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Abstract
In this research, KASP markers were developed and tested for black spot and botrytis resistance in rose.
The KASP markers for black spot resistance were developed specifically for Rdr4, based on a previous
mapping done for Rdr4 Zurn et al. (2018). In this research, this mapping was redone with additional
markers that were not included in the original mapping by Zurn et al. (2018). The botrytis resistance
KASP marker were developed based on a GWAS previously performed by Hwang et al. (2019). Based on
the QTLs found in this GWAS as well as their associated SNP markers, several KASP markers were
developed. Both for black spot and botrytis resistance, several KASP markers could be developed.
Though some of these markers performed well, further development will be required before they can be
used in commercial plant breeding.
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1. Introduction
Roses are amongst the most popular ornamental crops worldwide. Not only are they of great cultural
importance, they are also a staple crop in the ornamental flower market. Both cut roses and garden
roses are a dominant presence on the ornamentals market. This is evident from the monetary value of
the rose industry, which was estimated to be at 24 billion euros in 2008 (Debener & Byrne, 2014). The
value of a rose is influenced by the quality of its stems, leaves and flowers. When these are affected by
disease, the value of the rose will decrease. Black spot and botrytis are two diseases that can seriously
decrease the value of roses. They are amongst the most important fungal diseases in rose production,
and as such, they have the potential of causing large losses (Debener & Byrne, 2014). Not only growers,
but consumers themselves also directly experience the negative effects of these disease, for example
when their own roses are infected. Especially black spot is a large and seemingly inescapable problem for
people who grow rose bushes in their gardens (Debener & Byrne, 2014; Horst & Horst, 2013). However,
black spot in practice only affects garden roses, while botrytis can affect both garden and cut roses.
Many gardeners view black spot as one of the greatest threats to their rose bushes (Waliczek et al.,
2013). To prevent these major diseases from occurring in production, growers spray their roses with
fungicides every 7 to 14 days, leading to increased production costs and potential environmental health
hazards (Debener & Byrne, 2014; Wightwick et al., 2010). By finding genetic resistances to these
diseases, the amount of pesticide use could be reduced, leading to decreased costs and a healthier
environment. Furthermore, consumers benefit especially from black spot resistant roses, as their rose
bushes will require less care and stay healthy longer. Therefore, finding resistances to these diseases
would be advantageous for the rose industry.
However, breeding for resistances in plants is a time consuming process. Field or greenhouse trials that
can last to up to 2 to 3 years are necessary for finding the most resistant genotypes (Debener & Byrne,
2014). Furthermore, this method involves infecting and scoring large amount of roses. Not only do the
roses need to be maintained, but the fungus needs to be maintained as well, which can be especially
difficult if the fungi is biotrophic. Alternatively, disease assays can be performed on detached leaves and
petals (Debener & Byrne, 2014). While this eliminates the need to care for large amounts of roses, it is
still necessary to obtain and test large amounts of plant material. In both cases, repeated testing is
necessary to determine whether the resistance is robust in multiple environments. By using markers
associated with resistance genes, the process of selecting resistant cultivars can be sped up. The
multiple-year trials could be replaced with relatively simple tests. While it is still necessary to test a few
genotypes in multiple environments to confirm the results of the markers at the end of the selection
process, the amount of field testing is greatly reduced. Furthermore, markers allow breeders to
determine not only what resistances are present in their cultivars, but also in what dosage the resistance
genes are present. This enables breeders to more effectively utilize techniques such as gene pyramiding,
something that is complex to do based on only practical disease assays.
The overall goal of this research is to use existing and new genetic data related to disease resistances in
roses to develop markers for black spot and botrytis resistance, as well as to document the process of
creating these markers so the steps taken here can be used as an example for marker development in
the future. Though making a marker that is directly useable for current breeding does not fit the scope of
this project, as this will require more research and money, this research is a step towards the
development of practical markers for black spot and botrytis resistance.
In this research, the background of black spot and botrytis are first studied to better understand the
mechanisms of resistance against these fungi, and consequently, the characteristics of potential
resistance genes. Furthermore, the theory behind KASP markers is discussed, as well as the advantages
they bring, and the methods for converting SNP data to KASP markers are discussed. Then, for Black
Spot, SNP array data is used for mapping in order to determine the approximate location of Rdr4. Then,
the markers are tested, and any difficulties that arose in their production is discussed.

1.1 Black spot
Black spot, or Diplocarpon rosae Wolf is a fungal disease that is especially prevalent amongst garden
roses (Yan et al., 2019). This disease causes the appearance of black spots on the leaves of roses, and
occasionally also on the stems in some varieties, lowering their ornamental value (Dodge, 1931).
Eventually it can lead to yellowing of the leaves (as shown in figure 1), and premature defoliation
(Gachomo, 2005). Black spot is a hemibiotrophic ascomycete, being capable of forming both
necrotrophic and biotrophic structures (Gachomo et al., 2006). The fungus can overwinter in plant
material and spreads via water, wind, and possibly via animal vectors (Gachomo, 2005). To combat it,
breeders utilize frequent fungicide applications (Yan et al., 2019).
Several black spot isolates have been identified. Of the currently known resistance loci, each resistance
loci gives a different responses to these isolates in gene for gene response (Debener & Byrne, 2014).
Thus, each resistance gene grants resistance against a different set of black spot isolates. This means
that finding multiple resistance genes is necessary for the development of fully black spot resistant roses.
The mechanisms of black spot resistance in rose have not thoroughly researched. However, it is known
that Rdr1, the first black spot gene to be characterized in rose, is a TIR-NBS-LRR gene (Toll/Interleukin-1
Receptor Nucleotide Binding Site Leucine-Rich Repeat) (Yasmin et al., 2009). Rdr1 also appears to be
similar to known TMV resistance genes, which are also TIR-NBS-LRR genes (Altschul et al., 1997). It is
possible that other black spot resistance genes, such as the Rdr4 gene examined in this research, are
pathogen-specific R genes of the same type as Rdr1. However, there are other types of resistance genes
that may be able to confer black spot resistance. According to Zurn et al. (2018), these include NBS-LRR
genes, serine/threonine protein kinases, receptor-like kinases and ABC transporters. Serine/threonine
protein kinases are related to apoptosis (Cross et al., 2000). Receptor-like kinases are sometimes
associated with pathogen response in that they are important for signal transduction both for recognition
of non-self and for the activation of defence responses (Morillo & Tax, 2006). NBS-LRR include plant
disease resistance proteins (Elmore et al., 2011). ABC-transporters are involved in the transport of
secondary metabolites, including some antifungal compounds (Yazaki, 2006). NBS-LRR genes have been
found to be associated with hypersensitive reactions against pathogens as the method of resistance
(Shao et al., 2019). Therefore, it is possible that black spot resistance in roses relies on a hypersensitive
response.

Figure 1: Rose leaves infected with black spot (Debener & Byrne, 2014).
Genetic resistance would be a cost-effective alternative to fungicides, and it would prevent negative
impacts of these fungicides on the environment and on human health. However, the knowledge of these
genetic resistance genes is currently limited. Some full resistance genes have been found, namely Rdr1,
Rdr2, Rdr3 and Rdr4 (Hattendorf et al., 2004; Zurn et al., 2018, 2020). Rdr1 has also been cloned and
validated Rdr1 and Rdr2 both map to chromosome 1, and they have been found to be tightly linked
(Hattendorf et al., 2004). The location of Rdr3 has not been determined yet (Whitaker et al., 2010). The

black spot resistance gene of interest in this research is Rdr4. Rdr4 has previously been mapped to a
region of 12.43 cM on chromosome 5 (Zurn et al., 2018). This research aims to reduce the size of this
range, in order to find a candidate gene for black spot resistance, for which KASP markers will be
developed.

1.2 Botrytis
Botrytis or grey mould, in contrast to black spot, largely affects roses grown in greenhouses. It infects
the petals of roses, seriously decreasing their ornamental value, as shown in figure 2 (Meir et al., 1998;
Muñoz et al., 2019). It is also the major postharvest pathogen in roses (Debener & Byrne, 2014).
Botrytis cinerea has been identified as the botrytis species that causes grey mould in roses (Muñoz et al.,
2019). B. cinerea has a wide host range, affecting vegetables, fruit crops, and ornamentals alike
(Williamson et al., 2007). It is a necrotroph, transported by wind or by insect vectors, with a high genetic
plasticity (Williamson et al., 2007).

Figure 2: An uninfected rose (left) compared to a rose infected with B. cinerea (right) (Williamson
et al., 2007).
Botrytis resistance involves many small effect QTL genes that all give partial resistance (Liu et al., 2018;
Williamson et al., 2007). Race specific resistance to botrytis is not available because B. cinerea is known
to be very genetically and phenotypically variable (Muñoz et al., 2019). Thus, it is necessary to find
multiple partial resistance genes and to combine these in one cultivar in order to create a durable
resistance. The genetic variation required for finding these genes is present in current populations, as
roses have been known to vary in susceptibility to this disease (Dik & Wubben, 2007). Though there are
currently no known genes for botrytis resistance in rose, a GWAS has been performed based on the
WagRhSNP 68k Axiom SNP array during which several SNPs were found to be correlated to botrytis
resistance (Hwang et al., 2019).
There is limited knowledge about resistance mechanism against botrytis in roses (Liu et al., 2018). Based
on previous research in gerbera, it seems that various secondary metabolites are responsible for botrytis
resistance (Fu et al., 2016). The mechanisms of resistance may be similar between gerbera and rose, as
well as the genetics. Thus, the existing knowledge about botrytis resistance in gerbera may be useful for
determining which genes in rose could be responsible for botrytis resistance. Botrytis infection has also
been found to be related to an upregulated ethylene production, which may lead to conditions that are
increasingly favourable for grey mould growth (Elad & Evensen, 1995). This is also the case in gerbera,
where B. cinerea causes an upregulation of ethylene production possibly through ACS genes (Fu et al.,
2016).
However, mechanisms of botrytis resistance may be related to plant morphology, and as such, they may
negatively impact the marketability of the rose. For example, raspberries resistant to botrytis were found
to have waxy, hairy canes (Elad & Evensen, 1995). It has also been found that botrytis resistance is
correlated to cuticle thickness in roses (Ellil, 1994). This means that not all resistance genes may be
suitable for incorporation into commercial cultivars.
All in all, to create a durable resistance against botrytis, multiple partial resistance genes will need to be
identified, and breeder will need to combine these within their cultivars. As mentioned before, this is

feasible if markers are used. Thus, breeders need markers for botrytis partial resistances. To find a
resistance against the disease, a genome wide association study (GWAS) has previously been performed.
Based on the data from this previous research, candidate genes can be identified, and based on genomic
information, KASP primers can be developed for these genes. These KASP markers will greatly speed up
and simplify the integration of botrytis resistance in rose cultivars.

1.3 KASP markers
The type of markers that will be produced in this research are ‘Kompetitive’ Allele Specific PCR (KASP)
markers. This type of marker is a fluorescence-based genotyping variant of PCR. KASP markers utilize
SNPs in order to form allele-specific bonds. By measuring the amount of fluorescence from allele-specific
primer KASP tails, it is possible to determine which alleles of a gene are present in a genotype, and in
what dosage. Though, as KASP markers are bi-allelic, it is only possible to determine accurately which
alleles are present with KASP markers if there are actually only two alleles in the tested genotypes.
Nevertheless, KASP markers are very useful for selecting for specific resistance alleles. Lastly, as KASP
markers are co-dominant and as such allow for dosage identification, they can be used for more efficient
resistance breeding even in tetraploids.
KASP markers are currently the most commonly used marker type in breeding, due to them being easy
to use in automated analyses and relatively cheap to run in large populations (He et al., 2014). As such,
breeders will likely already be familiar with this type of marker and will have little trouble incorporating
the new markers into their breeding programs. This is why this research will focus specifically on the
development of KASP markers. Furthermore, this research will also include an assessment of how a
genome of a susceptible genotype, with other words a genome that may not contain the resistance gene
locus, can still be used for marker development for said resistance, as well as for the development of
primers for assessing the corresponding DNA sections in resistant genotypes.

1.4 Study Goals
To summarize within this study I want to determine the location of Rdr4 in the rose genome, and to
develop KASP markers for both botrytis and black spot resistance in rose.

2. Material & Method
2.1 Plant Material
Roses from two different sources were used for primer testing, one each for botrytis and black spot. The
rose population for black spot testing was originally used in the research of (Zurn et al., 2018). This
population originates from a. In this cross, Brite Eyes™ is known to contain a resistance gene to Black
Spot, and Morden Blush is known to be susceptible to this disease. The F1 of this cross consists of 120
individuals. Appendix A.2 lists the roses used for primer testing in this research. The rose population
used for botrytis testing was obtained from the G-Rose company (Hwaseong-si, South-Korea). This
group consists of 26 cultivars that have been tested for botrytis resistance using a GWAS (Hwang et al.,
2019). Appendix A.1 lists the roses used for testing in this research.

2.2 Black Spot
2.2.1 Mapping
In order to find the location of the Rdr4 gene on chromosome 5, a map of the markers from the 68k SNP
array on chromosome 5 was made. The results from Zurn et al. (2018) were used for the mapping. This
data was generated based on the previously mentioned Brite Eyes™xMorden Blush population. Of this
population, 94 individuals, as well as the two parents, were genotyped using the 68k SNP array (Zurn et
al., 2018). The remaining F1 individuals were only phenotyped for black spot resistance. On the 68k SNP
array, each marker is represented by two probes (Zurn et al., 2018). In some cases, the marker is only
correctly genotyped for one probe, while the other probe fails, for example because it is not specific
enough to the template DNA that was used. Zurn et al. (2018) chose to convert all data point where
there was a mismatch between the results of the probes to missing data points. However, many of these
data points could still be used, if the result of only the correctly functioning probe was used. In this
research, the data where only one probe functioned correctly is included. Because of this, in the mapping
for this research, approximately 500 additional markers are used.
Only data for chromosome 5 was used in this research, including the data for Rdr4. Rstudio package
polymapR was used for creating a map of the markers (Bourke et al., 2018). Using polymapR, markers
were first converted to simple segregations, and non-segregating markers were removed. Then, simplex
x nulliplex (NxS) markers were used to define linkage groups. All other markers were assigned to linkage
groups afterwards. A linkage maps and a phased linkage map were then created using MDSMap. Lastly,
visualizations of the created map were made using Compare Maps within polymapR and MapChart in
order to compare these with the maps made by Zurn et al. (2018). Large differences in marker order
between these two maps indicate that errors may have been made during the map making process of
this research. As mentioned in the introduction, the map by (Zurn et al., 2018) placed the Rdr4 locus inbetween two marker with a distance of over 12 cM between them. This research aims to utilize the added
marker to find markers that form a region for Rdr4 of a size of less than 2 cM.
Once the map was made, the location of Rdr4 on this map was determined. Using the phased map, the
homologue on which Rdr4 is located was also determined. Both the nearest markers in coupling phase
and the nearest markers in either coupling or repulsion phase with Rdr4 were recorded. Rdr4 is assumed
to be located in between the bordering coupled markers. If multiple coupled markers share a location,
the one that is farthest from the coupled marker on the other side of Rdr4 according to its alignment to
the rose genome was used to mark the borders of the area of Rdr4. It is preferable to use SxN markers
to mark the borders of the Rdr4 area, as these are most reliably linked, but if no nearby SxN markers
could be found, other types of markers were used, as long as they are in coupling phase with Rdr4.
Important to note here is that there are two rose genome assemblies available, both for Rosa chinensis
Old Blush (Hibrand et al., 2018; Raymond et al., 2018). Because there were differences in terms of
sequence and annotation between these two assemblies, the Rdr4-linked markers were aligned to both
assemblies, and the resulting Rdr4 regions were compared.

The accuracy of the map was ascertained by looking at recombinants. By calculating linkage between
Rdr4 and nearby markers based on the data used for mapping, it can be determined whether Rdr4 is
actually in coupling phase with these markers. This was done by comparing the results of a chi-square
tests to the phased map made in polymapR. The quality of the maps was further assessed by looking at
recombinants around Rdr4, using Identity-By-Descent (IBD) analysis and graphical genotyping analysis.
Graphical genotyping was done using GGT 2.0 and FlapJack. IBD analysis was done using polyOrigin in
Rstudio, as well as a Genotypic Information Coefficient (GIC) calculation, both within polyqtlR in Rstudio.
The results of the IBD were used for a QTL analysis. This QTL analysis functioned mostly as a control. For
the QTL analysis, a new map was first made using the same data as for the first mapping, but excluding
the Rdr4 data. The IBD was calculated as well as the GIC, and then the QTL peak was identified by using
the Rdr4 data as phenotype data for the trait of interest.

2.2.2 Candidate genes
The pair of border markers was entered into blastn search on rosaceae.org, against the R. chinensis Old
Blush homozygous v2.0 by Raymond et al. (2018) and the R. chinensis Old Blush v1.0 assembly by
Hibrand et al. (2018). The genes in these region were then analyzed to identify potential candidate
genes. This was done by looking at the annotation of these genes. Based on Zurn et al. (2018),
annotation with terms related to NB-LRR, serine/threonine protein kinase, receptor-like kinases and ABC
transporters of the genes in this region indicates that they may be related to black spot resistance.
Genes lacking these annotations were analysed on a case-by-case basis for possible connections to black
spot resistance. Furthermore, the CDS sequences of candidate genes were used in blastx on NCBI to
further study their annotation and to determine which genes may be related to known black spot
resistance genes such as Rdr1. To determine whether the candidate genes are expressed, RNA-seq data
was viewed on the NCBI genome data viewer. Candidate genes found in one assembly are also examined
to determine whether they are present in the other assembly, and whether there are any differences in
sequence or annotation between the two assemblies for this gene.
Lastly, the Rdr4 region was also compared to the known sequence for Rdr1. It is known that muRdr1A
from the muRdr1 gene complex is most likely the active Rdr1 gene, so the sequence for this gene was
used for comparisons (Menz et al., 2018). The comparisons are performed using a blastn suite2sequences test between the fasta data of the Rdr4 region or candidate genes and the fasta data for
muRdr1A or any of the other muRdr1 genes (Terefe-Ayana et al., 2012; Terefe-Ayana et al., 2011).
Candidate genes for Rdr4 found in the research by Zurn et al. (2018) were also sequenced. These genes
were sequenced in 8 roses, namely the 2 parents, 3 resistant offspring and 3 susceptible offspring. This
data was viewed in IGV, to determine whether there are any potential causal SNPs in the Rdr4 region as
determined by this research.
For Black Spot, primers were made for the SNPs found nearest to the assumed position of Rdr4.

2.3 Botrytis
Hibrand et al. (2018) previously performed a GWAS in rose. During this research, they localized QTLs
associated with Botrytis resistance. In total, 4 potential QTLs were found, with 7 associated markers. The
KASP markers will be developed based on the transcript sequences the SNP markers were derived from
and tested on a set of cultivars from this GWAS.

2.4 Primer development
For both Black Spot and Botrytis resistance, primers were developed using BatchPrimer3 (You et al.,
2008). This software gives both forward and reverse primers, the properties of which are determined via
user inputs. The primers were made following the procedure described by Burow et al. (2019). While
sequence data is available for the markers themselves, these sequences were too short for primer
development, as the length of these sequences is less the maximum length allowed for the amplicon. For
this reason, additional sequence data was obtained by comparing the markers to the Raymond assembly
retrieving the sequence data for an area of about 100-200 bases around the SNP. Thus, the primers

were based partially on the R. chinensis genome. The primers were completely situated on exons, as the
genome in introns is less preserved across species. A maximum amplicon length of 120 bp was allowed.
The quality of the primers was reviewed. Tm values and GC% values were assessed. If two sets of
primers could be made for a single SNP, namely one with forward allele-specific primers and a reverse
common primer and the other vice versa, the set with the highest quality primers was chosen for further
use. The primers were entered into NCBI primer-blast against the Rosaceae genome data to assess their
specificity. Finally, KASP tails were attached to the allele-specific primer. As the KASP tails differ in their
GC content, the KASP tail with the highest GC% was assigned to the primer of the allele-specific primer
pair with the lower GC%, in order to decrease the difference in GC content between the allele-specific
primers in a pair. Primers are ordered from Biolegio BV. They are dissolved in Milli-Q according to
volumes listed on the documentation.
For both Black Spot and Botrytis, two sets of primers were made. After discussing the results, it was
decided to design a new set of primers with a new set of criteria. The Tm of the primers and length of
the amplicon, the values of which were originally based on the protocol by Burow et al. (2019), were
deemed to be unsuitable for the procedures used. Therefore, for the new set of primers, the optimum Tm
was changed from 60 degrees Celsius to 63 degrees Celsius, and the maximum amplicon length was
changed from a maximum of 120 bp to a maximum of 75 bp, as suggested by J. Molthoff (personal
communication, January 17, 2020). Also, a maximum allowable Tm differences between the primers of a
set of 1 degrees Celsius was implemented. Lastly, the software used for primer development was
switched to WASP (Wangkumhang et al., 2007). For black spot, primers were also made for the SNP
found to be nearest to Rdr4 by (Zurn et al., 2018). The KASP results from this primer can be used as a
reference point to better judge the quality of the other primer sets.
A full list of the primer sequences is included in appendix A.3.

2.5 Primer testing
2.5.1 DNA isolation
For botrytis, the primers are first tested on DNA material isolated from leaf material obtained from
Korea. The procedure followed was based on the procedure by Fulton et al. (1995) with included βmercaptoethanol steps. The DNA extraction buffer and nuclei lysis buffer were prepared as described by
Fulton et al. (1995). Then a buffer was prepared from 5.25 ml lysis buffer, 4.2 ml extraction buffer and
0.55 ml sacrosyl, as well as 10 µl RNAse. This buffer is stored at 65 degrees Celsius for 30 minutes to
ensure easy pipetting, after which 100 µl β-mercaptoethanol is added. 800 µl buffer is added to each
grinded sample. These are then vortexed and put on a thermomixer at 65 degrees Celsius for one hour.
Then, 1 ml chloroform : isoamylalcohol (24:1) is added to each sample. Each sample is shaken for 30
seconds and then they are centrifuged in a temperature controlled centrifuge set at 4 degrees Celsius, at
12000 g for 30 minutes. After centrifuging, 600 µl of the water phase is pipetted from each sample into a
new tube. 600 µl of cooled isopropanol is then added to each sample. This is mixed by inverting it 10
times, after which the samples are centrifuged again at 12000 g at 4 degrees Celsius for five minutes.
Then, the supernatant is discarded. 1 ml cooled 70% ethanol is added, the pellet is dissolved, and the
samples are centrifuged again at 12000 g, 4 degrees Celsius, for five minutes. The supernatant is
discarded again and the pellet is left to dry for a few minutes. Finally, the pellets are dissolved in 100 µl
Milli-Q. The quality of the isolated DNA is tested by measuring it on a nanopore and by running it on
agarose gel. This will indicate if DNA concentrations are high enough to continue, if there is a lot of
contamination or if the DNA integrity is high enough.
For the Black Spot primers, the primers were tested on DNA material isolated from the crossed
population by Zurn et al. (2018). DNA from these samples previously isolated by Zurn et al. (2018) was
used during this research.

2.5.2 Primer testing
In order to test the primers, the procedure from LGC Genomics (2013) was used. The procedures of the
testing of the black spot resistance and botrytis resistance primers was the same. All primers were tested
with DNA of a concentration of 50 ng/µl. A total volume of 10 µl was used in each tests, containing 1 µl
of DNA, or 1 µl of milli-q in the blanks, as well as 1 µl of each the primers from the tested primer set
(two forward and one reverse), 5 µl of mastermix and 1 µl of milli-q. The KASP protocol is included under
appendix A.5. Up to four extra cycli were used per plate.
The primers were tested using a qPCR machine, namely the CFX96 Bio-Rad C1000 Touch Thermal Cycler.
The botrytis primers were tested with 26 DNA samples, and the black spot primers were tested using 44
DNA samples (see appendix sections A.1 and A.2). During the first set of tests, only one control was
used, and during all following tests, four controls were used per primer set. Each primer set was tested
at least once.
After the first round of testing, the variables are adjusted to determine whether primer performance can
be improved by adjusting the testing conditions. A selection of primers is tested with DNA of lower
concentrations of 10 ng/µl, with a decreased initial annealing temperature (59 degrees Celsius instead of
61 degrees Celsius), and with a more additional KASP cycles (up to 16 extra cycles instead of up to 4)
(see appendix A.5).

2.6 Black Spot candidate genes
The presence of absence of black spot resistance candidate genes was tested in available DNA samples.
This was done by developing PCR primers for these genes. Some of these primers cover only exons,
others cover introns and exons in the product, although the primers themselves are only placed in exons,
and a primer can be developed for the space in between two genes that are close together in one R-gene
cluster.
The primers for this PCR were designed for the candidate genes from the Hibrand et al. (2018) assembly,
specifically for the two genes (RC5G0403400 and RC5G0403300) that were estimated to have the
highest chance of being Rdr4, as will be described in this report in chapter 3.1.2; candidate genes.
PCR was performed for 4 resistant, 4 susceptible and the two parent samples. The DNA isolated by Zurn
et al. (2018) was used, diluted to a concentration of 15 ng/µl. The PCR products were put on an agarose
gel. Bands that are also present in the resistant parent were cut out for each sample. The DNA was
isolated from these bands, and sequenced using Sanger sequencing.
The sequences for the used PCR primers are included under appendix A.4.

3. Results
3.1 Black Spot
3.1.1 Mapping results
A map of the markers on chromosome 5 was successfully produced. During the quality checks, a large
number of markers was removed due to them being registered as duplicate markers by polymapR. These
were re-introduced into the map during the final step. When using the bridgeHomologue function, the
division at LOD 4 was used for both parents. For Brite Eyes™, this resulted in fragmented homologues,
which had to be merged. Based on the results of overviewSNlinks, 1 and 5 as well as 4 and 5 were
merged, in that specific order. A chromosomal linkage map and a phased map were made for use in
subsequent analysis. The chromosomal linkage map was then compared to the map made by Zurn et al.
(2018) for chromosome 5 using the “compare maps” function of polymapR.

Figure 3: Comparison between the integrated map of chromosome 5 using all markers (left) and
the map made by Zurn et al. (2018) (right).
The maps were found to be comparable with some differences, including the difference in the overall
length of the maps, with the length of the map from this research being 82 cM and the length of the map
by Zurn et al. (2018) being 78 cM. These differences may have been caused by increased stress caused
by the increased number of markers. The fact that the maps look similar means that the quality of the
mapping is high enough to continue to the next step.

Figure 4: Map of the markers on chromosome 5 homologue 6.
Figure 4 shows the markers that are present on homologue 6 on which Rdr4 is also mapped. This also
shows the locations of the markers nearest to Rdr4, namely G81013_297 on one side of Rdr4 and
G5046_1318, M13142_515 and G61642_722 on the other side.

Table 1: The markers bordering the location of Rdr4.
Role
Nearest coupled (NxS) towards
start map
Nearest coupled (NxD) towards
end map
Nearest coupled (NxS) from end
map

Name
G81013_297

cM
33.76

Rdr4
G5046_1318, M13142_515,
G61642_722

35.11
35.17

M7069_318

57.73

The distance between the nearest coupled markers (G81013_297, G5046_1318, M13142_515 and
G61642_722) on either side was found to be 1.41 cM, as shown in table 1. Thus, this is the size of the
region of Rdr4. The distance between the nearest repulsion markers on either side of Rdr4 (namely
M4409_982 at 35.09 cM (NxS) and K11987_235 at 35.17 cM (NxD)) is shorter. Without linkage, these
markers cannot be used for KASP marker development, but they may be useful for further determining
the location of Rdr4 in future research. Because there are multiple coupled markers at the 35.17 cM
position, the marker that is farthest away in terms of physical distance from G81013_297 according to
the alignment against either rose genome assembly will be chosen to be used as a border marker, as to
include more candidate genes. In the Raymond et al. (2018) assembly, G61642_722 is the marker that
is farthest away from G81013_297. In the (Hibrand et al., 2018) rose genome assembly, the order of the
markers on the map is slightly different, and thus here G5046_1318 is the marker that is farthest away
from G81013_297. The physical distance was found to be about 480 kb on the Raymond et al. (2018)

genome, and approximately 1120 kb on the Hibrand et al. (2018) genome. These two genomes are
further compared in section 3.1.1.2.

3.1.1.1 Quality inspection of map
The marker density of the map made by Zurn et al. (2018) is rather low. This low marker density is also
visible on the homologue of Rdr4 as mapped by Zurn et al. (2018). This is caused by only a small portion
of the available markers actually being used. Furthermore, relatively few markers have been mapped to
the homologue with Rdr4.
Some markers did not show consistent results between parents and were as such not included in the
phased map as made by polymapR program. As the phased map formed the basis for the graphical
genotyping, some markers that were mapped by Zurn et al. (2018) are missing on the maps made
during this research, as these markers might have been mapped to a different homologue on the map by
Zurn et al. (2018).
On the map for this research, average marker density is the highest around the area of Rdr4.
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Figure 5: Graphical genotyping of homologue 6 using only NxS markers (van Berloo, 2008).
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Using graphical genotyping, the quality of the map could be assessed. Based on the quality of the map
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on figure 3, the order of the markers seems to be good and the markers seem to be linked. There are 21
recombinants between Rdr4 and M7069_318, but as the distance between these two markers is more
than 20 cM, this is not exceptional. There are more double recombinations than expected, but most of
these are caused by the markers on the outer edges. In the graphical genotyping graph, we look at only
the homologue that contains Rdr4. Here we see some double recombinations. However, most of these
are caused by the makers on either end of the map. If these are removed, the amount of double
recombinations is also reduced from 12 to 4, and the two triple recombinants are also removed. We also
see that there are two double recombinations around Rdr4, namely in F_067 and F_068. However, it is
strongly suspected that this is caused by an error in the phenotyping. These data points should be
treated as singletons, and not as actual double recombinations (van Eck et al., 2017).
The IBD analysis showed favourable results with an amount of recombinations that does not exceed
expectations and high confidence values (as indicated by the colour). IBD is used here to look at the

amount of recombinations. If there were too many recombinations, this would indicate that the map is
not reliable.
This IBD analysis was performed using the polyOrigin function in polyqtlR, with bivalent_decoding set to
TRUE and with error set at 0.1 because many of the markers were duplicate and thus shared the same
location (Bourke, 2018, 2019). This results in problems in the making of the transition-matrix in the
Markov Chain, so a random number between 0 and 0.0001 was added to the location data of each
marker.

Figure 7: Genotyping Information Coefficient (Bourke, 2019). The red vertical line indicates the
location of Rdr4.
GIC is mostly important for QTL detection power. Here, we use it as an indication of how reliable the map
is. The GIC score is high and stable, with a decrease only at the far ends of the chromosomes.

Figure 8: QTL peak for Rdr4. This QTL analysis was done with an initial dataset that did not contain
Rdr4 (Bourke, 2019).
The peak of Rdr4 is found at around 35 cM. This matches the position found for Rdr4 in the mapping, as
shown in table 1. Figure 8 also shows the marker density is relatively high in the area of Rdr4. At the far
right, there is an increase in the LOD, but this is not entirely reliable as the GIC score drops of at around
this area (see figure 7). Overall, this QTL analysis confirms the findings of the mapping.

3.1.1.2 Alignment to rose genomes
As mentioned before, the Rdr4-associated markers do not align exactly the same to two known R.
chinensis genome assemblies, namely those of Hibrand et al. (2018) and Raymond et al. (2018). The
physical size differs in size and exact location. The exact order of the markers also differs. Furthermore,
it was found that the genes that were present in the Rdr4 areas differed between the two assemblies. As
the area for Rdr4 is larger in the Hibrand et al. (2018) assembly compared to in the Raymond et al.
(2018) assembly, this is not entirely unexpected. The Rdr4 regions of the two assemblies were compared
to determine where they overlap and where they differ. It was found that parts of the Hibrand et al.
(2018) assembly overlap with the Raymond et al. (2018) assembly, but that there is also a stretch of
DNA that is only present in the Rdr4 region in the Hibrand et al. (2018) assembly, as shown in figure 9.

Figure 9: The Hibrand et al. (2018) Rdr4 region (x-axis) compared to the Raymond et al. (2018)
Rdr4 region (y-axis) (Altschul et al., 1997).
As shown in figure 9, most of the Raymond et al. (2018) Rdr4 region is also present in the Hibrand et al.
(2018) Rdr4 region, but not the other way around. So while there are a few genes in the former that
might not be found in the latter, it’s the Hibrand et al. (2018) assembly especially that could contain
candidate genes not found in the other assembly.

3.1.2 Candidate genes
Five candidate genes were found in the Raymond et al. (2018) assembly. Three of these genes are ABC
transporter genes, an annotation that is linked to black spot resistance (Zurn et al., 2018), as well as P
loop ntpases, which is associated with disease resistance in plants, as they are associated with the NBSLRR domain (Arya & Acharya, 2018). The ABC transporter genes are RcHm_v2.0_Chr5g0046661,
RcHm_v2.0_Chr5g0046671 and RcHm_v2.0_Chr5g0046681. In terms of annotation, these genes are
almost identical. In terms of the coding sequence, they are also highly similar. When comparing using
blast suite-2sequences, each shares between 95 and 99% identity, with a query cover of 98-99%.
The two other resistance genes that were found within this region don’t have any of the annotation terms
that Zurn et al. (2018) noted as being relevant to black spot resistance. The first candidate gene is
RcHm_v2.0_Chr5g0046581, which has the annotation of WRKY binding. The WRKY domain is a
transcription factor that is upregulated in case of pathogen infection (Ülker & Somssich, 2004). The
second candidate gene is RcHm_v2.0_Chr5g0046591, of which the annotation AP2/ERF may indicate a
role in disease resistance, as AP2/ERF transcription factors are known to be involved in the regulation of
disease resistance pathways (Gutterson & Reuber, 2004). Though the annotation of these genes is not
known to be related to black spot resistance, they may still be relevant because they are known to be
related to disease resistance in general.
While based on RNA-seq data the WRKY gene and ABC genes are most likely expressed in Rosa
chinensis, there was no expression for the AP2/ERF gene (Gene [Internet], n.d.). As the rose variant this
genomic map was based on does not have black spot resistance, this does not exclude the AP2/ERF gene
as a candidate gene.
Furthermore, some candidate genes were found in the Hibrand et al. (2018) assembly, namely
RC5G0404700 (-4700), RC5G0403300 (-3300) and RC5G0403400 (-3400). RC5G04700 contains a
leucine rich repeat domain, which is associated with plant defence (Jones & Jones, 1997). Candidate
Gene -3300 is annotated with an NB-ARC domain (Jung et al., 2018). NB-ARC domains are associated
with plant resistance (van der Biezen & Jones, 1998). Gene -3300 also has the go annotation of LRR
(Jung et al., 2018). Though gene -3400 has no go annotations, this gene is similar to -3300 in terms of
coding sequence, so it is possible they share similar origins, or that they might be part of a R gene
cluster (Altschul et al., 1997). As -3400 seems to be lacking any conserved regions and has no GO
annotations, but is still similar to -3300, it is possible that the former is an incomplete gene version of
the latter. These genes are not found in the Rdr4 region of the Raymond et al. (2018) assembly, though
they are present just outside this region.
The data sequenced by Zurn et al. (2018) was viewed in IGV. Unfortunately, none of the candidate genes
found in this research were present in the IGV data. Several genes outside of the Rdr4 region, with a
distance of up to 1Mbp of the Rdr4-associated markers were studied, but no SNPs with a significant
correlation to black spot resistance could be found.

3.1.2.1 Candidate gene comparison to Rdr1
MuRdr1A is the active Rdr1 gene (Menz et al., 2018). By comparing candidate genes to the protein fasta
data of muRdr1A, candidate genes can be assessed further. Gene -3300 appears to share some similarity
to the muRdr1A protein, as shown in figure 10.

Figure 10: Comparing -3300 to the protein fasta data for muRdr1A (Altschul et al., 1997; Menz et
al., 2018).

The query cover is 59% with a percentage identity of 26.02 at the AA level. Though this similarity is low,
as gene -3300 is likely incomplete in the assembly the gene sequence was obtained from, this similarity
might still indicate some relation between gene -3300 and black spot resistance. This similarity overlaps
with the conserved domain NB-ARC in this gene (accession cl26397), which is situated at 2427-2963 bp
(E-value = 1.57e-44) (O'Leary et al., 2016). For comparison the high confidence similarity is located at
1761 bp to 2876 bp (Altschul et al., 1997).

Figure 11: Comparing -3300 to the protein fasta data for muRdr1A in a dot plot (Altschul et al.,
1997; Menz et al., 2018).
This similarity to the actual most likely Rdr1 gene indicates that -3300 has, out of all the candidate
genes, the highest chance of being related to black spot resistance. However, that is assuming that Rdr4
is the same type of gene as Rdr1, which might not actually be the case.

3.1.2.2 Comparing candidate genes between the two genome assemblies
The Hibrand genes seem to be present in the Raymond assembly without any major changes. Gene 4700 only differs for 1 base and -3300 is similar between the two assemblies, but differs in that it has
more UTR regions and is longer overall. Similarly, -3400 is mostly the same but differs for the UTR
region. Gene -3400 is present in same location relative to -3300 in both assemblies.
Of the Raymond genes, RcHm_v2.0_Chr5g0046591 is present in the Hibrand assembly with the same
sequence data, RcHm_v2.0_Chr5g0046581 is present in the Hibrand assembly but its UTRs differ slightly
though sequence is the same. Its relative position to RcHm_v2.0_Chr5g0046591 is the same between
the assemblies. The ABC genes differ the most between the two assemblies. Their sequences are slightly
different and one gene is further away from the other two and reversed in direction. Interestingly
enough, RcHm_v2.0_Chr5g0046581 appears correspond to two separate genes in the Hibrand assembly.

Figure 12: A comparison of the positions of the candidate genes in the Rdr4 regions of the two
genome assemblies (Genes with have same color in both assemblies are identical?).

RC5G0403300/-3400 and -4700 like genes in the Raymond genome were found outside the region
delimited by the closest SNP markers.
The best candidate genes appear to be the ones from the Hibrand assembly. Out of all the genes, -3300
and -3400 seem the most promising, as they share the most similarity with known black spot resistance
gene Rdr1.

3.2 From candidate genes and linked markers to MAS
Based on the markers found to be linked to botrytis and black spot resistance, KASP markers were
developed and tested.

3.2.1 Black spot
Based on the previous mapping results, the nearest coupled markers to Rdr4 (see table 1) were chosen
for KASP marker development The markers closest to and in coupling with Rdr4 were chosen. Two sets of
primers were produced in total, with the second set having an adjusted set of parameters based on the
results obtained from testing the first set. For the first set of primers, the settings by Burow et al. (2019)
were used. Based on the initial results, the ‘Max 3’ Stability’ (Burow et al. (2019) had to be increased
from the standard setting of 4 to 6 for G5046_1318 and G81013_297, and to 7 for M13142_515 and
G61642_722. This has the effect that the primers will have higher stability and will be more efficient
because they form stronger bonds, but also that the risk of false priming is increased (Hyndman &
Mitsuhashi, 2003). Amplicon size differed between approximately 50 and 90 bp.
Primers are also checked using NCBI primer-blast to determine whether they are specific enough. No
primer-dimers were found for either set of primers (ThermoFisher, n.d.). The regions from which SNPs
linked to black spot were derived from all share some degree of similarity to several regions in the
genome that are not the actual region of the SNP. Primer sets were thus also chosen based on which set
shared the least amount of similarity to these non-target regions. Still, primer specificity was relatively
lower compared to the botrytis primer sets, where the SNP regions only align to one region in the
genome, as for black spot, some primer sets still show some degree of similarity to sequences in nontarget areas. A prime example of this is G61642_722, the sequence of which shares high similarity to
multiple areas in the rose genome besides the target area. Because of this, KASP primers produced for
this SNP may not be specific to the target region.
For the results of the first primer set for black spot, see appendix A.5.1.
For the second set of primers, the procedures were adjusted as described in methods section 2.4. Only
for M13142_515 was a slightly different procedure used, as for this primer set, the amplicon has a length
of 90 bp, no primer sets with shorter amplicons were specific enough to the target area. For the second
set of primers, G61642_722 was left out because no primers of adequate quality could be produced, and
G258_2610 was included based on the nearest SNP to Rdr4 found by Zurn. Based on the mapping in this
research, the distance between G258_2610 is 2.1 cM.
The primer sets gave mixed results, but mainly G5046_1318 showed a clear clustering of the dosage
groups. However, because this primer set was made for a duplex x nulliplex (DxN) marker, the group
with a dosage of 1 contained both resistant and susceptible genotypes. This is also the case for primer
sets G61642_722 and M13142_515.
For G5046_1318, there is clustering of the genotype groups, though these groups are located close to
each other. The groups slightly overlap. The dosage=1 group stays close to the point of origin.

Figure 13: KASP results of the second primer set
for SNP G5046_1318. Dosage indications as from
SNP array analyses. Note that the controls have
been excluded from this image as their
fluorescence levels were unexpectedly high.

Figure 14: The KASP results for primer set
G5046_1318, organized by resistant/susceptible
phenotype. Controls have been omitted as they
exceeded the other values by far.

For M13142_515, there is also clustering of the dosage groups, but the overlap is greater compared to
G5046_1318. In the group of dosage=1, there is a mix of resistant and susceptible samples. Because of
this, the clustering of susceptible and resistant plants shows no clear distinction between these two
groups.

Figure 15: The KASP results for primer set
M13142_515 organized by dosage.

Figure 16: The KASP results for primer set
M13142_515 organized by resistant/susceptible
phenotype.

For G81013_297, all data points remained close to the control values. So, there was little amplification of
the samples.

Figure 17: KASP results for the G81013_297 primer set, colours indicating resistance.
For G258_2610, there appears to be some clustering of the resistant and susceptible groups, but the
overlap between these groups is too large and there is no clear distinction between them.

Figure 18: KASP results for the G258_2610 primer set, colours indicate resistance. Data points with
extreme values have been omitted from this graph.
Overall for the second primer set, primer sets M13142_515 and G5046_1318 both performed well,
though the clouds of data points remained close to each other. G258_2610 had a large overlap of groups
and G81013_297 seemed to have no pattern to the results.

3.2.2 Botrytis
Primers were produced for 7 botrytis-associated markers. These markers were found to be associated
with botrytis resistance in research by Hwang et al. (2019). Two sets of KASP primers were produced for
these markers, as was the case for the Rdr4-associated markers. For the first set of primers, ‘Max 3’
Stability’ scores of 6 were used for K485_1519, K131_1001 and K3201_1057, while scores of 7 were
used for K1570_343, K428_2742, M31882_1184 and K15856_317, as while it would have been
preferable to use a score of 4, as described by Burow et al. (2019), no primers could be produced for
these markers at lower scores.
For the second set of primers, settings were adjusted once again as described in methods section 2.4.
For primer set K428_2742, the option for including a mismatch at the penultimate position of the primers
was included, as no primer sets with acceptable values for Tm and amplicon length could be produced
otherwise.

No primer-dimers were found within any of the primer sets, and primer specificity was deemed to be
high, with the chance of primers aligning at incorrect positions on the genome being low.

3.3.2 Botrytis primers
The quality of the DNA isolated from the G-Rose material was found to be low due the low integrity of
the DNA. As KASP primers do not need large quantities of DNA to function (LGC Genomics, n.d.), the
isolated DNA was used anyway in the hope that it would be good enough for primer testing. DNA quality
may be related to the drying procedure (silica gel) or the age of the material (mature leaves sampled in
S-Korea).
For the first set of primers, the primer set with the best results was K15856_317. As shown in figure 21,
the results are still all very close to the control values, but there does seem to be a clear split between
the extreme values. Thus, this KASP marker showed an association between botrytis resistance and
marker clustering. Though primer sets K3201_1057, K131_1001 and K1570_343 also showed a
correlation between dosage and resistance, though these seemed to have a less clear segregation of the
dosage groups. K428_2742, K485_1519 and M31882_1184 showed poor results overall. Because the
sample sizes were too low, usual methods for statistical analysis such as fitTetra are not applicable here.
The results for the first primer set for botrytis are in appendix A.5.2.
Interestingly, there was variation in the ratio of fluorescence of FAM and HEX between the controls of
different primers on the same plate. If there was no activity of the primers, the ratio of the fluorescence
could be expected to be more or less the same, but this was proven to not be the case here. Though for
most primers, the control values were stable, there was a lot of variance in the control values for
M31882_1184 and K485_1519.
It also should be noted that the primers were tested multiple times, and that the results did vary
between tests. The primers showed clearer results in one test compared to another. Thus, it is possible
that either external factors varies between tests, such as the performance of the machine or that the
primers are not reliable.
Many of the results did not deviate far from the control values. This may indicate that the primers don’t
work properly because they are not specific enough to bind to the DNA. This could be caused because
the primers are developed based on a R. chinensis Old Blush genome, while the primers were used on a
variety of cultivars. The regions the primers were developed on may vary between cultivars, and because
of that, the primers may not work for all genotypes.
The second set of primers performed markedly better, though high fluorescence in the control values
remained. The best KASP markers here were K485_1519 and K131_1001. These markers show clear
clustering of the dosage groups.

Figure 19: KASP results for the K485_1519 primer set, with colours indicating allele dosage. Colors
indicate dosages as expected from SNP array data?
For K131_1001, there is also clustering of the dosage groups, though there is one sample in dosage
group 3 that is in the cluster for dosage group 4.

Figure 20: KASP results for the K131_1001 primer set, with colours indicating allele dosage.
For primer K15856_317, there is clustering of the different dosage types, though these clusters overlap
partly. Note that there is a dosage=3 individual in what appears to be the dosage=4 cluster, and two
stray dosage=1 individuals.

Figure 21: KASP results for the K15856_317 primer set, with colours indicating allele dosage.
For K1570_343, there are overlapping clusters. One cluster only has one sample (dosage=0).

Figure 22: KASP results for the K1570_343 primer set, with colours indicating the allele dosage.
For M31882_1184, there are clusters that largely overlap. The individual dosage types cannot be
differentiated from each other by looking at the KASP results.

Figure 23: KASP results for the M31882_1184 primer set, with colours indicating the allele dosage.

For K3201_1057, there is clustering to some degree. Multiple dosage types have few samples. The more
heterozygous samples are closer to the point of origin compared to samples of dosage types 0 and 4.

Figure 24: KASP results for the K3201_1057 primer set, with colours indicating the allele dosage.
For K428_2742, there is no pattern to the results.

Figure 25: KASP results for the K428_2742 primer set, with colours indicating the allele dosage.

3.3.3 Testing with variable conditions
A subset of primers, namely the primer sets for K15856_317 and K3201_1057, were tested with DNA of
lower concentrations (10 ng/µl, 1 ng/µl in total) instead of 50 ng/µl, which amounts to 5 ng/µl in the
final sample, as well as with a decreased initial annealing temperature (59 degrees Celsius instead of 61
degrees Celsius). These changes did not change the performance of the primers.
By testing with several primer sets, it was shown that the clustering could be improved somewhat by a
longer cycling time, though not by much. When comparing the clustering of K15856_317 that was cycled
over a longer period compared to cycled over a shorter period, there was slightly clearer clustering,
though the relative positions of the groups from each other remained more or less the same.

Figure 26: Primers run with 8 extended cycle

Figure 27: Primers run with 16 extended cycle

3.3 Candidate genes black spot
PCR was used to determine the absence, presence of variations in the length of candidate genes in 4
resistant and 4 susceptible offspring, as well as in both parents. This was done in order to determine
whether any candidate genes were correlated to susceptibility or resistance. Though there was found to
be some segregation in the genes examined via the PCR, this segregation did not correlate to Black Spot
resistance. This does not rule out these genes as Rdr4 candidates, however, as there might still be
variation in the actual sequence of the gene that does not translate into length variations. As there were
bands for all the genes of comparable length in both the resistant and susceptible genotypes, it can be
concluded that the genes are intact in both genotypes.
The primers worked as expected, but the results neither confirmed nor ruled out the genes examined as
candidate genes. Though it showed that for some genes there were likely multiple alleles in existence as
they show different bands in MB. For future research in sequencing of these candidate genes, the use of
primer sets 34A, 34D, 47C, and 33B would be recommended, as these have shown the most consistent
results.

Table 2: Summary of PCR primers used. The sequences of these primers are
available in appendix A.4.
Primer set
name
33A

Gene

Location

Length
amplicon (bp)
1499

RC5G0403300

CDS, no introns.

33B

RC5G0403300

984

34A

RC5G0403400

34B

RC5G0403400

3’ UTR and CDS, including
introns.
5’ UTR and adjacent CDS,
including introns.
3’ UTR, including introns.

34C

RC5G0403400

695

47A

RC5G0404700

47B

RC5G0404700

47C

RC5G0404700

67

Nvt

34D

RC5G0403300

3’ UTR and adjacent CDS,
including introns.
3’ UTR and adjacent CDS,
no introns.
CDS near 5’ end, including
introns.
CDS near 3’ end, including
introns.
Between -3300 and -3400
3’ UTR.
CDS including intron

695
1412

609
519
1091
1520
982

Figure 28: Agarose gel results of the PCR. The two samples to the right of BE in primer set 67 are
not related to this research.

Figure 29: Agarose gel results for PCR primer set 34D.
Of note is also that the pattern found in the resistant pattern is only replicated in a susceptible offspring,
further indicating that this pattern is not related to black spot resistance. There were also multiple bands
for the markers that covered the distance between genes -3300 and -3400, once again indicating that
there are multiple alleles present in the population, but this data also did not correlate to black spot

resistance. However, the individuals that had only one band for this distance, also only had one band for
the earlier mentioned -3400 primer sets.

4. Discussion
4.1 Rdr4 candidate genes
4.1.1 Map quality
The fact that the test population is very small limits the precision with which we can determine the
location of Rdr4. As we only have 94 offspring, it is unwise to try to decrease the region of Rdr4 to under
1 cM, as for at this size with this population, there will likely be only 1 recombinant. The distance found
when looking at only coupled markers is 1.5 cM, which is still reliable enough considering the population
size.
While it would have been preferable to use only NxS markers to mark the edges of the Rdr4 region, this
was not practical in this research, as the smallest area for Rdr4 with only NxS coupled markers would
have had a size of more than 12 cM. Thus, a NxD marker was used instead. This type of marker is less
reliable as there is some uncertainty regarding whether or not there was an actual recombination.
However, they could still conceivably be used for identifying resistant cultivars if it is combined with
genotyping for an NxS marker present on the homolog that does have the NxD marker, but not the
resistance, if one assumes double recombination is rare.
Identity-By-Descent. It is expected that there will be 1 recombination per 100 cM. The homologues are
all approximately 80 cM, so about 1 recombination per chromosome would be expected (0.8 on
average). So, the quality of the map can be assessed by making graphs for IDB and looking at the
amount of recombinations. Double recombinations indicate that the quality of the map is low or that
there are errors in the genotyping or phenotyping data. In the data we see that most homologues only
show one recombination. This is indicative of a good quality map. However, we also see that some
offspring contain double recombinations. This may mean that the data for these offspring is less reliable.
Unfortunately the homolog containing Rdr4 harbours a low number of markers (...) which makes that the
region with NxS marker coupling markers which are the most reliable markers is still wide by chance.
Nevertheless using other type of markers regions of 480 and 1200 Kb could be delimited within which
the Rdr4 gene is present.

4.1.2 Candidate genes
In summary, the candidate genes found were three ABC transporter genes, one WRKY and one AP2/ERF
gene in the Raymond assembly, as well as three LRR-associated genes in the Hibrand assembly. Genes
that were originally found in one assembly are also present in the other assembly, though not always
within the Rdr4 area, as illustrated in figure 12. Several of the LRR-associated genes show some degree
of similarity to muRdr1A.
ABC transporter genes RcHm_v2.0_Chr5g0046661, RcHm_v2.0_Chr5g0046671 and
RcHm_v2.0_Chr5g0046681 are highly similar to each other, and form an R gene cluster. If one of these
genes is Rdr4, the fact that these three genes are so similar might make it more difficult to determine
which one is the actual causal gene. It might also be possible that multiple genes are involved in the
resistance. Because the population used for this research is small, and these genes are very close
together, the chance of a recombination event having split them up is very small, so in the genetic
analysis, a group of multiple resistance genes would likely look the same as a single resistance gene.
Also because they most likely have not been split up by recombination, they may all show equal
connection to Rdr4 resistance no matter which ones may actually be the resistance gene. However, by
sequencing these genes, the SNPs present in resistant and susceptible cultivars could be compared to
determine whether one of these genes is the resistance gene.
The candidate genes do not match perfectly between the two genomes. All genes were compared to map
which ones do match across genomes and where differences exist. The main difference was the relative
positioning of some of the genes and the relative position of the two major gene groups of the Hibrand
and the Raymond genes. Because of these differences, it’s actually not certain which candidate genes are

actually between the two Rdr4-associated markers. The ABC genes are in the Rdr4 region for both
assemblies, but they also differ the most between the two assemblies.

4.1.2.1 Differences in assembly methods between the genomes
The differences in how the Hibrand and Raymond genomes were assembled; comparing the two to
determine which is the most reliable. Both assemblies were published in the same year, so neither
depends directly on the other.
Raymond depended on markers from the K5 high-density genetic map array for chromosomal anchoring
(Bourke et al., 2017; Raymond et al., 2018). However, he did not genotype his samples for these
markers. Raymond first developed a homozygous (diploid) line. He used long-read sequencing
technology.
Hibrand used a comparable method, developing a homozygous diploid line. Used both illumina short-read
sequencing and PacBio long-read sequencing. A cross was made between R. chinensis ‘Old Blush’ and
Rose wichurana. 151 offspring were genotyped on the 68K SNP array. Separate male and female genetic
maps were made. Contigs were anchored on these. Based on this, seven pseudo-chromosomes were
made. Remaining contigs were assigned to chromosome 0. Quality of the seven pseudo-chromosomes
was assessed based on the K5 high-density genetic map and a diploid genetic map for a cross between
‘Yesterday’ and R. wichurana. Alignment to these maps was considered to be of high quality.
Though Raymond used genetic anchors, he did not make a cross with his material and look at the
progeny, and he did not genotype his material for the markers he aligned it to. Because without
recombination, it is difficult to determine the exact order of the markers, this order may not be accurate
to reality in this assembly. Hibrand did perform a cross and though he also used markers as genetic
anchors, he took steps to ensure the order was correct in his material by genotyping the progeny of the
cross for these markers. Furthermore, he also used an additional step by testing his material against
another assembly. And lastly, Hibrand performed both long-read and short read sequencing. Long-read
sequencing has a higher error rate, but can be used to link short-read sequenced fragments, meaning
that it is possible to span repetitive regions which are impossible to assemble with short-reads alone.
Thus, by combining short-read and long-read sequencing, the short-read sequences with lower error
rates can be used to make an assembly, including for regions that can normally only be spanned by longread fragments. The Hibrand assembly is therefore more reliable. Consequently, the candidate genes
from the Hibrand assembly are considered more likely candidates than the candidate genes from the
Raymond assembly. This means that the candidate genes from the Hibrand assembly are better
candidates for further study regarding black spot resistance in rose.

4.1.3 Dissimilarity and similarity Rdr1 and Rdr4
Though multiple candidate genes were found, not all shared significant sequence similarity with the Rdr1
genes. Genes -3300, -3400 and -4700 were found in the Hibrand assembly as candidate genes. Gene 3300 was specifically found to be similar to muRdr1A in terms of sequence. Though -3400 did not have
conserved regions, its similarity to -3300 and its proximity to the latter indicated that the two formed an
R gene cluster together, and that -3400 might be an incomplete gene. This indicated the possibility that 3400 might still be complete in other genotypes, and that the complete version of this gene could
actually be Rdr4. This observation also cemented -3300 and -3400 as the candidate genes most likely to
be the Rdr4 genes.
Furthermore, de Boer et al. (2015) notes that resistance gene clusters frequently show high diversity
across homologs with deviations in sequence similarity. When comparing resistance clusters across
genotypes, they found no sequence similarity between susceptible genotypes and only similarity of
conserved domains of paralogous R-genes between resistant genotypes. If this is also the case for Rdr1
and Rdr4, it might explain why very little similarity in terms of sequence was found between the Rdr4
region and muRdr1A, and it might grant some additional significance that the similarity between -3300

and muRdr1A, especially because the area with the highest similarity between -3300 and muRdr1A is a
conserved domain.
All in all, the known Rdr1 gene was not found to share high similarity with any of the putative Rdr4
genes. This may be because the Rdr4 gene is not actually present in the R. chinensis genome. As this
rose cultivar does not have the black spot resistance, the Rdr4 gene might be completely absent in its
genome. It also might be that there is no actual Rdr4 gene at all in this region, but rather some form of
regulator gene, such as a WRKY, and that the actual Rdr4 gene is located elsewhere in the genome, but
that it is so widespread that there is little variation for it between cultivars, causing it to not be picked up
in the mapping process. Another possibility could be that Rdr4 is an actual NBS-LRR gene, but one that is
different from Rdr1. To determine which one of these possibilities is correct, genomic data from a
resistant cultivars such as Brite Eyes™ is necessary. Sequencing the Rdr4 region in a resistant cultivar
would be ideal, as this could be used for direct comparison with the known susceptible genome, in order
to compare the candidate genes between a resistant and susceptible genome, and in order to possibly
find locate additional candidate genes.

4.1.4 PCR
The PCR results neither ruled out or proved -3300, -3400 and -4700 as Rdr4 candidate genes. However,
they did indicate that -3400 might have multiple alleles, though no allele could be linked to black spot
resistance. It is possible that -3400 has a different, functional allele not present in the template DNA,
and that the function of this allele is not related to black spot resistance, or it is possible that -3400 is, in
fact, the Rdr4 gene and that there are multiple alleles present in the population that are non-functional.
It is possible that these non-functional alleles do show up as different length bands on the PCR, but that
the band for the functional -3400 gene overlaps with the band for a non-functional gene.
In future research, sequencing of these PCR products, preferably using next-generation sequencing as
this will enable sequencing in the presence of indels, and PCR of other candidate genes will be useful for
further determining the location of Rdr4. If no candidate genes are found to be related to Rdr4, the
entire region could be sequenced in the resistant parent, in order to find genes that may not be present
in either the Hibrand et al. (2018) or Raymond et al. (2018) assembly.

4.2 KASP primers
4.2.1 Black spot
The fact that most of these primers are for NxD markers, causes some problems for the KASP markers.
While there is a clear segregation for dosage of the genes for some primer sets, these same primer sets
more often than not show little or very muddled segregation for black spot resistance. Thus, the link
between dosage groups and resistance is not perfect. This means that these SNPs are not very useful.
The only NxS SNP found near Rdr4 in this research did not show good results for the KASP test.

4.2.1.1 Discussion of individual primer sets
For the first primer set, no relation between the SNPs and the presence of Rdr4 was found. However, this
is most likely the caused by the fact that the parameters based on which these primers were designed,
were not stringent enough, as the second set of primers did perform well.
For the second primer set, the results were better. Most sets showed some connection between
resistance and dosage. However, there were still some point for which the primers could be improved.
For the primers were the dosage groups were close together, an increased duration of the KASP assay
may give clearer results. For the primer sets where one of the dosage groups stays relatively close to the
point of origin, there is possible saturation of the fluorescent quenching system, caused by the forward
primers (LGC Genomics, n.d.). This is the case in G5046_1318. This can be fixed by remaking the KASP
mix to contain a lower concentration of forward primers (KBioscience, 2013). For the primer sets for
which there was little amplification, at least one of the versions of the SNP may not be present in the test
genome, or that at least one of the primers cannot bind to the DNA template due to a discrepancy in

DNA sequence (LGC Genomics, n.d.). This is the case for G81013_297. Overall, the fluorescence in the
controls was higher than expected. This should also be addressed in further primer development, though
it might be necessary to employ outsourcing in order to improve the control values.

4.2.2 Botrytis
Though not all primers performed well, there was a marked improvement for the second set of primers.
So increasing adjusting the parameters has improves the specificity of the primers and clearly improved
the results.
As mentioned before, the quality of the isolated DNA was thought to be relatively low, as the samples
contained high levels of RNA. This was thought to be due to the low quality of the plant material. The
plant material had likely not been dried properly. The low quality of the isolated DNA may have adversely
affected the performance of the primers.
Didn’t have that much knowledge on how the actual data for botrytis resistances was collected, which
makes it more difficult to draw conclusions regarding the KASP primers for botrytis and the resistanceassociated markers.
There were not enough samples to perform statistical analysis of the KASP test results. While graphs
could be made using fitTetra, a software developed by Voorrips et al. (2011), the groups of dosages
could not be separated using statistical methods.

4.2.2.1 Botrytis KASP primer results
For the first primer set, the primers developed for Botrytis resistance based on marker data did not work
for all accessions. Due to variations in genotypes, the primers were not specific in all roses, and thus
there was no amplification for many accessions in the various primers. However, for some accessions,
there was still amplification. It seems like it is possible to use KASP primers based on markers, although
specificity presents a problem.
For the second primer sets, some primers could be developed that could accurately predict the genotype
of each sample. The best results were found for K485_1519 and K131_1001, where there is a clear
clustering of the dosage types. However, for both of these markers, there appears to be some saturating
of the quenching system by forward primers, similarly to what was seen in G5046_1318 for Black Spot
resistance. This means it might be possible to improve the results by reducing the concentration of the
primers (KBioscience, 2013). For K131_1001, there is what appears to be an outlier, possibly caused by
a genotyping error. An error in genotyping could have been caused here by the fact that the genotyping
based of the SNP array relies on statistics with a reliability of 95% (Voorrips et al., 2011). Thus, this
sample may be from the 5% that is incorrectly genotyped. There were also some cases where the
dosage type clusters were relatively close to each other. This issue may be reduced by using a longer
KASP protocol. Overall, the controls also showed high fluorescence levels, something that should be
addressed in further primer development.

4.2.3 Options for marker improvement
The troubleshooting guide by LGC Genomics (n.d.) was looked at to determine potential ways of
improving the performance. Several factors that could act as an influences on primer performance were
ruled out as the actual cause, and it was determined that polymorphisms in the primer binding sites were
the most likely cause for the shortcomings of the primers. This is further supported by the fact that two
primer sets with good performance were produced, namely K485_1519 and K131_1001. This primer
performed well under the same circumstances as the other primers, with the main difference being the
sequences of the primers. Thus, the problems must lie in the sequences of the primers.
The fact that the black spot primers did not perform well overall may be because, for black spot, the SNP
markers that the KASP primers were based on, are not very specific. When aligning these markers to the
genome, multiple hits show up, generally against regions without annotated genes. Thus, primers made

based on these markers will likely not be very specific. This means that, in order for the primers to be
specific enough, it is necessary to analyse them on a case-by-case basis to find a set of primers that only
has good alignment to the target area, while for other areas that align to the SNP of interest, the primers
fall within areas of lower alignment scores.
Another cause might be high concentrations of PCR-inhibitors in the used DNA. However, testing with
lower concentrations of DNA, which resulted in the same primer performance, indicated that this is most
likely not the cause. Furthermore, the primers for the amplification of exons and introns worked well,
indicating that the DNA quality is good.
Another common cause of failure is that the cycling time is too short. However, during testing it has
already been shown that this is not the cause of failure here.
Possibly the primers were not of high enough quality and formed self-dimers. However, further
examination indicated that these primers would not form either self-dimers or cross primer-dimers
(ThermoFisher, n.d.).
Possibly there were crossovers between the markers found near the QTLs and the actual resistance gene
in some of the cultivars.
Also, specifically for the first sets of primers for both black spot and botrytis, seeing as the primers did
not perform the same every time they were tested again, these primers are not very reliable. For the
second sets of primers, results remained consistent across tests.
All in all, the most likely cause for the bad performance of the primers is that the KASP primers were not
specific enough to the genomes of the cultivars they were tested on. The primers were designed based
on genomic data from R. chinensis from the assembly by Raymond et al. (2018). There might be
polymorphisms on the primer binding sites, causing them to not align properly during the KASP tests.
The fact that many primers did not deviate much from control values indicates that they were not
specific enough to the target DNA in the various cultivars. However, as the control values were very high
overall, these primers might still be possible to be developed into functional primers via outsourcing.
Though the primers did work in some samples, which indicates that the DNA of these samples is more
similar for the target areas compared to the DNA the primers were developed based on, namely R.
chinensis Old Blush.
It also should be noted that the amount of samples these primers were tested with, is relatively low,
which makes it more difficult to assess the quality of the primers. This also resulted in for some primer
sets, such as for the K3201_1057 primer set, there were only a few samples in specific genotype groups,
so for K3201_1057 there was only one plant for dosages 0 and 1 each.

4.2.3.1 Control values primers
The controls showed unexpected results for all KASP tests. They showed higher fluorescence values than
expected. This can be caused by primers binding to themselves or forward primers binding to reverse
primers. In samples with DNA, they would likely bind that way less often as they are more specific to the
genomic DNA target region than to themselves or to the opposite direction primer.
The control values were strange for some primers, which indicates that there may have been a problem
with the primers themselves. It is likely that there was a reaction between the KASP mastermix and the
primers themselves that caused high levels of fluorescence in the controls. Perhaps the allele-specific
primers reacted with the fluorescence-carrying sequences from the KASP mastermix, resulting in
amplification of these fragments and the release of the fluorescent molecules.

4.2.4 Future prospects
During this research, several markers were produced that could successfully be used for the identification
of Rdr4- and Botrytis-resistance-associated SNPs. One problem was ever present during the production

of these markers, namely the disconnect between available rose genomes and the actual genome of the
used rose species’. This difference caused polymorphisms in the primer binding sites to go undetected,
decreasing primer specificity and thus their performance.
Overall, in order to make high-quality primers for these SNPs, it will be necessary to sequence these
actual areas. However, because the SNPs of interest align to multiple areas in the genome, it will be
necessary to sequence all these areas in at least four resistant and four susceptible genotypes to
determine whether the primers will not also amplify non-target areas. Furthermore, this would mean that
the KASP markers produced may only work in the cultivar they were based on, and that a new set of
KASP primers would need to be designed for each cultivar it is used on. Thus, in the case of black spot
resistance, a better aim would be to attempt to find the actual causal SNP in Rdr4. This can be done
using a PCR technique like the one used in this research, combined with sequencing of the PCR product.
If one would want to create better KASP markers for SNPs related to black spot, it would be
recommended to base this on G81013_297, as this is the only nearby NxS SNP. It would however be
necessary to genotype the region, as primers based on existing genotypic data were found to not
function well.
For Botrytis resistance, though not all primers made in this research may not be practical to use for
actual botrytis testing due to large overlap of the dosage groups in the KASP results, this research does
indicate that it is possible to make primers based on the markers associated with botrytis. For
K485_1519 and K131_1001 specifically good primer set have been made. It is likely that by refining the
other markers, and by sequencing regions of interests in the used rose species and to use that data for
primer development, high quality primers can be produced that are usable for commercial plant
breeding.
So all in all, the failure of many of these primers may be due to the primers being developed based on
the R. chinensis genome, which may not match up very well to the DNA that was used for primer testing,
though as this hypothesis has not been tested during this research, other factors may also be at play. In
order to more accurately determine whether KASP primers can be made for these markers, it is
necessary to sequence the area around the KASP primers and to develop primers based on that. This
also means that the application of the primers may be limited, because due to decreased specificity in
other rose species, a specific KASP primer set may only be useful in the species that it was developed
for. However, if a company intends to introgress a resistance from one rose species in particular, it may
still be useful to develop primers for use in this breeding program, as with primers, the amount of roses
that needs to be tested for resistance in lengthy field trials is decreased.
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Appendix
A.1 Rose population for botrytis testing
14-17
14-183
14-185
14-231
14-234
14-264
14-272
14-430
Aurora
Duchenne
Good Choice
Good Time
Green Beauty
Heart One
Honey Blue
Love Letter
Lovely Day
Marcia
Pacific Eye
Peach Valley
Red Giant
Say You
Silky
Wedding Cake
With You
Yellow Eye

A.2 Rose population for black spot testing
Table 3: The list of genotypes from Zurn et al. (2018) that were used for primer testing. Because
of a shortage of DNA, a slightly different set was used for the testing of the second G5046_1318
primer set.
Used For first
primer set
and
M13142_515,
G258_2610
and
G81013_297.
MB
BE
2 MBxBE
5 MBxBE
7 MBxBE
8 MBxBE
9 MBxBE
10 MBxBE
11 MBxBE
12 MBxBE
13 MBxBE
14 MBxBE
15 MBxBE
16 MBxBE
17 MBxBE

Used for
testing
G5046_1318
of the second
primer set.
MB
BE
1 MBxBE
4 MBxBE
5 MBxBE
6 MBxBE
7 MBxBE
8 MBxBE
9 MBxBE
11 MBxBE
12 MBxBE
13 MBxBE
14 MBxBE
15 MBxBE
16 MBxBE

18
19
20
21
22
23
24
25
26
27
28
29
30
31
34
35
36
37
38
39
40
41
43
44
45
46
47
55
63

MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE

17
19
20
21
22
23
24
25
26
27
28
29
30
31
33
34
35
36
37
38
40
42
43
44
45
47
55
63
65

MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE
MBxBE

A.3 KASP primers
First primer sets

Table 4: The primer sequences for the first KASP primer set.
G5046_1318
Common
Allele-specific
Allele-specific
M13142_515
Common
Allele-specific
Allele-specific
G61642_722
Common
Allele-specific
Allele-specific
G81013_297
Common
Allele-specific
Allele-specific
K485_1519
Common
Allele-specific
Allele-specific
K131_1001
Common
Allele-specific
Allele-specific
K1570_343
Common
Allele-specific

B
A

GGTCGTGAAGTTGAGGAAATTAT
GAAGGTCGGAGTCAACGGATTAAGCGCTAAATCGGTCCTT
GAAGGTGACCAAGTTCATGCTAAGCGCTAAATCGGTCCTC

B
A

GCAGATGATTCCGACGATTC
GAAGGTCGGAGTCAACGGATTCGACTGGTACTTGAGCGACA
GAAGGTGACCAAGTTCATGCTCGACTGGTACTTGAGCGACG

B
A

AGAGGGGCGAAGTGGATTT
GAAGGTCGGAGTCAACGGATTCCCCGGCTTGGTCAAC
GAAGGTGACCAAGTTCATGCTCCCCGGCTTGGTCAAA

A
B

GCAGATGAGTGGGTGTCTCA
GAAGGTGACCAAGTTCATGCTGGTGGGTTTGGGTTTGGT
GAAGGTCGGAGTCAACGGATTGTGGGTTTGGGTTTGGG

A
B

CCTCGGGGCTATCGTATCT
GAAGGTGACCAAGTTCATGCTCGTCCACAGAGTCGTCCAG
GAAGGTCGGAGTCAACGGATTCGTCCACAGAGTCGTCCAA

A
B

AAAATGGGAGAGCGTTATGA
GAAGGTGACCAAGTTCATGCTGCATGTGTGTTGGTTGGC
GAAGGTCGGAGTCAACGGATTGCATGTGTGTTGGTTGGT

A

TGCATCATCAATTTCCAGTGA
GAAGGTGACCAAGTTCATGCTGAAAGCCATCAGCAGAGAGAG

Allele-specific B
K3201_1057Q
Common
Allele-specific A
Allele-specific B
K428_2742
Common
Allele-specific B
Allele-specific A
M31882_1184
Common
Allele-specific B
Allele-specific A
K15856_317
Common
Allele-specific A
Allele-specific B

GAAGGTCGGAGTCAACGGATTGAAAGCCATCAGCAGAGAGAA
GACAAGGTGAAGACTCTGGAGTAA
GAAGGTGACCAAGTTCATGCTTGCTGCAATTATGGAACCAG
GAAGGTCGGAGTCAACGGATTTGCTGCAATTATGGAACCAA
TCTTCAGCATTGTGGGTTGT
GAAGGTCGGAGTCAACGGATTGAAGAAGAAAACGAGCTGGT
GAAGGTGACCAAGTTCATGCTGAAGAAGAAAACGAGCTGGC
CAACCCCCAACGGATTTAC
GAAGGTCGGAGTCAACGGATTCCAAACCTTTAGGAGACAGCAT
GAAGGTGACCAAGTTCATGCTCCAAACCTTTAGGAGACAGCAC
GAGTTGCATCGGAGGTTTGT
GAAGGTGACCAAGTTCATGCTCCAAGTTGCTGCAAAGCAC
GAAGGTCGGAGTCAACGGATTCCAAGTTGCTGCAAAGCAT

Second primer sets

Table 5: The primer sequences for the second KASP primer set.
G5046_1318
5046 F1
GAAGGTCGGAGTCAACGGATTGGAAGCGCTAAATCGGTCCTC
5046 F2
GAAGGTGACCAAGTTCATGCTGGAAGCGCTAAATCGGTCCTT
5046 R
ACGGATTTTGTTGGAGAAGATTGC
M13142_515
13142 F1
GAAGGTCGGAGTCAACGGATTCATCACCGGTCGTTCTCCTC
13142 F2
GAAGGTGACCAAGTTCATGCTCATCACCGGTCGTTCTCCTT
13142 R
TTCGTGTTGCTTCCTCATCG
G81013_297
81013 F1
GAAGGTCGGAGTCAACGGATTGCTACCGGCTTCATTTCAGAA
81013 F2
GAAGGTGACCAAGTTCATGCTGCTACCGGCTTCATTTCAGAC
81013 R
GAAGAGGAGTTCACCTTGCGA
G258_2610
258 F1
GAAGGTCGGAGTCAACGGATTCATATCATGGCTCAACGAACACAT
258 F2
GAAGGTGACCAAGTTCATGCTCATATCATGGCTCAACGAACACAG
258 R
AATTGCGTGAATAGTAAGATTATCTGGC
K485_1519
485 F1
GAAGGTCGGAGTCAACGGATTGCGTCCACAGAGTCGTCCAG
485 F2
GAAGGTGACCAAGTTCATGCTGCGTCCACAGAGTCGTCCAA
485 R
CCAAGTCCGCCTACCAGGAC
K131_1001
131 F1
GAAGGTCGGAGTCAACGGATTACTGCATGTGTGTTGGTTGGT
131 F2
GAAGGTGACCAAGTTCATGCTACTGCATGTGTGTTGGTTGGC
131 R
GGGAGAGCGTTATGAGTTTCTTGA
K1570_343
1570 F1
GAAGGTCGGAGTCAACGGATTGAAGAAAGCCATCAGCAGAGAGAG
1570 F2
GAAGGTGACCAAGTTCATGCTGAAGAAAGCCATCAGCAGAGAGAA
1570 R
TCTGCATCATCAATTTCCAGTGA
K428_2742
428 F1
GAAGGTCGGAGTCAACGGATTCCGAAGAAGAAAACGAGCTGTT
428 F2
GAAGGTGACCAAGTTCATGCTCCGAAGAAGAAAACGAGCTGTC
428 R
TGGTTGCTGGACCCTTCTCT
M31882_1184
31882 F1
GAAGGTCGGAGTCAACGGATTCGGATTTACAATGCTCACAACTGG
31882 F2
GAAGGTGACCAAGTTCATGCTCGGATTTACAATGCTCACAACTGA
31882 R
TGTCACAAGTGCAGTCCCCA
K3201_1057Q
3201 F1
GAAGGTCGGAGTCAACGGATTTGTTGCTGCAATTATGGAACCAG
3201 F2
GAAGGTGACCAAGTTCATGCTTGTTGCTGCAATTATGGAACCAA
3201 R
GGTAGATAGTCAAATTCAACCGCTTTG

K15856_317
15856 F1
GAAGGTCGGAGTCAACGGATTCTCCAAGTTGCTGCAAAGCAT
15856 F2
GAAGGTGACCAAGTTCATGCTCTCCAAGTTGCTGCAAAGCAC
15856 R
TCCCGGAAACAGAGAAGGTG

A.4 PCR primers
PCR primers

Table 6: The primer sequences for the PCR primers.
67 forward

TTCCATCATGCTCCAGTTGA

67 reverse

TTTGCAAGCTTCCTGTGATCT

33a forward

GGCGGTCACTTCACAAACTT

33a reverse

TCTCCAGCACATCCCTCTCT

33b forward

TCATGCCCAAATTTTGTTTG

33b reverse

TGGCCACAGTCTTGTACTCG

34a forward

CTTCCTTCCATTCCCTCACA

34a reverse

TAAGCTCGTCAAGCCATTCC

34b forward

CAATGGGGGTTACGAAGACA

34b reverse

AAAGAAGAGGCCAGGGAGAG

34c forward

CTTCCTTCCATTCCCTCACA

34c reverse

TAAGCTCGTCAAGCCATTCC

47a forward

TTTGGTCCAGGAGGATGAAG

47a reverse

TTAGCAGCAAAAGGAGTGCAT

47b forward

GTGAAGTTACCGGGCTGAAA

47b reverse

TCAATTCCCTTGAGGCTTTG

47c forward

TCCGATTCGTGATATTGGTG

47c reverse

TCCCTTTCTTCATCCTCCTG

34d forward

TTCTGGAACCAGCAGAACAA

34d reverse

TGCTTTCTCAAACGCATGAA

A.5 KASP protocol
KASP Protocol
1.

94.0 C for 15:00 minutes

2.

94.0 C for 0:20 minutes

3.

61 C for 1:00 minutes
Decrement temperature by -0.6 C per cycle

4.

GOTO 2, 9 more times

5.

94.0 C for 0:20 minutes

6.

55.0 C for 1:00 minutes

7.

GOTO 5, 25 more times

8.

37.0 C for 1:00 minutes
+ Plate Read
END

Extra cycli
1.

94.0 C for 0:20 minutes

2.

57.0 C for 1:00 minutes

3.

GOTO 2, 2 more times

4.

37.0 C for 1:00 minutes

+ Plate Read
END

A.5 KASP results first primer set
A.5.1 Black spot

Figure 30: The KASP results for the G61642_722
primer set. The colours indicate the dosage of
each sample.

Figure 31: The KASP results for the G61642_722
primer set. The colours of the data points
indicate whether the sample is resistant (1) or
susceptible (0).

Figure 32: The KASP results for the G5046_1318 first primer set.

Figure 33: The KASP results for the G81013_297 first primer set.

Figure 34: The KASP results for the M13142_515 first primer set.

A.5.2 Botrytis

Figure 35: KASP results for the K15856_317 first primer set, with colours indicating allele dosage.

Figure 36: The KASP results for the K131_1001 first primer set.

Figure 37: The KASP results for the K1570_343 first primer set.

Figure 38: The KASP results for the K3201_1057 first primer set.

Figure 39: The KASP results for the K428_2742 first primer set.

Figure 40: The KASP results for the M31882_1184 first primer set.

Figure 41: The KASP results for the K485_1519 first primer set.

