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Abstract
Potato is the fourth most important staple crop in the world. The ploidy level of most
cultivated varieties (2n=4x=48) combined with high level of heterozygosity makes
potato breeding a challenging task due to the massive segregation observed in F1. A
new breeding strategy is proposed in the Fixation-Restitution project. Using selfcompatible diploid potato plants, key-alleles can be brought in cis-configuration. Then
unreduced pollen (2n) produced by first division restitution (FDR) can be used to cross
elite varieties with the genotypes containing the key-alleles.
In this thesis, potato varieties and populations bearing resistance genes on the north
arm of chromosome 11 were crossed, in order to create genotypes bearing multiple
resistances. This would be the first step towards bringing many resistance genes in the
same haplotype. In order to achieve that, the relative positions of the genes had to be
determined. Two R genes were fine-mapped using the Comparative Subsequence Sets
Analysis (CoSSA).
The potato virus Y (PVY) resistance gene Rysto was mapped in the region 0.1-1.7Mbp
of chromosome 11. The analysis was achieved by comparing k-mers of 31 nucleotides
(k=31) of six commercial varieties bearing the resistance gene and fifteen varieties
that were not. By selecting the k-mers present in all resistant varieties but in none of
the susceptible varieties, it was possible to find the resistance specific k-mers. These
k-mers were then mapped using the potato reference genome DM 4.04.
Potato cyst nematode (PCN) resistance gene GpaXItar was mapped using the
segregating population RH18-063. A resistant and a susceptible bulk were created
using CAPS marker FEN427. These two bulks and the two parents of the population
were sent for whole genome sequencing (WGS). The data retrieved was processed in
similarly to the PVY analysis, filtering the susceptible k-mers of 31 nucleotides from
the resistant ones. The resistant specific k-mers were then mapped in the region 0.76.1Mbp of chromosome 11.
Both CoSS analyses discovered haplotype-specific SNPs in the regions the k-mers were
mapped. These SNPs can be used for the development of KASP markers.

4

Introduction
The potato crop and its breeding limitations
Potato (Solanum tuberosum) is part of the solanaceous family, in which tomato,
tobaco and pepper can be found (Olmstead et al. 1999). It is a herbaceous perennial
crop that can reach one metre in height. It is the fourth most important staple crop in
the world, and it is cultivated for its edible tubers. Its flowers are dioecious and upon
fertilization, they start the formation of berries. Berries usually contain 100-500 true
potato seeds (TPS), each one with its unique genotype. The breeding procedure is
performed using TPS. Great number of offspring is phenotyped in each growing
season. Potentially commercial varieties are being clonally propagated using tubers in
order to preserve their genotype.
The ploidy level of Solanum tuberosum varies from diploid to hexaploid with the
cultivated varieties being mostly tetraploids (2n=4x=48). Tetraploidy makes the plants
cells larger and helps them hide recessive detrimental mutations (Comai, 2005).
Diploid potato plants are usually self-incompatible (Hawkes 1990), making breeding
challenging, since the use of tetraploid genotypes leads to massive F1 segregation due
to highly heterozygous parental lines. Moreover, the fixation of traits of interest is
impaired by the inbreeding depression that potato plants exhibits upon selfing (Zhang
et al., 2019). Additionally, due to the large genetic bottleneck existing in the
commercial varieties, the functional resistance genes against important potato
pathogens are running out (Tiwari et al., 2013). Combining and maintaining important
agronomic and quality traits, in a new potential variety, is also challenging due to the
quantitative inheritance of many of these traits.

The Fixation – Restitution breeding strategy
The Fixation – Restitution (Fix-Res) project proposes an innovative method in order to
overcome the problems of conventional potato breeding. By the use of selfcompatible diploid potato plants that can withstand inbreeding depression, it will be
possible to introgress and fixate alleles of interest via repetitive backcrossing. That
way, alleles of interest can be stacked in the same diploid line. A significant feature of
the Fix-Res diploid lines is that they are able to produce unreduced (2n) gametes by
First Division Restitution (FDR) (Moc & Peloquin 1975, Hutten et al. 2004, d’Erfurth et
al. 2008). Hence, these lines, bearing a plethora of valuable alleles, can be crossed
with tetraploid elite varieties. The 4x x 2x crosses will result in 4x offspring, of which
some will combine the fixed alleles of the diploid line with traits of high agronomical
value that the commercial varieties have. Subsequently, the regular clonal selection
can be performed to identify potential new cultivars among the segregating offspring.
A significant advantage of Fix-Res strategy over diploid F1 hybrid breeding is that
complete homozygosity of diploid progenitors is not required. Homozygosity is only
required for these traits that have to be introduced to the elite varieties. Moreover,
the development of heterotic groups in order to achieve hybrid vigour is not required.
In this manner, a much smaller amount of diploid inbred lines has to be tested for its
specific combining ability. The diploid lines could be stacked with various important
alleles such as resistance genes.
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R-genes clusters
Most of the R-genes found in plants have a nucleotide-binding site (NB) and a leucinerich repeat (LRR) domain. NB-LRR genes can be found in genome isolated or in the
form of clusters (Hulbert et al. 2001). They
represent one of the major gene families in
plants with hundreds of NB-LRR encoding
genes found in plants of different species
(Meyers et al. 2003, Guo et al. 2011, Mun et
al. 2009, Yang et al. 2008). Jupe et al. (2012;
2013) using the potato genome sequence
identified 704 NB-LRRs. Chromosome 4 and
Figure 1 An unequal crossing over model. In
chromosome 11 have been found to contain
this case, a homolog Rp1 gene becomes a
the largest number of NB-LRR genes as well
paralog located in the same chromatid
as the highest number of clusters.
Some of the clusters contain arrays of tandemly repeated R gene homologs. Homologs
might have originated from illegitimate recombination events. These events lead to
expansion or reduction of the number of R genes by insertions, deletions or unequal
crossovers (Figure1) (Wicker et al. 2007). These illegitimate recombinations could
explain why resistance genes reside in clusters.
In potato, the majority of resistance genes are located within 92 clusters (Jupe et al.
2013). In several clusters, resistance genes against late blight, cyst nematode, rootknot nematode and wart disease can be found. These R-genes derive from different
wild relatives; thus, they reside on different haplotypes.
Resistance genes of root-knot nematode (Draaistra et al. 2006), Potato Virus Y (PVY)
(Brigneti et al. 1997), potato wart disease (Prodhomme et al. 2019; 2020), late blight
(Dimitrova et al. unpublished data) and potato cyst nematode (Tan et al. 2009) have
been identified on the north arm of potato chromosome 11.
Potato root-knot nematode
Potato root-knot nematode disease is caused due to obligate endoparasitic nematods
that resides on plant roots: Meloidogyne chitwoodi, Meloidogyne hapla and
Meloidogyne fallax. They feed on the cells, causing the cells to swell and form tumors
affecting the root growth and yield. In some cases, blisters might be formed on the
tubers’ surface. The plants are stunted, less vigorous and wilt under drought
conditions (Jatala & Bridge, 1990; Brodie et al. 1993; Karssen et al. 2002). Resistant
plants do not allow the reproduction of nematodes, lowering the pathogen’s density;
consequently, they show little to no symptoms (Been et al. 2011).
Potato virus Y
Potato virus Y is a viral pathogen affecting many economically important crops such
as tomato (Solanum lycopersicum), pepper (Capsicum spp.) and potato (Solanum
tuberosum). Depending on the strain of PVY infecting the cultivar, symptoms vary
from being asymptomatic to developing necrotic spots in tubers, affecting yield and
marketability. Certification of healthy potato seeds and their cultivation has been the
most effective way of dealing with PVY (McDonald et al. 1996; Le Romancer et al.
1991). Plants bearing the gene exhibit no symptoms and do not permit the growth of
the pathogen (Jones 1990).
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Potato wart disease
Potato wart disease is caused by the obligate biotrophic soil-borne fungus
Synchytrium endobioticum. The pathogen causes abnormal growth of plant tissues by
infecting the epidermal cells. Its winter sporangium can remain viable in the soil for
more than 30 years. Due to the yield losses that can cause (50%-100%) and its
longevity in the sporangium form, potato wart disease is a quarantine disease of high
importance (Przetakiewicz, 2015a; Hampson, 1993; EPPO, 2004). At least 39
pathotypes of the pathogen have been identified, with the most common in Europe
being pathotype 1 (Przetakiewicz, 2015b). The mechanism of resistance to different
pathotypes of potato wart disease is yet to be revealed. However, studies have
successfully located resistance genes and qualitative trait loci (QTLs). R-gene Sen1
offers resistance to pathotype 1, while Sen2 and Sen3 offer broad-spectrum resistance
on top of their resistance to pathotypes 2 and 3 accordingly. Sen1 and Sen3 resistance
genes have been located on the northern arm of chromosome 11, while Sen2 resides
on the southern arm of chromosome 11 (Hehl et al., 1999; Prodhomme et al. 2019;
2020; Plich et al., 2018;).
Late blight
Late blight is caused by the oomycete Phytophthora infestans and infects most of the
Solanaceae spp. plants. It is one of the most devastating diseases of potato causing
important economic losses. The pathogen infects both the foliage and the tubers,
even leading to complete necrosis of the plant (Govers et al. 1997). Under mild
weather (above 10oC) and high humidity (75-80%) the pathogen can complete its life
cycle in just 5 days. Thus, for managing the development of late blight, farmers tend
to apply fungicides up to more than 15 times in the course of a growing season (Fry et
al. 2008). More than 20 dominant genes conferring late blight resistance have been
found. However, Phytophthora infestans appears to be capable of easily breaking
many R-genes (Jo et al. 2015). In order to preserve its durability, breeders aim for
stacking R-genes with different race specificity. Rpi-athlete is a R-gene mapped in the
commercial variety Athlete. It is located on the north arm of chromosome 11 and its
resistance is not broken yet.
Potato cyst nematode (PCN)
Potato cyst nematode (Globodera pallida) is an endoparasitic soil-borne pest. It is one
of the most economically important pests. The juvenile nematodes feed of the roots
of the plants and due to its great reproduction rate, can cause serious yield losses.
They remain in dormant stage in the soil for many years, until they are hatched by a
suitable host (U.S. Department). Monogenic PCN resistances and QTLs have been
identified in potato wild relatives (Dunnett, 1961; van der Voort et al. 2000). GpaXItar
has been identified by Tan et al. (2009) in a S. tarijense x S. tuberosum population. The
resistance gene is located on the north arm of chromosome 11.

Goal of this thesis
This thesis aims towards creating an ideal haplotype, a plant containing a cluster of
resistance genes in cis configuration. This haplotype can be made by recombination
events that will eventually lead to gene pyramiding. The area of interest is the north
arm of chromosome 11, where known R-gene clusters are located. Currently, most of
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these genes are linked in repulsion phase. The development of haplotypes that
contain many beneficial alleles requires recombination events, in order to bring Rgenes in coupling phase. Thus, the development of haplotype-specific markers for
each R-gene is needed. Furthermore, the detection of the relative order of the Rgenes is required. Two genes in cis-configuration will demand a double recombination
event in order to introduce a third gene which is in trans-configuration within their
interval. This suggests that the first cycle of crosses should aim for bringing into cis
configuration neighbouring genes. However, all the possible crosses will be
performed, since the relative order is still unknown. In the later generations, crosses
can be designed according to their order on the chromosome.

Materials and Methods
Markers and single nucleotide polymorphism
Marker-assisted selection is an efficient method for distinguishing the genotypes that
bear specific loci (Ribaut et al. 1998). By developing haplotype-specific markers, it is
possible to easily trace recombination events and track the target R-genes. Different
types of markers have been developed over the years. In the current thesis, the aim is
to develop Kompetitive Allele Specific PCR (KASP) markers (Semagn et al., 2014). For
designing KASP markers, the discovery of single nucleotide polymorphism (SNP) is
necessary. SNPs occur when members of the same species show more than one
nucleotide (A, T, G, C) on a specific position of their genome. By performing a
comparative subsequence sets analysis (CoSSA), haplotype-specific SNPs can be
found.

Comparative subsequence sets analysis
CoSSA is a new method for identification of DNA variants linked to trait alleles using
whole-genome sequencing (WGS) (Prodhomme et al. 2019). Without aligning to a
reference genome beforehand, comparison between genotypes is achieved by using
sub-reads of 31 nucleotides (k-mers with k=31 nucleotides). The size of the k-mers
allows to filter for possible sequencing errors while k-mers remain long enough to
maintain their uniqueness. It is a fast and efficient method to find haplotype-specific
SNPs. In this thesis, CoSSA was performed in two different sets of genotypes to map
the resistance genes GpaXItar, Rysto and develop haplotype-specific molecular markers
for each of them.

Plant material
The plant material used was composed of commercial varieties and research
populations. Five varieties and two populations were planted in the crossing
greenhouse, while one population was sown in vitro at the tissue culture lab.
Bzura, Kuba and Rudawa are wart resistant varieties bred in Poland. Chromosome 11
contains two loci that offer qualitative resistance against Synchytrium endobioticum.
The resistance loci are positioned on the telomeric end of the long arm of
chromosome 11. Based on DM v4.04 reference genome, Sen1 and Sen3 resistance
genes are most probably located in the first 2Mbp of chromosome 11. Kuba and Bzura
are resistant to Sen1 and all pathotypes of Sen 3, while Rudawa is resistant to Sen1
and only one of the three pathotypes of Sen3, P6. (Prodhomme et al. 2019; 2020).
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Athlete is a tetraploid variety bred by Agrico Research BV. It is a cross combination
between AR 99-263-5 and Miriam (Hutten et al. 2001). Athlete is a late blight resistant
variety, bearing the Rpi-Athlete gene. This gene provides a qualitative resistance
against Phytophthora infestans, recognizing the Avr-cap1. It is located in the telomeric
end of the long arm of chromosome 11, at the 1.3-2.4Mbp region (Dimitrova
unpublished). Tivoli is a PVY resistant Danish variety, descended from I 1039, the
population used by Brigneti et al. (1997). RH4X-036-11 is a population segregating for
the Rmc1fen resistance gene. It derives by the tetraploid S. fendleri 93-114-4 (a
BGRC8083 accession, tested by Janssen et al. 1997). A simplex dosage (Rsss) of the
resistance allele is expected, which makes the predicted segregation ratio 1:1
(Draaistra, 2006). In the study of Draaistra (2006) the RH4X-029-2 population is
mentioned. It is a segregating population for the Rmc1hou resistance gene, derived by
(BGRC55203) 93-71-3.
The population RH18-063 is segregating for cyst nematode resistance because of the
GpaXItar gene positioned in chromosome 11. It is a diploid population, derived by a
cross between a population of the diploid S. tarijense (RH13-462-11) and a dihaploid
clone of the susceptible cultivar Mondial (RH10-342-16; Tan et al. 2009).
Table 1 Overview of the known data of the available material

Gene

Source

Marker
type

Marker name

Next step

Physical
position of
markers

Ploidy

M. chitwoodi,
M. fallax

Rmc1fen

Jan Draaistra,
2006

AFLP,
CAPS

P+GG/M+CAC_302,
M39b, Fen427

Find SNPs,
develop
KASP
markers

?, ?,
3,711,056bp

4x

PVY

Rysto

Brigneti et al.
1997; van Eck
et al., 2017

SNPs

PotVar63973/63974

Verify
markers

284,162bp,
284,168bp

4x

S.
endobioticum

Sen3

Prodhomme et
al., 2019

SNPs

chr11_1259552,
chr11_1772869

1,259,552bp,
1,519,485bp

4x

S.
endobioticum

Sen1

Prodhomme et
al., 2020

SNPs

DM_11_1308927,
DM_11_1666351

1,308,927bp,
1,666,351bp

4x

P. infestans

RpiAthlete

Dimitrova et al.
unpublished

SNPs

M16, M18

2,029,527bp
2,042,174bp

4x

G. palida

GpaXItar

Adillah Tan et
al., 2009

CAPS

FEN427, GP163

3,711,056bp,
3,822,175bp

2x

Pathogen

Determine
its relative
position
Determine
its relative
position
Determine
its relative
position
Find SNPs,
develop
KASP
markers

Crosses
In mid-August, seven potato genotypes were planted in the crossing greenhouse of
Unifarm. Each one has a resistance gene on the north of chromosome 11.
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Table 2 Material planted in greenhouse and their resistance genes

Name
Kuba
Bzura
Rudawa
Tivoli
RH4x-036-11
Athlete
RH4x-029-2

Resistance gene
Sen1,3
Sen1,3
Sen1
PVY
Rmc1-hou
Rpi-Athlete
Rmc1-fen

Three tubers of each genotype were planted in separate pots of 7.5L. The plants were
regularly watered. Once grown, they were tightened on supporting stakes. 80 days
later, the crossing process began. Flowers that were approximately one day away from
blooming, were emasculated to prevent self-pollination. Petals were carefully splitopened, and the anthers were removed using a metal tweezer. Two to three days
later, pollen was extracted from the desired parent, using a vibrator and a glass slide.
The pistil of emasculated flowers was dipped into the collected pollen and they were
then labelled accordingly. In total, 208 flowers were pollinated over the course of 30
days.

Tissue culture of GpaXItar population
True potato seeds of the RH18-063 population were sown in vitro and left to
germinate in petri-dishes, on blotting paper soaked in water. The germinated seeds
were transferred into bigger containers with MS20. Each container consisted of 9
seedlings. Once reached the 4 true leaves stage, the plants were labelled, and the
bottom two-thirds of each plant were collected for DNA extraction, including roots.
The meristem of each plant was left to re-grow for future analyses.

Genomic DNA extraction
The cetyl trimethylammonium bromide (CTAB) protocol for DNA extraction was used
(see Appendix). Once the DNA was extracted, the concentration of the solution was
measured using NANODROP™. The integrity of the DNA was visualized on agarose gel
and then each genomic DNA solution was normalized to 25ng/μl using ultrapure water
by Milli-Q®. The DNA solution was put in a 96-well PCR plate and stored in 4oC.

Markers
Six markers were used for the selection of resistant and susceptible genotypes.
Chromosome 11 specific CAPS markers FEN427, GP163 (Brigneti et al. 1997) were
previously used for the identification of GpaXItar (Tan et al. 2009). Additionally,
markers were used as northern and southern boundaries, in order to track possible
recombination events. CAPS marker GP259, previously used for Ry assays (Brigneti et
al. 1997), CP58 used to track Ry and Sen1 on chromosome 11 (Gebhardt et al. 2001),
GP320 located closer to the centromere, in a distance from Rpi (Kharbotly et al. 1995)
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and P21M48_302, an AFLP marker used by our laboratory in previous analyses. All
primers were designed using web interface Primers3Plus (Untergasser et al. 2007).

PCR
Ordered primers were used to perform Polymerase Chain Reaction (PCR) analyses.
The DNA samples used were taken by 85 genotypes of the RH18-063 population, the
parents of the RH18-063 population, as well as all genotypes planted in the crossing
greenhouse, except Bzura. The genomic DNA was mixed with the forward and reverse
primers, nucleoside triphosphate (dNTP), 10x restriction buffer and restriction
endonuclease (10U/μl) and the 96-well plate was then put in the SimpliAmp™ Thermal
Cycler. After 35 cycles of amplification, the product was either visualized on 1%
agarose gel or in case of CAPS markers, an extra step of digestion with specific
enzymes was performed before loading on the agarose gel (see Appendix)

Bulk sequencing
The two bulks and two parents that were sent for sequencing were prepared
according to the specifications set by Limes Innovations. Equal amounts of each
solution of genomic DNA was used to prepare the bulks. All four samples were
normalized in order to contain 10ng/μl of DNA and a minimum of 500ng of DNA in
total.

CoSSA workflow
WGS of each genotype or bulk was used to produce k-mer tables of 31 nucleotides
(k=31). These tables counted how many times each canonical k-mer is found. Then the
genotypes grouped in two pools. Each pool will produce a new table. The first pool
contains the genotypes that share a trait of interest and was created with an
intersection. Hence, a k-mer is added to the combined table only when it is present in
each one of the genotypes forming the first pool (e.g. resistant pool). The second pool
contains the genotypes that do not have the trait of interest and was computed with
a union (e.g. susceptible pool). Hence, the combined table formed out of these
genotypes contains every k-mer present in any of these genotypes. That means that
the first pool (trait of interest) sets an “and” condition (include k-mers present in 1
and 2 ... and n, a.k.a. intersection) while the second pool sets an “or” condition
(include 31-mers present in 1 or 2 or … or n, a.k.a. union). Subsequently, k-mers that
are shared between the two tables are subtracted by the first table (a.k.a. difference).
The remaining k-mers are those that are present in every genotype with the trait of
interest, but in neither of the other genotypes. These k-mers are mapped to DM
version 4.04 potato reference genome (Hardigan et al. 2016). Subsequently, the
amount of k-mers per window of a defined interval (100kbp, 1Mbp etc.) is recorded.
Once plotted, this data exhibit k-mers volume peak in genomic regions putatively
linked with the trait of interest. Finally, conserved genomic regions that are covered
by multiple k-mers, such as exonic regions, are perfect candidates for developing
SNPs.
The workflow used in the present study is described by Prodhomme et al. (2019).
However, some changes have been made in the used programs, since faster tools have
been published. For the quality checking of the sequences, fastp tool (Chen et al. 2018)
was used instead of trimmomatic and fastqc. Moreover, for creating the k-mer tables,
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GenomeTester4 toolkit was replaced by KMC tools (Kokot et al. 2017), as the latter
seems to require significantly less time and RAM space. A detailed description of the
scripts used in each step can be found in Appendix.

Figure 2 Graphic representation of the CoSSA workflow

Nysto CoSSA
After creating the k-mer tables for each variety, the k-mer spectrum of each resistant
variety was plotted. The x-axis represents the k-mer frequency while the y-axis
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represents the k-mer volume. The k-mers only present once were filtered out. The
first observed peak of each variety, at position 2, represent sequencing errors. The
second observed peak of each histogram represents k-mers of simplex dosage. Since
the resistance is a dominant trait and was introduced from wild species, we expect
only one copy. Hence, we expect to find k-mers associated with the resistance at
simplex frequency for each resistant variety. After defining the simplex peaks in each
variety, a lower and a higher threshold should be determined. The lower cut-off filters
out error sequences while the higher excludes multiple copies of the same allele.
Festien had its simplex peak at frequency 5. Even though the rest of the varieties had
their simplex peaks at frequencies between 6 and 10, the intersection of all resistant
varieties kept the lowest frequency noticed amongst same k-mers. The cut-offs were
made after the subtraction of the S-bulk (union) from the R-bulk (intersection). The
interval was set between 3 and 12.
a.
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Figure 3 K-mer frequency of a. Each PVY resistant variety b. The intersection between all PVY resistant
varieties

GpaXItar CoSSA
PCR and restriction results of the diploid population RH18-063 were used to form two
bulks. 17 resistant and 41 susceptible genotypes were pooled. These two pools,
together with the R-parent and S-parent DNA solutions, were standardized according
to Whole Genome Sequencing specifications and sent to Hartwig Medical Foundation
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for sequencing. The data were obtained in .fastq format. Yield differed between the
4 samples, with resistant-parent having 8Gb more data that the resistant bulk. That
should be translated into greater sequencing depth.
Table 3 Information on the whole genome sequenced samples

Resistant-bulk
Susceptible-bulk
Susceptible-parent
Resistant-parent

The intersection between the resistant parent (PR) and the resistant bulk (BR) formed
the R-pool. From this pool, the union of the susceptible parent and the susceptible
bulk was subtracted. In this step, the k-mers were also filtered according to their
frequency in the resistant intersection. Since RH18-063 is a diploid population, the
second peak (after the sequencing errors) observed in the parental lines corresponds
to the heterozygous alleles. In the bulks however, alleles from the two parents are
mixed. The second peak represents loci where four different alleles are found. Those
k-mers have a frequency of approximately a quarter of the sequencing depth. The
resistant clones composing BR would have had always inherited the R allele from their
resistant parent. Hence, in BR the frequency of k-mers associated with resistance is
approximately half of the sequencing depth or double the frequency of the second
peak. Hence, the chosen threshold was set based on the doubled frequency of the BR
second peak. The BR heterozygous k-mer frequency was 6; thus, the cut-offs were set
at 8 and 1 6. Moreover, to increase the specificity of the obtained 31-mers, the union
of all the varieties used for the Rysto CoSSA was subtracted from the R-bulk. This
filtering was done because GpaXItar is not present in any commercial varieties.
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Original k-mer table graph of GpaXItar resistant varieties
70000000
60000000

# of k-mers

50000000
40000000
30000000
20000000
10000000
0
1

5

9

13

17

21

25

29

33

37

41

45

49

53

57

61

65

69

k-mer frequency

Resistant Bulk

Susceptible Bulk

Resistant Parent

Susceptible Parent

14

# of k-mers

b.

GpaXItar BR and PR intersection
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Figure 4 K-mer frequency of a. Bulks and parents b. The intersection between PCN resistant bulk and
parent (BR∩PR)

Results
Rysto mapping and SNPs validation
With CoSSA, 313,369 resistance specific k-mers (k=31) were found. These k-mers were
then mapped to 8848 intervals of 100kbp of the DM reference genome. On
chromosome 11, region 0.1Mbp-1.7Mbp was found to contain 60.7% of the total kmers count. In the 1.7-1.8Mbp region, no k-mers are present while the 1.8-1.9Mbp
interval contains a significant amount of k-mers but in average 10 times less than the
intervals located in the 0.1Mbp-1.7Mbp region. The rest 115,265 were spread
throughout the reference genome.

Chromosome 11,
Rysto specific k-mers in the 0-2Mbp region
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Figure 5 The distribution of PVY resistant specific k-mers on a. the whole reference genome b. the
first 2Mbp of chromosome 11 ( 100kb intervals, k=31).

15

Moreover, CoSSA validated three SNPs and one dinucleotide polymorphism used in
the paper of van Eck et al. (2014). Out of the seven SNPs used for validation in the said
paper, only 4 were also found in our analysis. PotVar0064044 (Chr11:398248) is a [T/C]
SNP, PotVar0064080 (Chr11:398597..398598) which exhibits a dinucleotide
polymorphism [TT/GA], PotVar0064400 (Chr11:786626) which is a [G/A] SNP, and
PotVar0064502 (Chr11:787571) that is a [C/T] SNP. All are located in scaffold DMB148.
Additionally, numerous SNPs were found in the 0.8-1.7Mbp region.
On chromosome 0, in the area between 20,700,000bp-21,000,000bp a quite large
peak could be observed. The scaffold PGSC0003DMB000000734 (DMB734) containing
this peak could potentially be linked to chromosome 11.

Figure 6 The distribution of PVY resistant specific k-mers on chromosome 0 (100kb intervals, k=31)

GpaXItar mapping and SNPs development

The total number of RH18-063 plants tested was 81. Marker FEN427 was the only one
exhibiting consistent results after
restriction. The resistant parent does
not have the restriction site on the
haplotype bearing the resistance,
while its other haplotype, as well as
the two haplotypes of the susceptible
parent, do have the restriction site.
Interestingly, as it is exhibited in figure
7, three were the possible outcomes
of the electrophoresis gel after
restriction. Three bands are shown
when the resistant parent has given
the haplotype bearing the R gene,
Figure 7 Electrophoresis gel exhibiting the three
while the S parent has given one of its
possible outcomes of FEN427 restriction. Well E10
two haplotypes that have the
contained no PCR product.
restriction site. Two bands are shown
when both the resistant and the susceptible parents have given susceptible
haplotypes. A third, not expected outcome was the single unrestricted band. That
would imply a homozygous resistant genotype, that is not possible based on the
parental lines. The expected segregation would be 1:1 between 3 bands and 2 bands
(R gene present in 50% of the population). The observed segregation was 1:2:1
16

between 3 bands (resistant), 2 bands (susceptible) and 1 band (unknown). These
results could be explained by a mutation on one of the haplotypes of the susceptible
parent. Specifically, the mutation should be located in one of the two primer
templates. In that way, one of the two primers cannot anneal properly, thus the
amplification of the targeted region is not completed. This explains why the two bands
have the expected frequency, since in 50% of the progeny the R-parent has given its
susceptible haplotype and will appear on gel. The observed 25% of three bands as well
as the 25% of one band can also be explained. The resistant haplotype is present in
each of these two cases. When the mutated susceptible haplotype is present, only the
undigested resistant band will appear, while three bands will appear when the second
haplotype of the susceptible parent is present.

Figure 8 Graphic representation of the marker assisted selection for GpaXItar resistance gene using
molecular marker FEN427.

The susceptible bulk was constituted by the genotypes showing two bands in the
electrophoresis gel, while the resistant bulk was formed by the genotypes showing
only one undigested band. That way, we will have the sequences of both the three
bands (resistant parent) and the one band (bulk) genotypes.
The four WGS obtained were studied performing CoSSA . In total, 838,742 resistance
specific 31-mers were found. In a similar manner to the procedure for Rysto, these kmers were mapped to 8848 intervals of 100kbp of the DM reference genome. The
results clearly show that the region containing the R gene is found on chromosome
11, between 700,000bp-6,100,000bp. This region contains 44.3% of the total 31-mers
count.
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Chromosome 11,
GpaXItar specific k-mers on the first 6,100,000bp
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Figure 9 The distribution of PCN resistant specific k-mers on a. the whole reference genome b. the
first 6.1Mbp of chromosome 11 ( 100kb intervals, k=31)

On chromosome 0, a similar peak to that of Rysto CoSSA was observed, in the area
between 20,700,000bp-21,000,000bp. Moreover, two additional peaks are shown,
each contained within a 100kb interval. The smaller one was located in the 24.424.5Mbp interval while the bigger one between 27.9-28Mbp.

Figure 10 The distribution of PVY resistant specific k-mers on chromosome 0 ( 100kb intervals, k=31)
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Crosses

Each genotype was planted in three replicates in the crossing greenhouse. Two of the
genotypes, Athlete and RH4x-029-2 were stunted and did not produce any flowers.
Athlete pollen collected in spring 2019 was stored in the -18oC and used for pollination
of the five genotypes that produced flowers. However, none of the 124 crosses led to
the formation of a berry. In total,208 crosses resulted in the formation of 34 berries.
Tivoli was the only genotype producing fertile pollen; therefore, it was the constant
male parent in all of the successful crosses. One berry was formed out of the two
crosses tried with Kuba as the female and Tivoli as the male parent. In the same
manner, Bzura formed three berries in five crosses, while Rudawa formed 20 berries
in 25 crosses, showing a high potency as a female parent. The same cannot be
concluded for Kuba and Bzura since the number of crosses is small. Additionally, 19
RH4x-036-11 flowers pollinated with Tivoli, resulted in 10 berries.
Table 4 Successful crosses made between the crossing greenhouse material

Female parent
Kuba
Bzura
RH4x-036-11
Rudawa

Male parent
Tivoli
Tivoli
Tivoli
Tivoli

Resistances combined
Sen1,3 and Rysto
Sen1,3 and Rysto
Rmc1fen and Rysto
Sen1, partially Sen3 and Rysto

Discussion
The aim in the start of this thesis was working towards breeding one or more ideal
haplotypes. The goals that could be achieved in a 6 months project were:
• Find the relative position of the genes
• Identify haplotype-specific SNPs to create Kompetitive Allele Specific PCR
(KASP) markers
• Bring valuable resistance genes in the same genotype.
The crossings were only partially successful, as Rpi-athlete and Rmc1hou weren’t
brought into the same genotype with other R-genes. Pollen fertility is a key factor for
the successful combination of R-genes. Varieties and populations that have infertile
pollen can only be used as females, limiting the potential crosses. Whenever possible,
it is preferable to use R-gene bearing genotypes that can serve both as female and
male in a breeding scheme.
The exact location of the R-genes is yet to be discovered. However, their relative
position can be estimated assuming their presence in nucleotide-binding site (NB) and
leucine-rich repeat (LRR) domain clusters (Jupe et al. 2012). The study highlights the
existence of three R-gene clusters in the first 6Mbp of chromosome 11 (Jupe et al.
2013). Novel studies suggest the location of some of our resistance genes of interest
in these clusters. Cluster C76 seems like the most probable position of Sen3, located
between 1,333,729 bp and 1,589,104 bp of chromosome 11, while Sen1 is more likely
to be found in cluster C77, which is located between 1,804,775bp and 1,849,454 of
chromosome 11 (Prodhomme et al. 2020). Rpiathlete, the late blight resistance gene, is
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positioned in the region 1,300,000-2,400,000bp (Dimitrova et al. unpublished). That
indicates the clusters C76 or C77 as the most probable positions of the gene.
A candidate region for the PVY resistance gene Rysto was successfully identified using
CoSSA. In this region, NB-LRR clusters of Jupe et. al (2013) are also co-localized. The
resistance specific region was found between 100,000bp and 1,900,000. Interestingly,
no k-mers were mapped to the region 1,700,000bp – 1,800,000bp which is located
between clusters C76 and C77. This result can be explained by a double recombination
in one of the resistant genotypes, that would exclude those k-mers from the resistance
intersection. Although we cannot reject such a hypothesis, it is more likely that this
region is absent in the S. stoloniferum genome. The amount of k-mers in all intervals
of the region 100,000 – 1,300,000 exceeded 9,000 hits. These were the only intervals
that contained more than 9,000 31-mers in the entire genome count. However, since
no resistance clusters are present in this region in DMv4.04, C76 could be considered
the most probable position of the Rysto. This analysis highlights the contained region
of 1.6Mbp in which the resistance gene is most likely located. The outcome aligns with
the previous studies by Brigneti et al. 1997 and van Eck et al. 2014, that map the Rysto
gene in the north arm of chromosome 11.
CoSSA showed that the potato cyst nematode resistance gene GpaXItar is located on
the first 6.1Mbp of chromosome 11 and more specifically in the region 0.7-6.1Mbp on
chromosome 11. There is no clear indication of the specific cluster in which GpaXItar is
located. Even though k-mer count has shifted towards the centromeric part of the
chromosome, compared to the Rysto CoSSA, the probability of GpaXItar being located
on cluster C76 cannot be excluded. A second peak is detected in the region 30.230.8Mbp of chromosome 11. This region contains over 14000 resistance specific kmers, which is quite unlikely to be a coincidence. This result could suggest a structural
variation between the reference genome DM 4.04 and S. stoloniferum from which the
resistance gene originates, or a sequence similarity between the two regions.
In both CoSSAs, a peak in the region 20.7-21Mbp on chromosome 0 was observed.
These k-mers belong to the unanchored superscaffold PGSC0003DMB000000734
(referred from now as DMB734). DMB734 was anchored by Prodhomme et al. (2019)
in between scaffolds DMB148 (0-1,439,383bp) and DMB505 (1,575,578-1,958,650bp)
on chromosome 11. Our results verify the anchoring made. Moreover, the CoSSA for
GpaXItar shows a peak in the 27.9-28Mbp interval of chromosome 0. This region holds
DMB956, a superscaffold that contains a homolog to Gpa2 resistance gene. Further
study could potentially anchor DMB956 in the first 6.1Mbp of chromosome 11.
Likewise, DMB850, mapped on chromosome 0 between 24,394,435bp and
24,479,161bp, contains more than 2000 specific k-mers. This superscaffold includes
some genes of unknown function. The peak is not present in CoSSA for Rysto. This
indicates that the superscaffold is not part of the first 2Mbp of chromosome 11, but it
could be located somewhere in the first 6.1Mbp where most of the peaks are located.
Additional study is required in order to specify the position of DMB850.
Both analyses were made using the reference genome DM 4.04. The mapped
resistance specific k-mers originate from the potato wild relatives S. stoloniferum and
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S. tarijense. Therefore, structural rearrangements can be expected between their
genomes, as it is between species of the Solanaceae family (Peters et al. 2012). Thus,
k-mers might be located in different positions in the wild relatives than what is found
using DM. The physical position of the genes can only be a speculation which should
be taken with caution.

Conclusion
As the next step for both resistance genes mapped using CoSSA, KASP markers should
be developed based on the SNPs discovered by this study. In order to bring two
resistance genes in cis configuration, dihaploids can be produced. The dihaploids will
be screened for the presence of both resistance genes using KASP markers. Dihaploids
bearing the R-genes will then be crossed with a diploid susceptible line to create a
segregating population. Offspring of this cross that contain both R-genes can only have
them in cis-configuration. In case three resistance genes are contained in a tetraploid
genotype, it is possible to bring two of these R-genes in cis-configuration without the
development of dihaploids. A cross between the resistant genotype and a susceptible
tetraploid should be performed. Progenies screened with KASP markers for containing
all three resistance genes, will have two of them in cis configuration. Then the
procedure described above for the development of dihaploids could potentially bring
all three R-genes in cis-configuration.
By phenotyping a F1 population segregating for a resistance, the possible position of
the genes could be narrowed down. This can be facilitated by KASP markers around
the region of the R-gene. The recombination frequency is expected to be low, so a
large number of offspring should be assessed. Moreover, KASP markers can be
developed for the peak regions on chromosome 0 of the GpaXItar bearing plants. By
checking these markers in a segregating F1 population, the superscaffolds could be
anchored on chromosome 11.
A Rmc1fen bearing population has already been sent for a phenotyping assay. With the
acquired data, a CoSSA similar to the one for GpaXItar will be held in order to determine
its relative position and develop haplotype-specific markers. Considering the
information gathered so far, it seems that the creation of a haplotype bearing all 6 Rgenes might be an arduous task. In case Rpi-athlete and Rysto are located between
Sen1 and Sen3, the crosses made so far will require a double recombination every time
in order to bring all genes in cis configuration. While breeding for an ideotype is the
ultimate goal, it should be kept in mind that the parent contributing the resistances in
the final step of the Fix-Res project will have 2n gametes. Therefore, the resistance
genes could also be present in trans configuration, in two out of the four haplotypes.
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Appendix
Tissue culture
True potato seeds of the RH18-063 population (RH13-462-11 x RH10-342-16) were
taken out of the fridge where they were stored for the past year. 180 seeds were put
in an ethanol 80% solution
for 30 seconds. Then the
seeds were immersed in a
hypochlorite ~1% solution
for
10
minutes. The
solution contained 4.2ml
of hypochlorite 12%,
~45ml tap water and a bit
of soap in order to break
the seed surface tension.
Figure 11 Pedigree of the GpaXItar bearing diploid population
Both solutions were used
in order to make sure that the used material is disinfected. Afterwards, the seeds were
rinsed 4 times with deionized water and put in a petri-dish on blotting paper. Six
containers with MS30 plant growth medium were used to sow the seeds. In each one,
30 seeds were spread in 5 columns and 6 rows. The containers were then placed in a
climate control room, with 16 hours of light per day and temperature of 24oC.
Three weeks later, 3ml of sterilized water were added in each container. This way the
osmotic pressure on the seed surface, caused by the high content of sugars in the
MS30, could be lowered. Thus, a higher amount of germinated seeds could be
achieved. Germinated seeds were then transferred in bigger containers with MS20,
while non-germinated seeds were placed in petri-dishes, containing half MS10, a
filtering paper and 2ml sterilized water. Germinated seeds were transferred from the
petri-dishes to bigger containers with MS20.

Genomic DNA extraction protocol
1. When the seedlings have reached the stage of 4 true leaves, the top two nodes
were cut and transferred to a new medium (MS20). The bottom part was
placed in a microcentrifuge tube of 2ml, along with 2 tungsten carbide beads,
and the tube was immediately stored in liquid nitrogen. When all the leaf
material was acquired, the tubes were stored in the -80oC freezer.
2. New CTAB 2% buffer was prepared every time before grinding. For each batch
of 24 tubes, 22.5ml of buffer was prepared. This volume is enough for 30
samples (750μl per sample).
Sodiumdisulfite
0.1125g
PVP-40
0.45g
Extraction buffer 9.375ml
Lysis buffer
9.375ml
Sarcosyl
3.75ml
When prepared, the CTAB 2% buffer should be pre-warmed in 65oC for 30
minutes.
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3. Tubes were taken the -80oC freezer and placed in liquid nitrogen. Then, using
the TissueLyser II™ machine, the material was grinded. Once finished, the
tubes were immediately placed once again in liquid nitrogen, to prevent
thawing.
4. After grinding, 500 µl pre-warmed 2% CTAB buffer was added. The samples
were then vortexed briefly and incubated for 10 minutes at 65°C to disrupt
membranes.
5. Vortex thoroughly. Tissue/buffer mixture was emulsified with 500 µl
chloroform:isoamylalcohol (24:1) to separate protein from DNA and then
spinned in microcentrifuge for 5 min, 13000rpm at room temperature.
6. Top phase was transferred to fresh micro tube (600 µl)
7. 500µl of isopropanol were added to precipitate DNA. The tubes were shaken
carefully for 1 minute (manually, no centrifuge) and then the supernatant was
carefully removed. DNA pellet was visible at the bottom of the tube.
8. 500 µl wash buffer (70% EtoH) was added. Tubes were spinned for 5 min at
13000rpm, then supernatant was discarded.
9. Tubes were once again spinned briefly and the remaining liquid phase was
pippeted out.
10. Pellet was dried in 37oC for 30 minutes.
11. Finally, pellet was resuspended with 50μl of (10 mM Tris/1 mM EDTA) + RNase.

Primers
Table 5 Designed primers for the selection of cyst nematode resistant genotypes. The name of the
primers refers to the marker they target

Primer name
CP58_F
CP58_R
P21M48_302_F
P21M48_302_R
GP259_4_F
GP259_4_R
FEN427_F
FEN427_R
GP163_F
GP163_R
GP320_F
GP320_R

Sequence in 5' to 3' order

Starting position in bp Amplicon
size
CAACTTGAAACTGCTGCCGG
813723
962
CATACTTGCTGCACACTCCG
814685
AGAATTGTCATCGCCGTTGT
1179754
370
GCGTGCACCTCAACTAATTTT
1180124
TGCAGGTCTTTTATCCCCTTCT
2805244
336
GCACTGGCACACGAAACTAA
2805580
GTGCCGGAAGCTAGAGACTC
3710718
338
ACGCATGCAGGGAAATTCAA
3711056
ACATTGGAGGAGATCGATGCC
3822175
356
CTATCTCAGAGCGCCTTGGG
3822531
TGTTCAATTCTTAGTTGAGACTGCA
8699790
280
TCATTGCAGTGCCCCTTAGC
8700070
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PCR protocol
In each well of the 96-well PCR plate, add 0.18μl of nucleoside triphosphate (dNTP),
1.5μl 10x restriction buffer, 0.4μl of the forward primer,0.4μl of the reverse primer,
0.03μl restriction endonuclease (10U/μl), 2μl of DNA(25ng/μl) and Milli-Q® water to
reach 15μl per well. Preferably, the solution -without the DNA- can be prepared in a
2ml microcentrifuge tube. Then in each well, 13μl of solution and 2μl of DNA are
loaded. Afterwards, the PCR plate will be sealed, and the plate is transferred into
SimpliAmp™ Thermal Cycler. The thermal program was:
94oC

94oC

ToC

72oC

72oC

10oC

4 minutes

30 seconds

30 seconds

1 minute

10 minutes

hold/ ∞

x35
Where T= selected annealing temperature for each set of primers.
Table 6 Molecular markers used and their annealing temperature

Name of marker
CP58
P21M48_302
GP259
FEN427
GP163
GP320

Primers’ annealing temperature
57oC
54oC
55oC
55oC
55oC
57oC

Markers FEN427, GP163, P21M48_302 and GP259 required an extra step, since the
polymorphism is shown after restriction with the suitable enzyme. FEN427 and
P21M48_302 were treated with MboII, GP163 with FokI and GP259 with AluI.
For every restriction, the thermal program was:

65oC

10oC

2 hours

hold/ ∞

PVY CoSSA
For each variety, there were 8 .fastq files, of which four contained forward reads and
four reverse reads. As the first step of the CoSSA, the LP_cat_library.sh script was used
to concatenate the reads into two files, the forward (read1) and the reverse (read2).
These two files contained all the reads produced by sequencing. As a second step,
using the script LP_trim_and_tables that calls fastp, reads with low complexity1 in a
sliding window of 70bp, were rejected. Then reads were trimmed, hence bases of low
1

The complexity is defined as the percentage of base that is different from its next base.
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read quality were dropped. In this step, the quality of the reads could be checked in
the quality report produced for each variety. Moreover, the same script, calling KMC
tools, produced tables of 31-mers, combining the forward and the reverse reads,
creating a single file for each line.
Using the LP_orig_kmers_hist script, a histogram for each 31mers table is produced.
In order to produce the
processed tables of
these
two
pools,
LP_Union_Intersection
script had to be used
together with S_Union
or R_Intersection .txt
files accordingly. In
both cases two files
with different extensions are produced,
.pre and .suf. In the
first case, the files
contain the union
between
the
15
susceptible varieties,
which means that it
Figure 12 Process followed by the fastp program. Fastq files are
contains
all
the
inserted to get cleaned sequences as well as two report files
different
31-mers
present in the 31-mers
tables of the susceptible varieties produced in the second step of the analysis. In the
second case, the files contain the intersection of the six resistant varieties, which
means that only the 31-mers that are present in all six original tables are included.
The script LP_Rbulk_subtract_Sbulk used in the fourth step, produces two files of the
said extensions, containing the 31-mers that are present in the R_Intersection but not
in the S_Union. So, only the 31-mers present in every resistant genotype but in neither
of the susceptible genotypes are kept. In the same script, the k-mers present less than
3 and more than 12 times are filtered out.
As the fifth step, the two files containing the R-specific 31mers are transformed into
one file with .dump extension (readable format). The cut-offs are determined based
on the histogram made using the R_Intersection k-mers.
The .dump file is then mapped to the DM reference genome (DM v.4.04 by
http://solanaceae.plantbiology.msu.edu), producing a .bam file. For this sixth step,
LP_dumb_and_bam script is used. For the last step, the .bam file created as well as
the LP_count_kmers_windows script are used to produce a text file which contains
the 31-mers counts in each chromosome, in 100kbp intervals.
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