2
is crucial.

Here, we fine mapped FB_Marl2 region on LGI12 and
delimited the resistance region from 6.22 (Emeriewen et al,
2017a) to 0.57 cM by significantly increasing the number of
mapping individuals and saturating the region with newly
developed molecular markers. This approach facilitated the
identification of recombinant individuals within the region of
interest (ROI). Analyses of the homologous region in the draft
reference genome of Malus baccata (Chen et al., 2019) led to
the prediction of the first candidate resistance genes.

MATERIALS AND METHODS

Plant Materials and DNA Extraction
FB_Mar12 was initially detected using 145 individuals (07240
population) that constituted the progeny of a cross between
‘Idared’ and MAL0004 (Emeriewen et al., 2017a). To increase
the mapping individuals, we performed two more crosses thus:
‘Idared’ x MAL0004, which resulted in 359 individuals, designated
as 17229 population and ‘Golden Delicious’ x 07240-37 (a
resistant progeny of the original 07240 population) that resulted
in 388 individuals designated as 17230 population. In total,
892 individuals were used for this study (Table 1). DNA was
first extracted from the 17229 and 17230 individuals by adding
a piece of leaf (4 mm diameter) into 50 pl of extraction solution
(Sigma Aldrich, Hamburg, Germany) followed by incubating
in a thermocycler for 10 min at 95°C and then adding 50 pl
of Extract-N-Amp plant dilution solution (Sigma Aldrich,
Hamburg, Germany) before removing the leaf material. DNA
was diluted 1:5 and stored in —20°C until required for PCR.
After identifying interesting recombinant individuals following
genotyping with markers, Qiagen DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) was used to isolate DNA of these individuals,
which formed the basis of subsequent analyses.

Identification of Recombinant Individuals
Within the Region of Interest

The FB_Marl2 ROI was the interval between the markers
FRMb251 and FRMb199, a 6.22 cM interval bracketing the
QTL (Emeriewen et al., 2017a). FRMb251, FRMb199, and three

TABLE 1 | Three populations used in this study with a total number of 892
progeny individuals.

Number of recombinants
in the interval from

Population Number of
name Cross individuals
FRMb251 to FRMb31M27a
FRMb199  to FRMb197
*07240 ‘Idared” x MALOO04 145 13 7
17229 ‘ldared” x MALOO04 359 35 14
17230 07240-37 x GD 388 14 8
Total 892 62 29

*Original mapping population from Emeriewen et al. (2017a).
GD = ‘Golden Delicious.’

additional markers in between (FRMb103x, CHFBEO1, and
CHFBE(02) were used to genotype the 17229 and 17230
individuals in order to identify individuals that showed
recombination events between FRMb251 and FRMb199. PCR
for marker genotyping was performed in a multiplex using
the Type-It kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol but in a 10 pl volume with the following
conditions: 95°C for 5 min, followed by 30 cycles of 95°C
for 1 min, 60°C for 1 min 30 s, and 72°C for 30 s, and a
final extension for 30 min at 60°C. PCR fragments were analyzed
on an ABI 3500xL Genetic Analyzer (Applied Biosystems,
ThermoFisher Scientific, Darmstadt, Germany). The PCR
products were diluted 1:100 and 1 pl of the dilution was mixed
with 8.95 pl of HiDi formamide (Applied Biosystems) and
0.05 pl of Liz 600 size standard (Applied Biosystems) in a
total volume of 10 pl. The mixture was denatured in a
thermocycler at 94°C for 5 min before loading onto the ABI.
The SSR fragments were analyzed using GeneMapper™ software
version 6 (ThermoFisher Scientific, Darmstadt, Germany).
Individuals, which showed recombination events, were used
for further analyses. The entire 07240 individuals and identified
recombinant individuals are maintained in greenhouses, nurseries,
and in our orchard.

Development of Closely Linked Markers
and Polymorphism Tests
The sequences of FRMb251 and FRMb199 markers were BLAST-
searched against the ‘Golden Delicious’ doubled haploid genome,
GDDH13 (Daccord et al,, 2017) to identify the corresponding
ROL This corresponded to the region between 30,406,247 and
32,679,162 (in megabases) in the GDDH13 genome sequences.
Within the GDDHI13 corresponding region, 40 primer pairs
flanking SSR motifs were designed (Table 2). We used Primer3
program to design primers (Rozen and Skaletsky, 2000). The
M13 forward primer (5'-TGTAAAACGACGGCCAGT-3') was
attached to the forward primers designed from GDDHI3 as
described by Schuelke (2000) to economize costs and visualize
the alleles on the ABI 3500xL Genetic Analyzer (Applied
Biosystems, ThermoFisher Scientific, Darmstadt, Germany).
To test for polymorphism, developed primers were analyzed
on ‘Idared; MAL0004, 07240-37 and ‘Golden Delicious’ and
a subset of six progenies of the 07240 population, three of

Frontiers in Plant Science | www.frontiersin.org

April 2021 | Volume 12 | Article 667133


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Emeriewen et al.

Fine Mapping FB_Mar12

TABLE 2 | Forty primer pairs developed from the ‘Golden Delicious’ doubled haploid genome in the region from 31,092,690 to 32,362,417.

Primer name Forward sequence

Reverse sequence

FRMb31M22 TGGATTGAAAATTTGGGTGTC
FRMb31M23 GACACCAAAACGAGCCCTTA
FRMb31M27a AATGTGTGGTTCCTCCCAAA
FRMb31M27b TCTGAAGAGGAGATCAGAGAACC
FRMb31M30 CCAACTTTAAGGATCCAAATCG
FRMb31M31 AACAGGTGCTTGAATAGTTGACA
FRMb31M31a AGCGCGTGGGACTATAGAAA
FRMb31M31b GAGTGTTCAGAGCCCAAAGC
FRMb31M33 GTGGTTCCGGAATTGAGAGA
FRMb31M35 GCCATTGTGATGATCTGATTTT
FRMb31M36a ATGCATTTCATGGTTGCATA
FRMb31M36b TCTTGGCATGTCATACATTTGAG
FRMb31M48 TTGCCTCTTACCCCCTTACC
FRMb31M52 AATTCCCAAGTTGCTGCTTC
FRMb31M54 CCCTAACCAATCGAATCGAAA
FRMb31M57 TCAAGACCAAGGCTTCACCT
FRMb31M61a GGTGGGGTTGAAAGATGAGA
FRMb31M61b GGGAGGAGGTTTGTCCCTTA
FRMb31M67 CGCCTTGCCTAGACTCGTAT
FRMb31M69 AAGGAGCTAGCTTGCACTGG
FRMb31M7 CAGACTCTGCAACCCCTCTC
FRMb31M80 CTGGCCGTAGATGATCCAGT
FRMb31M82 TAGGCTCTGGTGCCAAGAAG
FRMb31M84a GGGCCAATGTCACACTAACA
FRMb31M84b TGCACATCCATATTCCATCA
FRMb31M85 CTGGCCGTAGATGATCCAGT
FRMb31M87 AAAGAGCTTTGCTTGGCTTG
FRMb32M039 CTCAGCCTGCTAGAGGAGCTA
FRMb32MO03x_F1* TCTCAGCTTTTGAAGCACCA
FRMb32MO03x_F2* TGAACGCCGATAGAGATTGA
FRMb32MO04a GCTTTGGATTCCAGTTTAGATAAG
FRMb32M04b TGGACAAATTCAGTGACACCA
FRMb32M11 AAACATGAACCGGTTTGTCC
FRMb32M12 TGTCAATGATTTGTCCCCATA
FRMb32M16 GAGCCCCATGAACCTCAGTA
FRMb32M19 GTCGGCCATTCCTAAAACAA
FRMb32M21 TTCTTGCATAATTTGCTCTGTGA
FRMb32M27 TTTAATTGGCTTTTCATTCACG
FRMb32M33x CCTTTGTTGGAAGGAGCTACA
FRMb32M33y ATGCCCATCATCTTCTCCAC

GCTGGTGCATTTCCA
TCCATTTTTGGATTCTGAAGTTG
CACGAGTTAACATTACCTTTGATTG
GCCCAATTTCGGTTACACAT
CACAGCAGGTCGGACATTT
CCAGCAATTACTGAAAGAGATCA
GGCTTTCTGAATTGCTTTGC
TTGGTGAAATGGGTGTCAGA
AGAATCAGAAGCCCTTCACG
GCTGAGGGATGAGTTTTTGC
TCACAATCACCCTAGATGCAG
AAACGTGAGTGGGCAAAAAC
AGATCGGGGAGAAGGAGAAA
CGGAATTCTGTTATTGCATTTTT
CTCCCGGAATTCATCAAGAC
GGCCCAAAGAAGAGAAGGTC
AAGCAGCATCACTGGTGAGA
TGATGATGGTCCTTGTTGGA
CCGACTTAATCGTCAGCACA
GAGAGGGAAGGGATTTCACA
AGTCAAGTGCTGCTGCAAGA
GTTTGGCGAGAGAGAAAACG
CAGATCACGGAACCCTAGAGA
ACGAACACGACAGACACGAC
GTGGGTAACACGAAACACGA
GTTTGGCGAGAGAGAAAACG
TCTCAACTTTCCCACCAACC
CAGGCAAGTCTGATATTCTTGG
CACCTTTGTTCCATCCGTCT

TTTGCTTGTATTTTCCATGACTG
CAAACCACCCCAAATTCTGT
GCTGGCGGATGGATAGATTA
TTGCAGCAAGGCTCATAAAA
CCTGGCCATGCAATCTATCT
AGAGTGGTGCATCATTGCAG
CAGTGGAGGAAAGGCAACAT
AAGGCGACTCATGATTTCGTA
CCATCTTACTCATTGTCGCTTA
TGGTAGAGCGTGGTATGGAA

*Both forward primers had the same reverse primer.

which inherited the resistance alleles of already mapped markers
within the ROI and the other three inheriting the susceptible
alleles. Thereafter, polymorphic markers were used to genotype
identified recombinant individuals. PCR for polymorphism
tests and genotyping as well as fragment analyses are as
described earlier.

Fire Blight Phenotypic Evaluations

We artificially inoculated interesting recombinant individuals
and all four parents, ‘Idared; MAL0004, 07240-37 and ‘Golden
Delicious’ with two strains of E. amylovora - Ea222 and
Ea3049. In general, up to 10 replicates of each genotype
were grafted onto M9 or MI111 rootstocks, grown in the
greenhouse, and subjected to inoculation. Greenhouse
conditions were 25-27°C (day), 20°C (night), and 85% air
humidity. Inoculations were performed in the quarantine
greenhouse on plants with a minimum length of 25 cm by

incising the two youngest leaves with a pair of scissors dipped
into E. amylovora inoculum. Inoculum concentrations of
10° cfu/ml were used for both strains (Emeriewen et al.,
2017a). At 28 days post inoculation (dpi), we measured shoot
length and lesion length (in cm) of replicates of each genotype,
transformed the data into percentage lesion length (PLL) per
shoot, and calculated the averages.

Mapping and Genetic Analyses of the
Region of Interest

We concentrated on the ROI for mapping. Marker data of
individuals of the three populations were analyzed and mapped
using JoinMap® 5.0 (Van Ooijen, 2018). Where it was not
necessary to genotype non-recombinant individuals with newly
developed markers, we deduced the genotypic data of these
non-recombinant individuals. The mean and median PLL of
recombinant individuals was calculated and individuals with
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PLL values lower than the median PLL were classed as resistant,
whereas those with higher PLL were classed as susceptible.
We transformed phenotypic data (PLL) into binary marker
data for genetic mapping as described elsewhere (Emeriewen
etal,, 2018). We also deduced the phenotype of non-recombinant
individuals of 17229 and 17230 populations using their genotypic
data, since it was not necessary to phenotype non-recombinant
individuals. For example, where an individual possessed the
resistance alleles of all ROI markers, these individuals were
deemed to possess the resistant phenotype. Similarly, where
an individual possessed the susceptible alleles of all ROI markers,
these individuals were deemed to possess the susceptible
phenotype. MapChart (Voorrips, 2002) was used for the
map comparisons.

For the establishment of the recombination table (Figure 1),
20% of genotypes surrounding the median PLL obtained by
inoculation with Ea222 were deleted.

Comparative Sequence Analyses of
FB_Mar12 and FB_E Markers on the

M. baccata Draft Genome

Three markers (CHFBEO1, CHFBE02, and CHFBE08), which
are specific to and significantly linked to the fire blight resistance
QTL/candidate genes of ‘Evereste’ on LG12 also map to MAL0004
ROL Parravicini et al. (2011) reported that CHFBE02
co-segregates with FB_E, with CHFBEO1 and CHFBEO08 a few
recombinations away upstream and downstream of FB_E,
respectively. Sequences of markers flanking FB_Marl2 and
those reported by Parravicini et al. (2011), including candidate
gene-specific primers, were BLAST-searched on the M. baccata
draft genome (Chen et al., 2019) to ascertain their respective
positions relative to both loci.

Gene Prediction Analyses Using Scaffolds
of the M. baccata Draft Genome

Following sequence analyses, the resultant scaffolds of
M. baccata, where the putative FB_Marl2 flanking markers
and FB_E gene specific markers were positioned, were used
to predict open reading frames (ORFs) using FGENESH with
algorithms for dicot Arabidopsis. The predicted proteins were
analyzed using the National Centre for Biotechnology (NCBI)
Blastp program (Altschul et al., 1997) and ExPASy PROSITE
(Bairoch, 1991; Hulo et al., 2008) to predict their domains,
families, and functional sites.

RESULTS

Increase of Mapping Individuals and
Identification of Recombinants

Seven hundred and forty-seven (747) individuals from two
new populations, 17229 and 17230, together with the original
145 individuals of 07240 population, bringing the total number
of mapping individuals to 892, formed the basis of this study.
Genotyping of these 747 individuals with closely linked markers
in the ROI (interval between FRMb251 and FRMb199 containing
FB_Marl2), resulted in the identification of 49 individuals
showing recombination events between FRMb251 and FRMb199
(Table 1). Of these 49 individuals, 35 were from the 17229
population, whereas 14 were from the 17230 population. Thirteen
individuals from the 07240 population also showed recombination
events between FRMb251 and FRMb199, hence the total number
of recombinant individuals between both markers bracketing
the QTL was 62. These 62 individuals formed the basis of
further genetic analyses.

FRMb31M31a
FRMb31M33

17229-202
17230-398
17230-414
17229-142
17230-197
07240-103
07240-104
17230-396
07240-113
17229-346
17229-294
17230-322
07240-178
17229-368
07240-10

17229-309
17229-140
17229-203
07240-40

07240-174
17229-447
17229-108
17229-448
17229-271

VWLV ovn v FRMb251
VWLV vv o v o v H07f0l
VWL nnv v oo o FRMbl08y
VWLV LLuvu v n v FRMb103x
VWLV uonn v FRMb31M22
VWL LLLvvvv v v nu u FRMb31IM27a

Recombinant individuals

o FRMb31M54

FIGURE 1 | Graphical representation of the ROI with 24 informative recombinant individuals between markers FRMb31M27a and FRMb197 phenotyped with Ea222. FB_Mar12
is the presumed position of the fire blight resistance gene. Phenotypic results of five recombinants did not fit the presumed locus position. R = resistant; S = susceptible.

Markers

FRMb32MO04b

FRMb31M87
FB_Mar12
FRMb32M27

o FRMb32M21
CHFBEO1
CHFBE02
CHFBEO8
FRMb197
FRMb199

VLLLLLLLLLOLOK
VLLLLLLLLLLOKD
VLVLLLLLLLLLOL
LVLLLLLLLOnun
VLLLLLLLLLOLOL
VLVLLLLLLLLLLuO.
VLVLLLLLLLOnnnn
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Marker Development and Identification of
Significant Recombination Events Within
the ROI

The corresponding ROI on GDDHI13 spanned 2.3 megabases
(Mb), i.e., from the region of 30,406,690-32,679,162, following
BLAST-search of closely linked markers. Within this region
on GDDH13, 40 primer pairs (Table 2) were developed enclosing
SSR motifs. Of these, 20 were polymorphic in the mapping
genotypes (Table 3). Since several of the polymorphic markers
were located very close to each other in the ROI, only nine
markers, which represent the entire region, were applied to
the 62 recombinant individuals and subsequently mapped to
avoid over clustering of markers in the ROI. Genotyping of
the 62 recombinant individuals with these nine markers led
to the reduction of the ROI between new marker FRMb31M27a
and FRMb197 containing 29 recombinant individuals.

Phenotypic Evaluations of Individuals

We analyzed 58 recombinant individuals in total, including
the 29 recombinants, which showed significant recombination
events within the ROI enclosed by markers FRMb31M27a
and FRMb197, with two strains of the bacterium: the moderately
virulent Ea222 and the highly virulent Canadian strain, Ea3049.
MALO0004, ‘Idared;, 07240-37 and ‘Golden Delicious’ served
as controls for artificial shoot inoculations. Results showed
that whereas the resistant parents MAL0004 and 07240-37
showed no fire blight symptoms, recording an average PLL
of 0% for both strains, the susceptible parents, ‘Idared’” and
‘Golden Delicious’ recorded over 70% necrosis for both strains
(Figures 2A,B). Figures 2A,B also show the distributions of
the resistance/susceptibility levels (i.e., fire blight severity) of

the recombinant individuals. The mean PLL of the 57
recombinant individuals inoculated with Ea222 was 36.3,
whereas for Ea3049 it was 47.6 for 50 recombinant individuals.
In addition, there were 12 individuals, which recorded below
1% with Ea222, 10 of which recorded 0% (i.e., no disease
symptom). In contrast, only three individuals recorded 0%
with Ea3049. The median PLL values were 38.4 and 53.8 for
Ea222 and Ea3049, respectively, with a correlation of 0.78.
As expected, Ea3049 was more aggressive on the recombinant
individuals than Ea222. There were only a few cases, where
recombinant individuals recorded a higher severity for Ea222
than for Ea3049. Figure 1 shows the recombination table
after removing five genotypes whose PLL were within the
cut-off of 20% around the median PLL.

Genetic Analyses and Mapping of the ROI

We mapped 20 markers to the ROI including FB_Marl2 as
a phenotypic marker. This represents 10 additional markers
than was previously reported for the ROI (Emeriewen et al.,
2017a). For genetic mapping of the ROI, we deduced the
genotypic data of non-recombinant individuals for the nine
markers applied on only the recombinants in order to facilitate
genetic mapping of the ROI with the entire 892 mapping
individuals. To integrate FB_Marl2 as a binary marker,
we transformed phenotypic data (PLL) of recombinant individuals
as well as the 07240 individuals (data from Emeriewen et al,,
2017a) - into binary marker data. Therefore, we deduced the
phenotypes of non-recombinant individuals by assigning 0 (i.e.,
resistant phenotype) and 1 (susceptible phenotype) to individuals
possessing resistant and susceptible alleles of tightly linked
markers, respectively. This process facilitated the delimiting of

TABLE 3 | Polymorphic markers and allele sizes.

Marker name

Allele sizes in base pairs (bp)

MALO0004 ‘Idared’ ‘GD’ 07240-37
FRMb31M22 184, 0 192 188, 200 184,192
FRMb31M23 202,215 208 -- 208, 215
"FRMb31M27a 211, @ 198 224, 238 198, 211
FRMb31M31a @, 181 178 176,178 178, @
"FRMb31M33 191, @ 187 187 187, 191
FRMb31M35 @, 265 246 -- @, 246
FRMb31M36a 170,174 172,175 170,175
FRMb31M48 @, 229 231 229, 231
FRMb31M52 139, 149 151 -- 149, 151
"FRMb31M54 153, 161 150 163, 165 150, 161
FRMb31M61a 171, 190 180 -- 190, 180
FRMb31M67 179, 183 239, 243 -- --
FRMb31M69 @, 196 213 207, 232 @,213
FRMb31M7 217,232 216 -- 217,216
FRMb31M80 208, 213, 232, 235, 241 225, 243 -
FRMb31M85 209, 213, 2838, 236, 242 225, 243 -- --
"FRMb31M87 152, 170 144 150, 177 144,170
TFRMb32M04b 194, 228 228 209, 242 194, 228
TFRMb32M21 167, 276 168 174 168, 276
FRMb32M27 131, 160 -- 150, 170 160

Allele sizes are according to Schuelke (2000); underlined are resistance alleles; @ = null alleles 'markers, which were mapped to the ROI.
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FIGURE 2 | Results of phenotypic evaluation of parents and recombinant individuals for Ea222 (A), Ea3049 (B). The bars in red indicate the median PLL. "parents.
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the region containing the locus from 6.22 (Emeriewen et al,
2017a) to 0.57 cM (Figure 3). Two new markers FRMb32M21
and FRMb32M27 together with CHFBEO1 and CHFBE02
co-segregated with FB_Marl2. The marker recombinations
calculated by JoinMap® 5.0 (Van Ooijen, 2018) for the ROI
(Figure 3) is in agreement with the marker data for the 24
informative recombinant individuals shown in Figure 1. However,
the phenotype of five individuals did not correspond with
their genotype.

Comparative Analyses of FB_Mar12 and
FB_E Regions on the M. baccata Draft
Genome

We used the sequences of markers within the ROI (Table 4)
as query sequences to perform BLAST searches on the draft
genome of M. baccata — a wild Malus species being one parent
of the hybrid M. xarnoldiana. Markers CHFBEO1, CHFBEO02,
and CHFBEOS are strongly linked to FB_E - the fire blight
resistance locus of the ornamental cultivar ‘Evereste, with
CHFBEO2 co-segregating with FB_E (Parravicini et al., 2011).
Following sequence analyses, we located the fragments of all
three FB_E markers on M. baccata scaffold785 (Table 4).
Interestingly, six of eight ORF-specific primers proposed by

Parravicini et al. (2011) aligned to scaffold785 (Table 4). The
markers FRMb32M21 and FRMb32M27, which also co-segregate
with FB_Marl2, both aligned to M. baccata scaffold778 and
scaffold1226/746, respectively. Marker FRMb32MO04b, which
defines the upstream border of the 0.57 cM interval containing
FB_Marl2 cluster in our map, aligned to M. baccata scatfold616.
We used the sequences of these five scaffolds for gene
prediction analyses.

Gene prediction analyses using FGENESH with algorithms
for Arabidopsis resulted in the prediction of several genes
for each scaffold. Table 5 lists the ORFs with plant disease-
related domains for each scaffold. The scaffolds potentially
harboring FB_Marl2 possessed genes with domains distinct
to plant disease resistance, i.e., serine/threonine kinase and
LRR domains. Ten serine/threonine kinase genes were predicted
on scaffold785 containing the FB_E candidate genes, for which
Parravicini et al. (2011) proposed similar kind of genes. Of
the 10 serine/threonine kinase genes, five were homologs of
the ‘Evereste’ ORFs (Table 5). ORFs with leucine rich repeats,
serine/threonine kinase domains, and toll/interleukin receptor
domains were predicted on scaffold616. The least number of
ORFs were predicted on scaffold778, scaffold1226,
and scaffold746.
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FIGURE 3 | Genetic maps of Malus xarnoldiana LG12 (Emeriewen et al., 2017a) and the region of interest (LG12_MALO004_ROIl) on LG12 containing FB_Mar12,
in comparison to the ‘Evereste’ fire blight resistance locus (LG12_Evereste_ROI). Markers in common are highlighted in red and underlined.

DISCUSSION

There is a variability of fire blight resistance in Malus with
wild Malus accessions/species possessing stronger resistance
to E. amylovora (Emeriewen et al., 2019). Fire blight resistance
loci of three wild Malus species, M. floribunda 821 (Mf821),
‘Evereste’ and M. xarnoldiana MAL0004 are located at the
distal end of LG12 (Durel et al, 2009; Emeriewen et al.,
2017a). Of these three resistance loci, only the locus of
‘Evereste’ has been fine mapped, leading to the identification
of candidate genes (Parravicini et al., 2011). Here, we report
the fine mapping of the fire blight resistance locus of the
highly resistant M. xarnoldiana accession MAL0004. FB_Mar12
was initially detected using a population size of 145 individuals
following artificial inoculation with two strains of E. amylovora,
Ea222 and Ea3049 (Emeriewen et al.,, 2017a). The significant
increase of the mapping individuals, and the development

and mapping of nine closely linked markers facilitated the
identification of important recombinant individuals within
the ROI. Although we used 892 individuals for this study,
much less than the 2,703 reported for the fine mapping of
the ‘Evereste’ fire blight region (Parravicini et al, 2011),
we detected 29 highly significant recombinant individuals in
a 2.9 cM interval within the FB_Marl2 ROI. This interval
is comparatively larger than the 0.5 ¢cM in ‘Evereste, where
Parravicini et al. (2011) identified 15 recombinant individuals
within the FB_E region. In other fire blight resistance loci
fine mapping studies, Fahrentrapp et al. (2013) and Emeriewen
et al. (2018) identified 33 and 31 recombinant individuals
in 1.53 and 1.2 cM intervals, respectively, from which the
fire blight candidate genes of Mr5 - FB_MR5 and M. fusca -
FB_Mful0 were predicted. The phenotypes of the 29
recombinants enabled the precise mapping of FB_Marl2 to
a 0.57 cM interval, thus delimiting the region significantly
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TABLE 4 | Markers from LG12 fire blight resistance regions of M. xarnoldiana
and ‘Evereste’ and their location on the M. baccata draft genome.

TABLE 5 | ORFs with plant disease-related domains predicted on the
M. baccata scaffolds.

Marker Source M. baccata scaffold
located
FRMb31M87 This study Scaffold616
FRMb32M04b This study Scaffold616
FRMb32M21 This study Scaffold778
FRMb32M27 This study Scaffold1226;
Scaffold746
CHFBEO1 Parravicini et al., 2011 Scaffold785
CHFBEO2 Parravicini et al., 2011 Scaffold785
CHFBEO8 Parravicini et al., 2011 Scaffold785
MdE-EaK1* Parravicini et al., 2011 Scaffold785
MdE-Eak2® Parravicini et al., 2011 Scaffold785
MdE-Eak3"* Parravicini et al., 2011 Scaffold785
MdE-Eak4* Parravicini et al., 2011 Scaffold1506;
Scaffold399
MdE-EakN* Parravicini et al., 2011 Scaffold785
MdE-EaK5" Parravicini et al., 2011 Scaffold785
MdE-Eak6* Parravicini et al., 2011 Scaffold785
MdE-EaK7* Parravicini et al., 2011 --

"Markers, which were developed from open reading frames (ORFs).

from 6.22 cM reported previously (Emeriewen et al., 2017a).
However, five recombinant individuals within this region
showed phenotype-genotype incongruity. The reason for this
phenomenon remains unclear, however, mislabeling of
individuals prior to phenotyping when dealing with such large
population size is a possible reason. Unexplainable genotype-
phenotype incongruities were observed also in the fire blight
resistance regions of Mr5 (Fahrentrapp et al., 2013), M. fusca
(Emeriewen et al., 2018), and ‘Evereste’ (Parravicini et al.,
2011). Furthermore, our mapping results suggest that the fire
blight resistance loci of M. xarnoldiana and ‘Evereste’ may
be closely related, if not the same (Figure 3). The regions
containing both loci share three markers, CHFBEO1, CHFBE02,
and CHFBEOQS. Parravicini et al. (2011) reported that CHFBE02
co-segregated with the FB_E with CHFBEO1 and CHFBEO08
mapping at 0.11 and 0.07 cM upstream and downstream,
respectively. Here, FB_Mar12 co-segregates with both CHFBEO1
and CHFBEO02 with CHFBEO8 0.11 cM downstream. Analyses
of the FB_E region with the nine markers developed in this
study will confirm if there are chromosomal rearrangements.

The availability of the M. baccata draft genome (Chen et al,,
2019) presented an excellent opportunity to analyze the fire
blight resistance genomic regions of ‘Evereste’ and M. xarnoldiana
using the genome of this wild Malus species, since M. xarnoldiana
is a hybrid species of M. baccata x M. floribunda (Fiala, 1994),
with many accessions reported as moderately or highly resistant
to fire blight (den Boer and Green, 1995; Luby et al., 2002;
Dougherty et al., 2021), unlike ‘Golden Delicious, which is
highly susceptible to the disease. Comparative analyses of FB_E
and FB_Marl2 marker sequences on the M. baccata draft
genome (Chen et al., 2019) shed more light into the similarities
of the fire blight loci of ‘Evereste’ and M. xarnoldiana (Table 4).
It is significant that the fragments of the FB_E markers as
well as markers designed from ORFs, which were predicted
from the BAC (bacterial artificial chromosome) clone spanning

Scaffold ORFs aalength  Domain(s) Exons
Scaffold616 FGenesh1 682 TIR 6
FGenesh10 889 TIR 7
FGenesh12 869 TIR-LRR 6
FGenesh31 1701 Protein_Kinase- 6
Integrase
FGenesh40 713 Protein_Kinase 5
FGenesh41 582 Protein_Kinase 3
FGenesh42 634 Protein_Kinase 1
FGenesh43 1,176 Protein_Kinase 14
Scaffold778 FGenesh2 594 Protein_Kinase 5
FGenesh4 530 Protein_Kinase 7
FGenesh34 1,053 Protein_Kinase 3
Scaffold1226 FGenesh20 440 Protein_Kinase 7
Scaffold746 FGenesh38 341 Protein_Kinase 6
FGenesh40 326 Protein_Kinase 5
Scaffold785 FGenesh8 582 Protein_Kinase 5
FGenesh20" 388 Protein_Kinase 1
FGenesh21 354 Protein_Kinase 1
FGenesh23f 558 Protein_Kinase 3
FGenesh29t 412 Protein_Kinase 1
FGenesh32t 403 Protein_Kinase 1
FGenesh35 363 Protein_Kinase 2
FGenesh38t 400 Protein_Kinase 1
FGenesh39 492 Protein_Kinase 4
FGenesh41 401 Protein_Kinase 1
FGenesh71 729 LRR 1

ORF: open reading frames; aa: amino acid; Protein_Kinase: serine/threonine kinase
signature; LRR: Leucine rich repeats; TIR: Toll/Interleukin 1 receptor. THomologs of
candidate genes predicted by Parravicini et al. (2011).

the ‘Evereste’ fire blight resistance region (Parravicini et al.,
2011) aligned to M. baccata scaftfold785. Thus, it is not surprising
that the ORFs predicted using the sequence of Scaffold785
resulted in homologs and genes with similar domains as the
fire blight candidate genes predicted by Parravicini et al. (2011),
i.e., serine/threonine kinase domains and leucine rich receptor
domains. Although we did not develop a BAC library for
genome walking approach in the present study, we postulate
that the ORFs predicted on the homologous region of the
M. baccata draft genome are indeed putative fire blight resistance
genes of M. xarnoldiana. In fact, the distal end of LG12 appears
to contain an abundance of putative resistance genes. The fact
that similar genes were predicted on scaffolds containing markers
that surround the putative FB_Mar12 region in the M. baccata
genome is a strong indication of the similarity of the regions.
It is therefore highly probable that genome-walking approach
with BACs to determine the physical regions of M. xarnoldiana
and ‘Evereste’ (Durel et al.,, 2009) fire blight resistance regions
will result in the detection of these genes.

The prediction of several putative candidate genes within the
FB_Mar12 and FB_E regions is in contrast to the fire blight
resistance regions of Mr5 (Fahrentrapp et al, 2013) and
M. fusca (Emeriewen et al., 2018), where single candidate genes
were predicted. Indeed, this could pose a challenge in cloning
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studies to prove the functionality of the genes as it will be difficult
to pinpoint the most probable candidate gene accurately. Another
possible question for future research is whether two or more
of these genes are acting together to provide fire blight resistance.
The potential difference in resistance mechanisms between
MAL0004 and ‘Evereste should be taken into account even
though their respective resistance loci on LG12 appear to be,
at least closely related, with similar genes of interest. Eopl mutant
strain of E. amylovora caused considerable disease symptoms
in ‘Evereste but not in MAL0004 (Wohner et al., 2018). The
potential difference of resistance mechanisms between MAL0004
and ‘Evereste’ might be attributed to the fact that MAL0004
has another fire blight resistant wild species - M. baccata as a
parent. The pedigree of ‘Evereste’ contains apple cultivars ‘Red
Delicious, ‘Rome Beauty; and ‘Jonathan’ as well as Mf821 (Durel
et al., 2009). Genetic analyses of their respective progeny with
this mutant strain should confirm the difference in resistance
mechanisms of both donors and otherwise (Emeriewen et al.,
2019). If indeed, Eopl breaks down the fire blight resistance
of ‘Evereste’ and not MAL0004, then Eopl would likely break
down the major determining factor underlying FB_E, but not
FB_Marl12. This premise is predicated on the results of Mr5
fire blight resistance (Peil et al., 2011; Vogt et al., 2013; Wohner
et al.,, 2014). The overexpression of FB_MR5 in transgenic ‘Gala’
provided resistance to Mr5 avirulent strains but not to the
Mr5-virulent strain ZYRKD3-1 (Broggini et al., 2014). ZYRKD3-1
is an avrRpt2g, deletion mutant — an analog of the effector
protein avrRpt2 of Pseudomonas syringae (Zhao et al., 2006),
which is responsible for the breakdown of the fire blight resistance
of Mr5, leading to the first known gene-for-gene interaction
between Malus host and E. amylovora (Vogt et al., 2013; Emeriewen
et al, 2019). The results of Eopl causing fire blight on
M. floribunda 821 and ‘Evereste is indicative of another gene-for-
gene interaction (Wohner et al, 2018).

CONCLUDING REMARKS AND FUTURE
WORK

Taking the strain specificity of fire blight resistance into account,
breeding to achieve durable resistance to various strains of the
pathogen would ultimately require the pyramiding of differently
acting genes. FB_Marl2 (Emeriewen et al., 2017a), which maps
to the distal part of LG12, is a strong fire blight resistance
candidate, given the potential difference in fire blight
resistance mechanism from two other loci on LG12 - E12 and

REFERENCES

Altschul, S. E, Madden, T. L., Schiffer, A. A., Zhang, J., Zhang, Z., Miller, W,,
et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25, 3389-3402. doi: 10.1093/
nar/25.17.3389

Bairoch, A. (1991). PROSITE: a dictionary of sites and patterns in proteins.
Nucleic Acids Res. 19, 2241-2245. doi: 10.1093/nar/19.suppl.2241

Baumgartner, I. O., Patocchi, A., Lussi, L., Kellerhals, M., and Peil, A. (2014).
Accelerated introgression of fire blight resistance from Malus xrobusta 5

Mf12 (Durel et al., 2009). The works presented here are the
first steps toward uncovering the major determining factor
underlying FB_Marl12. The putative candidate genes predicted
using the M. baccata draft genome (Chen et al., 2019) would
have to be confirmed prior to complementing studies. The
conventional approach of characterizing the physical region
containing fire blight resistance loci (Parravicini et al., 2011;
Fahrentrapp et al, 2013; Emeriewen et al, 2018) may not
be necessary as resequencing of the FB_Mar12 region by targeted
sequencing of DNA molecules (Madsen et al,, 2020) or by
employing CRISPR-Cas9 target enrichment and Nanopore
sequencing (Lopez-Girona et al., 2020) to resolve the FB_Marl2
region would be perhaps better approaches than genome-walking.
The functional analyses of candidate genes of M. xarnoldiana
and ‘Evereste’ will advance our understanding of mechanisms
underlying LG12 fire blight resistance loci. In conclusion, the
development of a dense genetic map for M. xarnoldiana, which
represents the 17 linkage groups of Malus, should facilitate for
the detection of putative additional loci contributing to resistance,
if such loci are indeed present in M. xarnoldiana genome.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

All authors conceptualized the study. OFE performed marker
analyses, data analyses, mapping, and drafted the manuscript.
AP established the populations, analyzed the marker data,
analyzed the phenotypic data and mapping, and supervised
the project. KR performed the phenotyping and data analyses.
HF provided the platform and intellectual discussions. MM
contributed to intellectual discussions and is project partner.
All authors read, edited, and approved the final version of
the manuscript.

ACKNOWLEDGMENTS

We would like to thank Dr. Christine Grafe, Astrid Paufler,
and the orchard and greenhouse staff in Dresden-Pillnitz and
Quedlinburg for their excellent technical assistance.

and other wild germplasm into elite apples. Acta Hortic. 1056, 281-287.
doi: 10.17660/ActaHortic.2014.1056.48

Beckerman, J. L., and Sundin, G. W. (2016). Scab and fire blight of apple:
issues in integrated pest management. Hortic. Rev. 44, 363-389. doi:
10.1002/9781119281269.ch8

Broggini, G. A. L., Wohner, T., Fahrentrapp, J., Kost, T. D., Flachowsky, H.,
Peil, A, et al. (2014). Engineering fire blight resistance into the apple cultivar
‘Gala’ using the FB_MR5 CC-NBS-LRR resistance gene of Malus xrobusta
5. Plant Biotechnol. J. 12, 728-733. doi: 10.1111/pbi.12177

Calenge, F, Drouet, D., Denance, C., Van de Weg, W. E., Brisset, M. N.,
Paulin, J. P, et al. (2005). Identification of a major QTL together with

Frontiers in Plant Science | www.frontiersin.org

April 2021 | Volume 12 | Article 667133


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/19.suppl.2241
https://doi.org/10.17660/ActaHortic.2014.1056.48
https://doi.org/10.1002/9781119281269.ch8
https://doi.org/10.1111/pbi.12177

Emeriewen et al.

Fine Mapping FB_Mar12

several minor additive or espistatic QTLs for resistance to fire blight in
apple in two related progenies. Theor. Appl. Genet. 111, 128-135. doi: 10.1007/
500122-005-2002-z

Campa, M., Piazza, S., Righetti, L., Oh, C.-S., Conterno, L., Borejsza-Wysocka, E.,
et al. (2019). HIPM is a susceptibility gene of Malus: reduced expression
reduces susceptibility to Erwinia amylovora. Mol. Plant-Microbe Interact. 32,
167-175. doi: 10.1094/MPMI-05-18-0120-R

Chen, X,, Li, S., Zhang, D., Han, M., Jin, X., Zhao, C,, et al. (2019). Sequencing
of a wild apple (Malus baccata) genome unravels the differences between
cultivated and wild apple species regarding disease resistance and cold
tolerance. G3 9, 2051-2060. doi: 10.1534/g3.119.400245

Daccord, N., Celton, J.-M., Linsmith, G., Becker, C., Choisne, N., Schijlen, E.,
et al. (2017). High-quality de novo assembly of the apple genome and
methylome dynamics of early fruit development. Nat. Genet. 49, 1099-1106.
doi: 10.1038/ng.3886

den Boer, J. H.,, and Green, T. L. (1995). Crabapple disease ratings. Malus 9,
8-58.

Desnoues, E., Norelli, J. L., Aldwinckle, H. S., Wisniewski, M. E., Evans, K. M.,
Malnoy, M., et al. (2018). Identification of novel strain-specific and environment-
dependent minor QTLs linked to fire bight resistance in apples. Plant Mol.
Biol. Rep. 36, 247-256. doi: 10.1007/s11105-018-1076-0

Dougherty, L., Wallis, A., Cox, K., Zhong, G. Y., and Gutierrez, B. (2021).
Phenotypic evaluation of fire blight outbreak in the USDA Malus collection.
Agronomy 11:144. doi: 10.3390/agronomy11010144

Durel, C. E., Denance, C., and Brisset, M. N. (2009). Two distinct major QTL
for resistance to fire blight co-localize on linkage group 12 in apple genotypes
‘Evereste’ and Malus floribunda clone 821. Genome 52, 139-147. doi: 10.1139/
G08-111

Emeriewen, O., Malnoy, M., Richter, K., Kilian, A., Hanke, M.-V., and Peil, A.
(2014a). Evidence of a major QTL for fire blight resistance in the apple
wild species Malus fusca. Acta Hortic. 1056, 289-293. doi: 10.17660/
ActaHortic.2014.1056.49

Emeriewen, O. E, Peil, A,, Richter, K., Zini, E., Hanke, M.-V,, and Malnoy, M.
(2017a). Fire blight resistance of Malus xarnoldiana is controlled by a
quantitative trait locus located at the distal end of linkage group 12. Eur
J. Plant Pathol. 148, 1011-1018. doi: 10.1007/s10658-017-1152-6

Emeriewen, O. E, Richter, K., Berner, T., Keilwagen, J., Schnable, P. S., Malnoy, M.,
et al. (2020). Construction of a dense genetic map of the Malus fusca fire
blight resistant accession MAL0045 using tunable genotyping-by-sequencing
SNPs and microsatellites. Sci. Rep. 10:16358. doi: 10.1038/s41598-020-73393-6

Emeriewen, O. E, Richter, K., Hanke, M.-V,, Malnoy, M., and Peil, A. (2015).
The fire blight resistance QTL of Malus fusca (Mful0) is affected but not
broken down by the highly virulent Canadian Erwinia amylovora strain
E2002A. Eur. J. Plant Pathol. 141, 631-635. doi: 10.1007/s10658-014-0565-8

Emeriewen, O. E, Richter, K., Hanke, M.-V., Malnoy, M., and Peil, A. (2017b).
Further insights into Malus fusca fire blight resistance. J. Plant Pathol. 9,
45-49. doi: 10.4454/jpp.v99i0.3908

Emeriewen, O., Richter, K., Killian, A., Zini, E., Hanke, M.-V,, Malnoy, M.,
et al. (2014b). Identification of a major quantitative trait locus for resistance
to fire blight in the wild apple species Malus fusca. Mol. Breed. 34, 407-419.
doi: 10.1007/s11032-014-0043-1

Emeriewen, O. E, Richter, K., Piazza, S., Micheletti, D., Broggini, G. A. L.,
Berner, T., et al. (2018). Towards map-based cloning of FB_Mfu10: identification
of a receptor-like kinase candidate gene underlying the Malus fusca fire
blight resistance locus on linkage group 10. Mol. Breed. 38:106. doi: 10.1007/
s11032-018-0863-5

Emeriewen, O. E, Wohner, T., Flachowsky, H., and Peil, A. (2019). Malus
hosts-Erwinia amylovora interactions: strain pathogenicity and resistance
mechanisms. Front. Plant Sci. 10:551. doi: 10.3389/fpls.2019.00551

Fahrentrapp, J., Broggini, G. A. L., Kellerhals, M., Peil, A., Richter, K., Zini, E.,
et al. (2013). A candidate gene for fire blight resistance in Malus x robusta
5 is coding for a CC-NBS-LRR. Tree Genet. Genomes 9, 237-251. doi:
10.1007/s11295-012-0550-3

Fiala, J. L. (1994). Flowering crabapples: The genus Malus. Oregon, United States:
Timber Press, Inc.

Flachowsky, H., Le Roux, P. M., Peil, A, Patocchi, A., Richter, K., and Hanke, M. V.
(2011). Application of a high-speed breeding technology to apple (Malusx
domestica) based on transgenic early flowering plants and marker-assisted
selection. New Phytol. 192, 364-377. doi: 10.1111/j.1469-8137.2011.03813.x

Gessler, C., and Pertot, I. (2012). VI scab resistance of Malus. Trees 26, 95-108.
doi: 10.1007/s00468-011-0618-y

Hanke, M.-V,, Flachowsky, H., Peil, A., and Hittasch, C. (2007). No flower
no fruit—genetic potentials to trigger flowering in fruit trees. G3 1, 1-20.

Hanke, M. V., Flachowsky, H., Peil, A., and Emeriewen, O. E (2020). “Malus x
domestica apple” in Biotechnology of fruit and nut crops. 2nd Edn.
eds. R. Litz, E. Pliego-Alfaro and J. I. Hormaza (Cambridge: CAB International),
440-473.

Hulo, N., Bairoch, A., Bulliard, V., Cerutti, L., Cuche, B. A., de Castro, E.,
et al. (2008). The 20 years of PROSITE. Nucleic Acids Res. 36, 245-249.
doi: 10.1093/nar/gkm977

Johnson, K. B., and Temple, T. N. (2013). Evaluation of strategies for fire
blight control in organic pome fruit without antibiotics. Plant Dis. 97,
402-409. doi: 10.1094/PDIS-07-12-0638-RE

Khan, M. A., Zhao, Y. E, and Korban, S. S. (2012). Molecular mechanisms of
pathogenesis and resistance to the bacterial pathogen Erwinia amylovora,
causal agent of fire blight disease in Rosaceae. Plant Mol. Biol. Rep. 30,
247-260. doi: 10.1007/s11105-011-0334-1

Khan, M. A,, Zhao, Y., and Korban, S. S. (2013). Identification of genetic loci
associated with fire blight resistance in Malus through combined use of QTL
and association mapping. Physiol. Plant. 148, 344-353. doi: 10.1111/ppl.12068

Kost, T. D., Gessler, C., Jansch, M., Flachowsky, H., Patocchi, A., and Broggini, G. A.
L. (2015). Development of the first cisgenic apple with increased resistance
to fire blight. PLoS One 10:¢0143980. doi: 10.1371/journal.pone.0143980

Le Roux, P. M., Flachowsky, H., Hanke, M. V., Gessler, C., and Patocchi, A.
(2012). Use of a transgenic early flowering approach in apple (Malusx
domestica Borkh.) to introgress fire blight resistance from cultivar Evereste.
Mol. Breed. 30, 857-874. doi: 10.1007/s11032-011-9669-4

LeRoux, P M. E, Khan, M. A., Broggini, G. A. L., Duffy, B., Gessler, C., and
Patocchi, A. (2010). Mapping of quantitative trait loci for fire blight resistance
in the apple cultivars ‘Florina® and ‘Nova Easygro. Genome 53, 710-722.
doi: 10.1139/G10-047

Lépez-Girona, E., Davy, M. W,, Albert, N. W,, Hilario, E., Smart, M. E., Kirk, C.,
et al. (2020). CRISPR-Cas9 enrichment and long read sequencing for fine
mapping in plants. Plant Methods 16, 1-13. doi: 10.1186/s13007-020-00661-x

Luby, J. J., Alspach, P. A, Bus, V. G., and Oraguzie, N. C. (2002). Field resistance
to fire blight in a diverse apple (Malus sp.) germplasm collection. J. Am.
Soc. Hortic. Sci. 127, 245-253. doi: 10.21273/JASHS.127.2.245

Madsen, E. B., Hoijer, I, Kvist, T., Ameur, A., and Mikkelsen, M. J. (2020).
Xdrop: targeted sequencing of long DNA molecules from low input samples
using droplet sorting. Hum. Mutat. 41, 1671-1679. doi: 10.1002/humu.24063

Malnoy, M., Martens, S., Norelli, J. L., Barny, M. A., Sundin, G. W,, Smits, T. H.
M, et al. (2012). Fire blight: applied genomic insights of the pathogen and
host. Annu. Rev. Phytopathol. 50, 475-494. doi: 10.1146/annurev-
phyto-081211-172931

McManus, P. S. (2014). Does a drop in the bucket make a splash? Assessing
the impact of antibiotic use on plants. Curr. Opin. Microbiol. 19, 76-82.
doi: 10.1016/j.mib.2014.05.013

Norelli, J. N., and Aldwinckle, H. S. (1986). Differential susceptibility of Malus
spp. cultivars Robusta 5, Novole, and Ottawa 523 to Erwinia amylovora.
Plant Dis. 70, 1017-1019. doi: 10.1094/PD-70-1017

Oh, C.-S.,, and Beer, S. V. (2005). Molecular genetics of Erwinia amylovora
involves in the development of fire blight. FEMS Microbiol. Lett. 253,
185-192. doi: 10.1016/j.femsle.2005.09.051

Parravicini, G., Gessler, C., Denance, C. Lasserre-Zuber, P, Vergne, E.,
Brisset, M. N., et al. (2011). Identification of serine/threonine kinase and
nucleotide-binding-site-leucine-rich repeat (NBS-LRR) genes in the fire blight
resistance quantitative trait locus of apple cultivar ‘Evereste’ Mol. Plant Pathol.
12, 493-505. doi: 10.1111/j.1364-3703.2010.00690.x

Peil, A, Bus, V. G. M., Geider, K., Richter, K., Flachowsky, H., and Hanke, M. V.
(2009). Improvement of fire blight resistance in apple and pear. Int. J. Plant
Breed. 3, 1-27.

Peil, A., Emeriewen, O. E, Khan, A., Kostick, S., and Malnoy, M. (2020).
Status of fire blight resistance breeding in Malus. J. Plant Pathol. 1-10. doi:
10.1007/542161-020-00581-8

Peil, A., Flachowsky, H., Hanke, M.-V,, Richter, K., and Rode, J. (2011). Inoculation
of Malus x robusta 5 progeny with a strain breaking resistance to fire
blight reveals a minor QTL on LG5. Acta Hortic. 986, 357-362. doi: 10.17660/
ActaHortic.2011.896.49

Frontiers in Plant Science | www.frontiersin.org

11

April 2021 | Volume 12 | Article 667133


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1007/s00122-005-2002-z
https://doi.org/10.1007/s00122-005-2002-z
https://doi.org/10.1094/MPMI-05-18-0120-R
https://doi.org/10.1534/g3.119.400245
https://doi.org/10.1038/ng.3886
https://doi.org/10.1007/s11105-018-1076-0
https://doi.org/10.3390/agronomy11010144
https://doi.org/10.1139/G08-111
https://doi.org/10.1139/G08-111
https://doi.org/10.17660/ActaHortic.2014.1056.49
https://doi.org/10.17660/ActaHortic.2014.1056.49
https://doi.org/10.1007/s10658-017-1152-6
https://doi.org/10.1038/s41598-020-73393-6
https://doi.org/10.1007/s10658-014-0565-8
https://doi.org/10.4454/jpp.v99i0.3908
https://doi.org/10.1007/s11032-014-0043-1
https://doi.org/10.1007/s11032-018-0863-5
https://doi.org/10.1007/s11032-018-0863-5
https://doi.org/10.3389/fpls.2019.00551
https://doi.org/10.1007/s11295-012-0550-3
https://doi.org/10.1111/j.1469-8137.2011.03813.x
https://doi.org/10.1007/s00468-011-0618-y
https://doi.org/10.1093/nar/gkm977
https://doi.org/10.1094/PDIS-07-12-0638-RE
https://doi.org/10.1007/s11105-011-0334-1
https://doi.org/10.1111/ppl.12068
https://doi.org/10.1371/journal.pone.0143980
https://doi.org/10.1007/s11032-011-9669-4
https://doi.org/10.1139/G10-047
https://doi.org/10.1186/s13007-020-00661-x
https://doi.org/10.21273/JASHS.127.2.245
https://doi.org/10.1002/humu.24063
https://doi.org/10.1146/annurev-phyto-081211-172931
https://doi.org/10.1146/annurev-phyto-081211-172931
https://doi.org/10.1016/j.mib.2014.05.013
https://doi.org/10.1094/PD-70-1017
https://doi.org/10.1016/j.femsle.2005.09.051
https://doi.org/10.1111/j.1364-3703.2010.00690.x
https://doi.org/10.1007/s42161-020-00581-8
https://doi.org/10.17660/ActaHortic.2011.896.49
https://doi.org/10.17660/ActaHortic.2011.896.49

Emeriewen et al.

Fine Mapping FB_Mar12

Peil, A., Garcia-Libreros, T., Richter, K., Trognitz, F. C., Trognitz, B., Hanke, M. V,,
et al. (2007). Strong evidence for a fire blight resistance gene of Malus
robusta located on linkage group 3. Plant Breed. 126, 270-475. doi: 10.1111/j.
1439-0523.2007.01408.x

Peil, A., Hanke, M.-V,, Flachowsky, H., Richter, K., Garcia-Libreros, T., Celton, J.-
M., et al. (2008). Confirmation of the fire blight QTL of Malus xrobusta
5 on linkage group 3. Acta Hortic. 793, 297-303. doi: 10.17660/ActaHortic.
2008.793.44

Peil, A., Hiibert, C., Wensing, A., Horner, M., Emeriewen, O. E, Richter, K.,
et al. (2019). Mapping of fire blight resistance in Malus xrobusta 5 flowers
following artificial inoculation. BMC Plant Biol. 19:532. doi: 10.1186/
s12870-019-2154-7

Pompili, V., Dalla Costa, L., Piazza, S., Pindo, M., and Malnoy, M. (2020).
Reduced fire blight susceptibility in apple cultivars using a high-efficiency
CRISPR/Cas9-FLP/FRT-based gene editing system. Plant Biotechnol. ]. 18,
845-858. doi: 10.1111/pbi.13253

Rozen, S., and Skaletsky, H. J. (2000). “Primer3 on the WWW for general
users and for biologist programmers” in Bioinformatics methods and protocols:
Methods in molecular biology. eds. S. Krawetz and S. Misener (Totowa, NJ:
Humana), 365-386.

Schlatholter, I., Jansch, M., Flachowsky, H., Broggini, G. A. L., Hanke, M.-V,,
and Patocchi, A. (2018). Generation of advanced fire blight-resistant apple
(Malus x domestica) selections of the fifth generation within 7 years of
applying the early flowering approach. Planta 247, 1475-1488. doi: 10.1007/
500425-018-2876-z

Schuelke, M. (2000). An economic method for the fluorescent labelling of
PCR fragments. Nat. Biotechnol. 18, 233-234. doi: 10.1038/72708

Tegtmeier, R., Pompili, V., Singh, J., Micheletti, D., Silva, K. J. P, Malnoy, M.,
et al. (2020). Candidate gene mapping identifies genomic variations in the
fire blight susceptibility genes HIPM and DIPM across the Malus germplasm.
Sci. Rep. 10, 1-12. doi: 10.1038/s41598-020-73284-w

van de Weg, E., Di Guardo, M., Jansch, M., Socquet-Juglard, D., Costa, F,
Baumgartner, L, et al. (2018). Epistatic fire blight resistance QTL alleles in
apple cultivar ‘Enterprise’ and selection X-6398 discovered and characterized
through pedigree-informed analysis. Mol. Breed. 38:5. doi: 10.1007/
511032-017-0755-0

Van Ooijen, J. W. (2018). JoinMap ® 5, software for the calculation of genetic
linkage maps in experimental populations of diploid species. Wageningen,
Netherlands: Kyazma B.V.

Vogt, 1., Wohner, T., Richter, K., Flachowsky, H., Sundin, G. W., Wensing, A.,
et al. (2013). Gene-for-gene relationship in the host-pathogen system Malus x

robusta 5-Erwinia amylovora. New Phytol. 197, 1262-1275. doi: 10.1111/
nph.12094

Volz, R., Rikkerink, E., Austin, P., Lawrence, T., and Bus, V. (2009). “Fast-
breeding” in apple: a strategy to accelerate introgression of new traits into
elite  germplasm. Acta  Hortic. 814, 163-168. doi: 10.17660/
ActaHortic.2009.814.20

Voorrips, R. E. (2002). MapChart: software for the graphical presentation of
linkage maps and QTLs. J. Hered. 93, 77-78. doi: 10.1093/jhered/93.1.77

Winslow, C. E. A., Broadhurst, J., Buchanan, R. E., Krumwiede, C., Rogers, L. A.,
and Smith, G. H. (1920). The families and genera of the bacteria. Final
report of the Committee of the Society of American bacteriologists on the
characterization and classification of bacterial types. J. Bacteriol. 5, 191-229.
doi: 10.1128/JB.5.3.191-229.1920

Wohner, T. W., Flachowsky, H., Richter, K., Garcia-Libreros, T., Trognitz, E,
Hanke, M.-V,, et al. (2014). QTL mapping of fire blight resistance in Malus
xrobusta 5 after inoculation with different strains of Erwinia amylovora.
Mol. Breed. 34, 217-230. doi: 10.1007/s11032-014-0031-5

Wohner, T., Richter, K., Sundin, G. W.,, Zhao, Y., Stockwell, V. O., Sellmann, J.,
et al. (2018). Inoculation of Malus genotypes with a set of Erwinia amylovora
strains indicates a gene-for-gene relationship between the effector gene eopl
and both Malus floribunda 821 and Malus ‘Evereste. Plant Pathol. 67,
938-947. doi: 10.1111/ppa.12784

Yuan, X., Hulin, M. T, and Sundin, G. W. (2020). Effectors, chaperones, and
harpins of the type III secretion system in the fire blight pathogen Erwinia
amylovora: a review. J. Plant Pathol. 1-15. doi: 10.1007/s42161-020-00623-1

Zhao, Y., He, S. Y., and Sundin, G. W. (2006). The Erwinia amylovora avrRpt2g,
gene contributes to virulence on pear and AvrRpt2EA is recognized by
Arabidopsis RPS2 when expressed in Pseudomonas syringae. Mol. Plant-
Microbe Interact. 19, 644-654. doi: 10.1094/MPMI-19-0644

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2021 Emeriewen, Richter, Flachowsky, Malnoy and Peil. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

12

April 2021 | Volume 12 | Article 667133


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/j.1439-0523.2007.01408.x
https://doi.org/10.1111/j.1439-0523.2007.01408.x
https://doi.org/10.17660/ActaHortic.2008.793.44
https://doi.org/10.17660/ActaHortic.2008.793.44
https://doi.org/10.1186/s12870-019-2154-7
https://doi.org/10.1186/s12870-019-2154-7
https://doi.org/10.1111/pbi.13253
https://doi.org/10.1007/s00425-018-2876-z
https://doi.org/10.1007/s00425-018-2876-z
https://doi.org/10.1038/72708
https://doi.org/10.1038/s41598-020-73284-w
https://doi.org/10.1007/s11032-017-0755-0
https://doi.org/10.1007/s11032-017-0755-0
https://doi.org/10.1111/nph.12094
https://doi.org/10.1111/nph.12094
https://doi.org/10.17660/ActaHortic.2009.814.20
https://doi.org/10.17660/ActaHortic.2009.814.20
https://doi.org/10.1093/jhered/93.1.77
https://doi.org/10.1128/JB.5.3.191-229.1920
https://doi.org/10.1007/s11032-014-0031-5
https://doi.org/10.1111/ppa.12784
https://doi.org/10.1007/s42161-020-00623-1
https://doi.org/10.1094/MPMI-19-0644
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Genetic Analysis and Fine Mapping of the Fire Blight Resistance Locus of Malus ×arnoldiana on Linkage Group 12 Reveal First Candidate Genes
	Introduction
	Materials and Methods
	Plant Materials and DNA Extraction
	Identification of Recombinant Individuals Within the Region of Interest
	Development of Closely Linked Markers and Polymorphism Tests
	Fire Blight Phenotypic Evaluations
	Mapping and Genetic Analyses of the Region of Interest
	Comparative Sequence Analyses of FB_Mar12 and FB_E Markers on the M. baccata Draft Genome
	Gene Prediction Analyses Using Scaffolds of the M. baccata Draft Genome

	Results
	Increase of Mapping Individuals and Identification of Recombinants
	Marker Development and Identification of Significant Recombination Events Within the ROI
	Phenotypic Evaluations of Individuals
	Genetic Analyses and Mapping of the ROI
	Comparative Analyses of FB_Mar12 and FB_E Regions on the M. baccata Draft Genome

	Discussion
	Concluding Remarks and Future Work
	Data Availability Statement
	Author Contributions

	References

