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Abstract

The potato wart disease is caused by Synchytrium endobioticum. The pathogen is a biotrophic fungus
that causes severe damage to the potato tuber. From this pathogen more than 40 pathotypes are
identified. One of the most common pathotypes is S. endobioticum pathotype 1. A resistance gene
against this pathotype 1 was found in potato on the long arm of chromosome 11, this resistance gene
is Sen1. The exact physical position of Sen1 on the potato genome is currently unknown. Further fine
mapping is still needed to find Sen1. In this thesis, the fine mapping of Sen1 was done and the number
of TIR-NB-LRR (TNL) candidates were reduced that can be Sen1.
In this study, RNAi lines of potato cultivar Kuras and Desiree were used, whereby several TNL clusters
were silenced. With agroinfiltration assays with AvrSen1 it was observed that in a number of RNAi lines
the HR responses in the leaves were reduced. This result verified that Sen1 is a TNL. 10 TNL candidate
genes were selected and further analysed, in order to see which TNL was Sen1. To reduce the list of
candidates, the following experiments were performed: the relative gene expression levels of the 10
TNLs were measured in the RNAi lines, an alignment of these TNLs was done to the sequence of the
RNAi construct, phylogenetic analyses were done of the TNLs, RNA-seq data of Desiree were mapped
to the TNLs and Kompetitive Allele Specific PCR (KASP)-assays were performed on a number of TNLs.
Results of the KASP-assays of 13 recombinants (Aventra x Desiree) showed that four KASP-markers
containing TNL candidates: TNLs 124, 250, 1522 and 2783, were not located in the same region as Sen1.
Fortunately, the preliminary result of KASP-marker scaffold1193_p5477, showed that this scaffold
1193 containing the TNL 1193 was located in the same region as Sen1.
A side-project of this thesis was to develop a new method for quantification of the HR responses in
infiltrated leaves by digital analyses. Images were taken with the Molecular Imager® System of BioRad® and a red fluorescent protein (RFP) filter. It was not yet possible to observe reductions in HR
responses in RNAi lines that were found by visual scoring. For this digital analyses method, a leaf effect
was observed that influences the quantification of the HR responses. In the younger leaves, a stronger
HR response to AvrSen1 was seen than in the older leaves. In this thesis for the digital analyses of HR
responses, recommendations are given for improvement of the experimental set-up and for changes
in the statistical model. This is expected to improve the sensitivity of this new method for
quantification of the HR responses in plants.
Combining the results of the experiments suggests that the best candidate for Sen1 is TNL 1193. This
study contributes to the further cloning of Sen1. Also, a potential new method for quantification of the
HR responses in plants by digital analyses is tested, revealing that further optimization of this method
is necessary.
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Background

Plant defense mechanism against pathogens
Plant pathogens can cause severe damage to the plant. To prevent or reduce this damage, plants have
an innate immune system which recognizes Pathogen Associated Molecular Patterns (PAMPs) and
pathogen effectors (Y. Zhang et al., 2016). At the plant cell surface plasma membrane, Pattern
Recognition Receptors (PRRs) recognize PAMPs. When this occurs, a cascade of defense compounds
are synthesized inside the plant. These compounds lead to a level of plant resistance against the
pathogen. The PRRs defense is mostly a non-race specific resistance in plants. Still, race-specific
resistance occurs when effectors of the pathogen are recognized by a plants resistance (R gene).
Effectors are transcribed by the pathogen avirulence (Avr) gene, recognition by the R gene of the plant
leads to a hypersensitive response (HR). This is a programmed cell death of infected plant cells to
contain the infection. The HR reaction gives resistance to the plant, this process is called Effector
Triggered Immunity (ETI). Typically, R genes consist of a leucine rich repeat (LRR), Apaf-1/2 proteins
(ARC1/ARC2), a nucleotide-binding site (NB) and either a coiled-coil (CC) or Toll/Interleukin-1 receptor
(TIR) domain, which is called a CC-NB-LRR (CNL) or a TIR-NB-LRR (TNL) (Y. Zhang et al., 2016) Figure 1).
When there is no pathogen effector present, the NB-ARC closes the formation between the CC/TIR and
the LRR domain (Sekhwal et al., 2015). When an effector is recognized by the NB-LRR domains, the
CC- or TIR domain recruits cellular components to activate signalling components downstream for
plant defense.

Figure 1 Representation of a NB-LRR TNL or CNL consisting of five domains. Original image was modified of (Sekhwal et al.,
2015)

The tetraploid potato genome is around 844 Mb large and consist of approximately 0,9% NB-LRRs (Jupe
et al., 2013). Approximately, 750 NB-LRR genes were discovered in the potato. Of these 750 NB-LRR
genes around 132 are TNLs and 361 are CNLs (Seo et al., 2016). These R genes contain protein motifs
of the 5 domains (TIR/CC, NB, ARC1, ARC2 and LRR). For plant breeders, it is essential to discover and
develop molecular markers on R genes. In this thesis, a focus is set on the R gene Sen1 in potato against
pathogen Synchytrium endobioticum pathotype 1.
Yield loss of potatoes trough pathogen Synchytrium endobioticum
Potato is the most cultivated non-wheat food crop worldwide (H. Zhang et al., 2017). In 2016, 377
million tonnes of potatoes were produced worldwide (FAO, 2016). This amount of potatoes is
somewhat lower than the highest wheat crops, that had an annual production over 700 million tonnes.
Potato production is limited by potato pathogens that cause severe damage to the plants. Annually,
around 40% of the potato production is lost due to pathogens. In the first half of the twentieth century,
S. endobioticum was one of the major pathogens in potatoes that severely impacted the potato
production (Oerke, 2006). At that time, when S. endobioticum was present this could reduce the yield
of potato tubers on the arable land by 50-100% (Obidiegwu et al., 2014). One of the difficulties with
8

this pathogen is that it produces long-lasting resting spores. These spores that can be infectious for
more than 40 years (Przetakiewicz, 2015). At this moment, no chemical agents are found that are
effective against S. endobioticum, without having a considerable toxic effect on the environment
(Obidiegwu et al., 2014; OEPP/EPPO, 1982).
Phenotyping screening methods to asses resistance to S. endobioticum
The Spieckermann and Kothoff (1924) method and the Glynne-Lemmerzahl method (1925) were
developed to assess the resistance level of different potato cultivars (Obidiegwu et al., 2014). For
resistance screening with the Spieckermann method, potato tubers are put on compost with resting S.
endobioticum winter sporangia. After an incubation period, the tubers are scored for level of resistance
against the pathogen. The Glynne–Lemmerzahl method uses fresh potato wart tissues (summer
sporangia). Summer sporangia are applied to potato sprouts or tubers. After an incubation period
these tissues are assessed for resistance to the pathogen.
Quarantine status of S. endobioticum
In 1982, the European and Mediterranean Plant Protection Organization (EPPO) started to protect
potato cultivation by restricting trade of infected potatoes with S. endobioticum and they gave S.
endobioticum a A2 quarantine status (OEPP/EPPO, 1982). In the end of the twentieth century, breeders
found a variety of old potato cultivars to be resistant to the most prevalent S. endobioticum pathotype
1. With conventional breeding programs, this resistance was introduced into the commercial potato
cultivars. From that time on, when new S. endobioticum pathotypes were discovered, subsequently,
resistant potato cultivars were crossed in the germplasm of commercial cultivars when found. In
Europe, resistance for one of the most frequent S. endobioticum pathotype 1 was crossed into most
potato cultivars (Obidiegwu et al., 2014).
Prevalence of S. endobioticum and host-pathogen interaction with potato
S. endobioticum is a soil-borne biotrophic fungus that belongs to the order of Chytridiales in the phylum
of Chytridiomycota (Obidiegwu et al., 2014). The general host of the pathogen is potato, but other
solanaceous species can be infected as well such as: Nicotiana, Nicandria, Physalis, Schizanthus,
Lycium, Hyoscyamus and Capsicastrum. Worldwide, more than 40 pathotypes of S.endobioticum are
found in a variety of continents: Europe, Asia, Australia, North America and Latin America (Busse et
al., 2017; Obidiegwu et al., 2014). In Europe, the most frequent pathotypes are S. endobioticum
pathotypes 1, 2, 6 and 18. Because S. endobioticum is widely spread, monitoring the quarantine
organism is essential to keep the prevalence of the pathogen under control. S. endobioticum causes
the potato wart disease, it forms sporangia that produce hundreds of small motile zoospores 35-80
µm in diameter that can infect potato cells. One of the main characteristics of S. endobioticum are
nutrient tumor structures (warts) that are made inside potato tissues. These feeding structures are
essential for the development and proliferation of the fungus inside the host. In the summer,
development of sporangia leads to additional secondary zoospore infections. In the winter, resting
sporangia are created inside the wart structures. These resting spores are released from the warts to
the soil. The survival of the resting sporangia in the ground can be more than 40 years (Przetakiewicz,
2015). Sporangium walls contain a high amount of wax esters and fatty acids that protect the spores
and increase their longevity. When in the following season the plant host is cultivated again, the
infection of the land increases when the resting spores release hundreds of zoospores that will infect
the new potato tubers (Lange & Olson, 1978). The long-resting spores and the severity of the
9

symptoms to the potato tubers are the main reasons why cultivation of potatoes is strictly forbidden
on land that contains S. endobioticum.
Molecular markers that are identified for Sen1
Resistance to S. endobioticum pathotype 1 in potato was found to be syntenic with the tobacco N-gene
for resistance to tobacco mosaic virus (TMV) (Hehl et al., 1999). Two homologous N-gene like markers
NI25 and NI27 for potato were found to be linked to the resistance to S. endobioticum on the distal
region of the long arm of chromosome 11 of potato, this R gene was named Sen1. Years later, four
additional molecular markers: At5g16710, GP125, GP259 and Y-1, were found to be linked to Sen1 at
chromosome 11 in potato (Ballvora et al., 2011; Obidiegwu et al., 2015; Vidal et al., 2002). This was
the beginning of the fine mapping of Sen1.

Introduction to the project

Silencing of TNL clusters on chromosome 11 of potato
Now, it is known that the resistance gene Sen1 is located somewhere between 1,308,927 - 1,666,351
bp on chromosome 11 of potato Phureja DM (personal communication with Charlotte Prodhomme).
This region does not contain CNLs, only TNL clusters are found to be located here. Therefore, it was
thought that the R gene can be a TNL or another resistance gene. Based on this information, it was
investigated which TNL clusters are located in this region on chromosome 11. Two TNL clusters, C49
and C51 of potato DM, were selected for RNAi silencing (Jupe et al., 2012) (Appendix Table 1).
The RNAi construct was transformed into two resistant potato cultivars (cv.), cv. Desiree and cv. Kuras
, to create a number of RNAi lines. When Sen1 is silenced in RNAi lines, results of the agroinfiltration
assays will show a reduced HR response to AvrSen1 compared to the wild-type (WT). If Sen1 is not
silenced, no reduction in HR response will be found in infiltrated leaves for these RNAi lines. Before my
thesis, several RNAi lines were tested and a reduced HR response was found in some of the infiltrated
leaves when exposed to AvrSen1, this result can mean that Sen1 is a TNL belonging to the silenced
family. In this thesis, it is further verified if Sen1 is a TNL.
The plant mediated RNAi strategy, has been successfully applied multiple times to target and silence
one specific gene (Ferreira et al., 2017; Nallamilli et al., 2013; Sun et al., 2016; Wang et al., 2018). In
this study, multiple TNL genes were targeted at once, the efficiency of this approach is not yet known.
It was expected though, that the transcript levels of some of the targeted TNLs would be reduced more
than those of other TNLs. Another uncertainty was, that elevated temperature and humidity can affect
the HR response of the plant during the experimental period. High temperature and humidity could
negatively influence the HR response, which makes it more difficult to find differences in HR response
between potato lines (Etalo et al., 2013; Y. Zhu et al. , 2010) . Therefore, for the agroinfiltration assays
AvrSen1 was inoculated in the leaves with an broad OD600 range, varying from 0.3-0.01. This should
prevent a too high HR response, or an undetectably low HR response in infiltrated leaf panels.
Agroinfiltration assays: visual scoring and digital analyses of the HR response in RNAi lines
A side-project in this thesis was to see if a new method of quantification of the HR response in the
RNAi lines is possible. Generally the HR response in infiltrated leaf panels are scored visually following
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the protocol of Du et al., 2014. Yet, mistakes can occur with this scoring by visual observation. Jim
Renema found out that HR responses in leaves are clearly visible on pictures when using the red
fluorescent protein (RFP) filter of the Molecular Imager® System (Bio-Rad). In this thesis, a new method
for possible quantification of the HR response in infiltrated leaves was tested. Different concentrations
of AvrSen1 optical density (OD600) 0.3, 0.1, 0.03 and 0.01 were inoculated in potato leaves to measure
a possible quantification of the HR response. Expectations are that the digital analyses is a more
sensitive method than the standard visual scoring method.
Bulk segregant analyses and selection of 10 TNL candidates in potato
Before my thesis, a bulk segregant analyses (BSA) was done from two segregating populations potato
cultivars Aventra x Desiree and Aventra x Kuras. From these populations DNA was extracted of
individuals that contain Sen1 and from individuals that did not contain Sen1. After whole-shotgun
sequencing two bulks of data were obtained, the resistance bulk (R-bulk) and the susceptible bulk (Sbulk) data. The DNA reads of the two bulks were further divided in k-mers of 31 nucleotides long. With
bioinformatics tools k-mers that were only present in the R-bulk were mapped to the reference
genome. After that, with a de novo assembly of the R-bulk, a selection of 10 candidate TNLs were
identified by Charlotte Prodhomme: TNL 62, 124, 141, 250, 402, 417, 489, 997, 1193 and 2783. These
10 TNL candidates had all the TNL motifs as described in the research article of Jupe et al. 2012. The
TNLs were located on separate scaffolds. Inside a scaffold, the corresponding TNL is present. For
example, this means that on scaffold 1193 the coding sequence of TNL 1193 is found. In this thesis,
these 10 TNL candidates were used for gene expression analyses, alignment to the RNAi construct,
phylogenetic analyses, RNA-seq analyses and Kompetitive Allele Specific PCR (KASP) assays.
Fine mapping of Sen1 with KASP-markers
KASP genotyping assays can be used for fine-mapping of a target gene when sequence data of the
desired region is available (Semagn et al., 2014; Yi et al., 2017). With the KASP-assays it was possible
to bi-allelic score single nucleotide polymorphisms (SNPs) in potato. Before my thesis, a variety of
KASP-markers were developed and tested on a population of 89 recombinants. A selection of the
KASP-markers were found that segregate with Sen1. It was concluded that the location of the Sen1
locus is on chromosome 11, between flanking marker A and flanking marker B of the potato Phureja
DM genome (Appendix Table 2). Somewhere in this gap of 357,424 bp is Sen1 located. In this study, it
was chosen to design new KASP markers on de novo assemblies of genomic data of resistant potato
cultivars, this to further reduce the window were Sen1 is located.
For a tetraploid potato the possible molecular KASP-marker dosages vary from zero to four. The dosage
of the marker depends on the number of copies of the parent allele that was carried by the individual.
Most R genes in potato have a complete dominance over the other alleles. Most resistant potato
cultivars have one copy of the R gene. With the results of the BSA of Aventra x Desiree, it was found
out that one copy of Sen1 was present in Desiree. The ratio of Sen1 in the F1 population was 3:1
(susceptible: resistant). Therefore, in this thesis, KASP-markers were designed as much as possible on
genomic regions were a segregation ratio of 3:1 was seen.
In this thesis, for the KASP-assays 13 recombinants of the Aventra x Desiree offspring gave sufficient
genetic information about the location of the KASP-marker on chromosome 11. The number of
recombination events in the recombinant population will show how far the KASP-marker was located
from the Sen1 locus on chromosome 11.
11

Research question
The aim of this project is the fine mapping of Sen1 on chromosome 11 of potato that gives resistance
against S. endobioticum pathotype 1.
For the fine mapping, the following research questions have to be answered:
• Which impact does the silencing of the TNL clusters have on the HR response in potato leaves?
• Is the R gene Sen1 a TNL, or is another gene causing the resistance against S. endobioticum
pathotype 1 in potato?
• Is it possible reduce the list of 10 TNL candidates?
Further, it is investigated if the HR response can be quantified by a new method of digital analyses.

Material and methods

Agroinfiltration of RNAi potato lines with AvrSen1
Transplants of in vitro RNAi potato cv. Kuras and Desiree lines were transferred to the greenhouse and
grown for three weeks. Agroinfiltration assays were performed following the protocol of Du et al.,
2014. Two days after agroinfiltration with AvrSen1, infiltrated leaves of RNAi lines were scored on the
intensity of the HR response (Figure 2). For visual scoring of the HR response in infiltrated leaves, values
varied from: 0, 0.2, 0.5, 1, 1.5 to 2; a value of 0 means that there was no HR response on the inoculation
spot and a value of 2 representing a strong HR response. The images for digital analyses were taken
with the Molecular Imager® Gel Doc™ XR System (Bio-Rad®) with a red fluorescent protein (RFP) filter.
The exposure time of the system was set on 6 seconds. Digital analyses were done with the software
Image J v1.38e program. With the program, for every inoculation spot, the mean grey values was
calculated, this is the intensity of the HR response. The higher the grey mean values, the stronger the
HR response was on that specific inoculation spot.
A

B

Avr3B/R3b OD 0.3
positive control

R3b OD 0.3
negative control

Avr3B/R3b OD 0.3
positive control

AvrSen1OD 0.3

AvrSen1 OD 0.1

AvrSen1 OD 0.3

AvrSen1OD 0.03

AvrSen1 OD 0.01

AvrSen1 OD 0.03

R3b OD 0.3
negative control

AvrSen1 OD 0.1

AvrSen1 OD 0.01

Figure 2 Set-up for scoring of infiltrated leaf panels with different concentrations of AvrSen1 OD 0.3, 0.1, 0.03 and 0.01.
Comparison of scoring of the HR response of the Kuras wild-type with visual scoring and digital scoring. A= visual scoring of
the HR response in the infiltrated leaves and B= digital scoring of the HR response in the infiltrated leaves. The positive
control Avr3B/R3b and the negative control R3b were used with an OD of 0.3.
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Statistics for visual- and digital scoring
In total, five RNAi lines: AI-124-1, 2, 3, 5 and 10, and eight Desiree RNAi lines: A124-3, 6, 12, 19, 20, 24,
28 and 29 were analysed. Analyses of variance (ANOVA) with a post-hoc Tukey HSD test were
performed between the RNAi potato plants and the wild-type to see if there was a significant reduction
in HR responses (p value < 0.05). For each RNAi line, AvrSen1 HR reaction with different OD600(OD)
concentrations (0.3, 0.1, 0.03 and 0.01), were tested for a plant- and leaf effect with a ANOVA (p-value
<0,05). The statistical analyses were performed using the software R version 3.1.3.
Alignment of RNAi construct to the 10 candidate TNLs
The TNL coding sequences were used for BLASTn alignment against the sequence of the RNAi
construct. The 10 coding sequences for TNLs: 62, 124, 141, 250, 402, 417, 489, 997, 1193 and 2783
were found by Charlotte Prodhomme, unpublished work (Supplementary material file 1:
codingsequences10TNL.fasta)
Relative gene expression of the 10 TNLs in RNAi potato lines
For gene expression experiments, five RNAi Kuras lines and eight RNAi Desiree lines were used. Young
leaves of these RNAi lines were collected and frozen in liquid nitrogen before being stored at -80 ⁰C.
RNA was extracted with the QIAGEN RNeasy Plant Mini Kit. The purity and concentration of the RNA
was checked using a NanoDrop ND-1000 spectrophotometer. 1 µg of RNA was used for making of cDNA
following the iScript™ cDNA Synthesis Kit of Bio-Rad®.
For the 10 TNL candidates: 62, 124, 141 250, 402, 417, 489, 997, 1193 and 2783, real-time PCR primers
were designed with NCBI Primer BLAST and Primer3 (version 0.4.0) (Appendix Table 3). The Real-time
PCR was performed with a CFX96 Touch™ Real-Time PCR Detection System Bio-Rad®. The real-time
PCR mix consisted of 1 µl cDNA and 300 nM of each gene specific primer, combined with Power SYBR
Green PCR Master Mix reagent (Bio-Rad®) in a total volume of 20 µl. For real-time PCR the following
thermal cycle program was used 95 °C for 3 min, 40 cycles of 95 °C 30 sec, 60 °C 30 sec, 72 °C 90 sec
and a final step 72°C of 10 min. For every PCR run, the elongation factor Elf1a was used as an
endogenous reference gene. The 2-∆∆CT method was applied to obtain relative gene expression data
of the TNLs (Pfaffl, 2001).
Phylogenetic analyses of the 10 TNLs
Amino acid sequences of the 10 TNLs were aligned with ClustalW2 (Larkin et al., 2007). The entire
coding amino acid sequence was used for phylogenetic analyses of the TNLs and the conservative NBSdomain of the TNLs (Seo et al., 2016) (Supplementary material file 2, 3: aminoacids10TNL.fasta and
NBSdomain.fasta). With the obtained alignments two phylogenetic trees were obtained applying the
Neighbour-Joining method using MEGA7 (Kumar et al., 2016). With the software MEGA7, evolutionary
distances were calculated with JTT based matrix method and 1000 sampling repeat-bootstrapping test.
RNA-seq data of Desiree mapped to the 10 TNLs
Desiree’s RNA-seq data were mapped to the mRNA sequence of 10 TNLs using the software package
of STAR (Dobin et al., 2013), by Charlotte Prodhomme, unpublished work.
Genotyping of potato recombinants with KASP-assays
Genomic DNA leaf tissue of 13 potato recombinants: rec-1031, rec-514, rec-821, rec-557, rec-613, rec1086, rec-789, rec-1009, rec-147, rec-590, rec-539, rec-25 and rec-32, was isolated following a
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standard CTAB protocol. The recombinants were screened with KASP-assays for the presence or
absence of KASP primers. The KASP-markers that were developed had either a FAM-tail (5’
GAAGGTGACCAGTTCATGCT 3’) or a HEX-tail (5’ GAAGGTCGGAGTCAACGGATT 3’) at the beginning of
the primer, this to identify which single nucleotide polymorphisms (SNP) was present in the
recombinant (Appendix Table 4). The SNPs of the KASP-markers were located at the end of the primer,
at the 3’ site.
The KASP-assay consisted of 1 µl DNA and 100 nM of each specific primer, combined with KASP- Master
Mix reagent (Bio-Rad®) in a total volume of 10 µl. For the KASP-assay, the following thermal cycle
program was used 94 °C for 15 min, 10 cycles of 94 °C 20 sec, 61 °C 1 min with a temperature decrement
of -0.6 °C per cycle; after that 25 cycles were done of 94 °C 20 sec, 55 °C 1 min and a final step at 37°C
of 1 min. For the KASP-assays, we chose to do an additional 10 cycles on 94 °C 20 sec and 55 °C for 1
min to obtain higher relative fluorescence units (RFU) values to improve the clustering. For every
recombinant in the KASP-assay, the FAM/HEX ratio was calculated to curate manually the clustering if
necessary. The 13 recombinants of the Aventra x Desiree population were scored for the absence or
presence of the KASP-marker by their FAM/HEX ratio.

Results

Visual- and digital image scoring of RNAi plants inoculated with AvrSen1
For every OD concentration of AvrSen1, HR responses in infiltrated leaves were observed and could be
measured visually or digitally, this in spite of the high temperature and humidity in the summer time.
The positive control, combination Avr3b and R3b, led to a strong HR response in infiltrated leaf panels
as expected. With the negative control R3b, the damage caused by inoculation was seen by eye on
infiltrated leaves, this damage was scored as a disease score of 0 with visual scoring. These damaged
spots, were also detected with digital analyses and gave values varying from 2.6k-7.6k (Figure 3, Figure
5). For digital analyses of the HR response, this was an undesired background effect. However, this
background noise was not visible when AvrSen1 caused an HR response in the plant. It was therefore
arbitrary chosen to not subtract the background values caused by inoculation from the obtained values
of the HR responses.
In this thesis, five RNAi Kuras lines, AI-124-1, 2, 3, 5 and 7 were analysed and eight RNAi Desiree lines
were analysed, A124-3, 6, 12, 19, 20, 24, 28 and 29. With visual scoring, three of the five lines RNAi
lines of Kuras showed differences in HR responses compared to the WT. With AvrSen1 OD 0.03-0.01, a
significant decrease in HR response was found for RNAi lines AI-124 1, 2 and 3 compared to the WT
(ANOVA-TukeyLSD, p-value <0.05) (Figure 4A and B). In contrast, with higher concentrations of AvrSen1
OD 0.3-0.1, no significant reduction in HR-response was measured for any of these five RNAi lines
(Appendix Fig. 1A and B). With AvrSen1 OD 0.3-0.1, the HR-responses in the infiltrated leaves of were
all high scoring values, around 1.5.
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A

L1

C

L2

L3

B

L1

L1

L2

L3

D

L2

L3

L1

L2

L3

Figure 3 Comparison of scoring of the HR response on three leaves (L1, L2 and L3). Kuras WT is seen on the left (A= visual scoring, B=
digital analyses). RNAi Kuras line 3 is seen on the right (C= visual scoring, D= digital analyses). The spot on the top left corner was the
positive control with Avr3b/R3b and the spot on the top right corner was the negative control with R3b. The middle inoculation spot on
the left side is AvrSen1 OD 0.3, the spot in the middle on the right is AvrSen1 OD 0.1, left below spot is AvrSen1 OD 0.03 and right below
spot is AvrSen1 OD 0.01.

The images of infiltrated leaf panels were digital analysed for quantification of the HR responses. The
level of grey colour on the inoculation spot showed the HR response of the leaf. The HR response being
stronger when the mean grey value of the spot was higher (Figure 3, Figure 5). With digital analyses,
no significant reduction in HR response was found for the five RNAi Kuras lines compared to the WT
with a low concentration of AvrSen1 OD 0.03-0.01 (Figure 4A and B). Also, with the inoculation of
AvrSen1 OD 0.3-0.1, no significant reduction in HR-response was found with these five RNAi lines
(Appendix Fig.1C and D). Looking at the pattern of the box-plots of the RNAi lines with a AvrSen1 OD
concentration of 0.03-0.01 (Figure 4C and D), RNAi Kuras line 3 seems to have a reduced HR response
compared to the WT. But, with the number of replicates of three plants and three leaves this difference
was not proven to be statistically significant.
To further found out if environmental factors had an influence on the results. There was explored if a
plant- and leaf effect occurred in these Kuras lines. No plant effect was found between the three plants
of each line that was scored either visually- or digitally (Appendix Table 5). In contrast, with visual
scoring of the five RNAi Kuras lines a leaf effect was found for AvrSen1 OD 0.1, 0.03 and 0.01 (n=126,
ANOVA, p-value <0,05) (Appendix Table 5). It was expected that this leaf effect would be seen back in
the digital analyses of these lines. On the images, it could be visually confirmed that the oldest leaf 1
(L1) gave the overall lowest grey mean values for AvrSen1 OD 0.3-0.01, after that leaf 2 (L2) gave
slightly higher values and the youngest leaf 3 (L3) gave the highest grey mean values (Figure 3, Figure
5). With digital analyses of the five RNAi Kuras lines, a leaf effect was found at all four concentrations
of AvrSen1 OD 0.3-0.01 (n=72, ANOVA, p-value <0,05). This variation between the younger- and older
leaves can explain the leaf effect that was found.
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Figure 4 Scoring of the HR response in RNAi Kuras lines. A/B= HR response of the leaves that were visually scored, with AvrSen1 OD of
0.03 or 0.01. C/D = images of the HR response of the leaves that were digitally scored, with AvrSen1 OD of 0.03 or 0.01.
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Eight Desiree RNAi lines were scored visually- and digitally on the strength of HR responses to AvrSen1
(Figure 5). The experimental set-up was the same as with the RNAi Kuras lines.
A

L1

C

L2
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B
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L2

L1
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D

L2
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L1
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Figure 5 Comparison of scoring of the HR response on three leaves (L1, L2 and L3) with different AvrSen1 OD 0.3-0.01
concentrations. Desiree WT is seen on the left (A= visual scoring, B= digital analyses) and RNAi Desiree line 28 is seen on
the right (C= visual scoring, D= digital analyses). The spot on the top left corner was the positive control with Avr3b/R3b
and the spot on the top right corner was the negative control R3b.

With visual scoring, four of the eight Desiree RNAi lines, A124-12, 19, 20 and 28, showed a reduced HR
response with AvrSen1 OD 0.03 and OD 0.01, compared to the Desiree WT (Figure 6A and B) (ANOVATukeyLSD, p-value <0,05). With higher concentrations of AvrSen1 OD of 0.3 and 0.1, no significant
reduction in HR responses was found in the RNAi Desiree lines (Appendix Fig. 2A and B). For most of
the RNAi lines, it was observed that at these AvrSen1 concentrations the HR response reaches its
maximum scoring value of 2.
With digital analyses, no significant reduction in HR responses were found with the eight RNAi Desiree
lines compared to the WT. Only, one higher HR response was found for the Desiree RNAi line 20 with
AvrSen1 OD 0.3, 0.1 and 0.03. This effect of higher HR responses in RNAi line 20 was not observed with
AvrSen1 OD 0.01. An explanation why these higher HR responses occurred with line 20, is that that
more juvenile leaves of line 20 were agroinfiltrated. Agroinfiltration of more juvenile leaves may give
an overall higher HR scoring value than the Desiree WT.
It was also explored if a plant- and leaf occurred in the Desiree lines when scoring the HR-response
either visually or digitally. As in the Kuras lines, no plant effect was found in the Desiree lines when
scoring the HR response with either method (Appendix Table 5). For visual scoring, a leaf effect was
observed in the Desiree lines for AvrSen1 OD 0.1, 0.03 and 0.01 (n=109, ANOVA, p-value <0,05). Digital
analyses of the Desiree lines, revealed a leaf effect at all four concentrations of AvrSen1 (n=80, ANOVA,
p-value <0,05). Also with the Desiree lines, with all four AvrSen1 concentrations, the overall intensity
of the HR response was seen the lowest with the L1 oldest leaf, after that the L2 middle leaf and the
strongest HR response was seen at the L3 youngest leaf (Figure 5).
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Figure 6 Scoring of the HR response in RNAi Desiree lines. A/B= HR response of the leaves that were visually scored, with AvrSen1 OD of
0.03 or 0.01. With blue arrows are RNAi lines with significantly lower HR responses compared to the WT. C/D = images of the HR
response of the leaves that were digitally scored, with AvrSen1 OD of 0.03 or 0.01.
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For visual scoring, it was observed that several RNAi lines had a reduced HR response, compared to
the WT. In contrast, with digital analyses no reduction in HR responses were found for RNAi lines
compared to the WT. When visual scoring patterns of RNAi Kuras lines were compared to the ones of
digital analyses, corresponding patterns of reduction in HR response in the RNAi Kuras lines could be
seen. Both agroinfiltration-assays of RNAi Kuras and Desiree lines revealed a leaf effect.
To further verify if TNLs were silenced in RNAi Kuras and RNAi Desiree lines, additional gene expression
experiments were done. In these experiments, the transcript levels of 10 candidate TNLs were
measured for every RNAi line. These results will indicate if the RNAi lines had reduced transcript levels
of one, or multiple TNL candidates.
Alignment of RNAi construct to the 10 candidate TNLs
The RNAi construct was designed for silencing TNL clusters 49 and 51 that are located in the resistance
region. Subsequently, it should be verified if one of the ten TNL candidates that were designed from
the R-bulk data had a high sequence similarity to the RNAi construct. This information can show which
TNLs had a higher chance to be silenced in the RNAi potato lines.
With the support of the NCBI alignment tool, an alignment was done with the coding sequences of the
10 TNLs compared to the sequence of the RNAi construct. The results of the alignment showed that
there was little nucleotide diversity between the RNAi construct and the coding sequences of the TNLs.
The highest sequence similarity of 98,5% was found for TNL1193, this covered the 401 bp of the RNAi
construct. A slightly lower sequence similarity of 92,0% was found for TNL 1522. For the other eight
TNLs, a sequence similarity lower than <90% was found (Table 1). It was observed that the number of
mismatches were the lowest with TNL 1193, with six mismatches. The other nine TNLs had more than
thirty mismatches compared to the RNAi construct. The number of mismatches was in line with the
observed sequence similarity difference.
These results of sequence similarity and number of mismatches suggested that TNL1193 is the most
probable candidate to be silenced by the RNAi construct. Next to that, TNLs were found with a
sequence similarity of 92% or lower, this suggesting that the other nine TNLs are less likely to be
silenced in the RNAi lines. With further gene expression analyses, it was verified if expression of these
10 TNLs was reduced in the RNAi lines.
Table 1 Comparison of the coding sequence of 10 TNLs to the RNAi construct.
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Gene expression analyses of the TNLs in RNAi Kuras lines
Potato Kuras and Desiree are resistant to S. endobioticum pathotype 1. When potato is inoculated with
AvrSen1, this will be recognised by Sen1. Possibly, gene-gene interactions cause Sen1 transcript levels
to rise when AvrSen1 effectors are recognized. By S. Sundaresha and colleagues it was found that when
tomato (Solanum Lycopersicum) is challenged by the pathogen P. infestans, transcript levels of the R
gene SGT1 rise from 1 to 7,5 relative gene expression (Sundaresha et al., 2018). In this study, it was
expected that the transcript levels of the TNLs in the RNAi lines would differ from the WT.
An effective RNAi construct can silence a target gene to almost no transcript level. In a variety of
studies, a silenced gene was found to have a value between 0–0,6 relative gene expression (Ferreira
et al., 2017; Nallamilli et al., 2013; Sun et al., 2016). Because in this study, the RNAi construct targets
multiple TNLs, the threshold for reduction of gene expression was arbitrarily set on a slightly higher
relative gene expression of 0,8. A TNL in a RNAi line was considered to be silenced when a lower than
0,8 relative gene expression was found. The transcript level patterns of the 10 TNLs would show if
there was any difference in the level of TNLs expressed in the RNAi lines of Kuras and Desiree.
Five RNAi Kuras lines were analysed for differences in transcript levels for 10 individual TNLs: 62, 124,
141, 250, 402, 489, 997, 1193, 1522 and 2783. Overall results showed that the transcript levels of the
TNLs in RNAi Kuras lines varied from 0,38 to 2,23 relative gene expression (Figure 7). If the TNL was
correlated to the resistance gene Sen1, it would be expected that the TNLs that were silenced could
be directly linked to the results of previous experiment. In previous agroinfiltration assays a reduction,
in HR response to AvrSen1 was seen in RNAi Kuras lines AI-124- 1, 2 and 3 (Figure 4A and B). Thus, for
these three RNAi lines the relative gene expression was expected to be lower for at least one TNL.
In the Kuras RNAi lines, a lower relative gene expression was found for four of the ten TNLs: 62, 124,
1193 and 2783 (Figure 7). Results showed that TNL 1193 was silenced in all five RNAi lines. Further,
TNL 124 was found to be silenced in four RNAi lines: 1, 2, 3 and 5. Two other TNLs, TNL 62 and TNL
2783 were silenced in three of the five RNAi lines. TNL 124 and TNL1193 were the only two TNLs that
had a lower transcript expression for three RNAi Kuras lines that also showed a reduced HR response
in the agroinfiltration assays. Combining the results of the agroinfiltration assays and the gene
expression analyses, TNL124 and 1193 are the best candidates for being Sen1. Next to the RNAi lines
of Kuras, the relative gene expression levels of the TNLs in RNAi lines of Desiree were analysed.
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Figure 7 Relative gene expression level of 9 TNLs compared to the Kuras WT. Transcript levels were measured of the different RNAi Kuras
lines AI-124-1, 2, 3 ,5 and 7. The blue line indicates the threshold that was set on a 0,8 fold change. Threshold is set on relative gene
expression of 0,8 (red line).

*With TNL 997 qPCR primers Ct-values >40 were found for all RNAi lines. Therefore TNL 997 was not included in these gene expression
analyses. ** Kuras line AI-124-10 was not available for RNA extraction and further qPCR analyses.

Gene expression analyses of the TNLs in RNAi Desiree lines
Results of previous agroinfiltration assays showed a reduced HR response to AvrSen1 for line A124-12,
19, 20 and 28 (Figure 6A and B). It was expected that these patterns of reduction of HR response would
be seen with a relative gene expression of these 10 individual TNLs lower than 0,8.
For five RNAi Desiree lines: A124-3, 12, 20, 28 and 29, the lowest transcript level of a TNL was 0,36
and the highest transcript level was 11,93 relative gene expression (Figure 8). Eight of the ten TNLs
showed a higher relative gene expression instead of a reduction, these were the TNLs: 62, 124, 141,
250, 402, 997, 1522 and 2783 (Figure 8). An explanation for this can be that the silencing of TNLs in
RNAi Desiree lines was less efficient. Only two TNLs, TNL 124 and 1193 were found to be silenced in
two lines. TNL124 and 1193 showed a reduced relative gene expression varying between 0,36-0,46
for RNAi Desiree line A124-3 and 20 (Figure 8). Results of the agroinfiltration assay showed that line
A124-20 had a reduced HR response to AvrSen1 (Figure 6A and B). Also, for the Desiree lines, TNL 124
and TNL 1193 are found to the best candidates for being Sen1. With phylogenetic analyses, there
was investigated if the 10 TNLs are clustered in 1 TNL cluster or multiple clusters.
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Gene expression of the TNLs with RNAi Desiree lines
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Figure 8 relative gene expression level of 9 TNLs compared to the Desiree Wt. Transcript levels were measured of the different
RNAi Desiree lines A124-3, 12, 20, 28 and 29. Threshold is set on relative gene expression of 0,8 (red line).
*With TNL 997 qPCR primers Ct-values >40 were found for all RNAi lines. ** Desiree line A124-19 was not available for RNA extraction and
further qPCR analyses.

Phylogenetic analyses of the TNLs
Phylogenetic analyses were performed to see if an evolutionary relationship between the TNLs could
be found. If there was a close evolutionary relationship, it was more presumable that the TNLs were
located in the same TNL cluster. TNL amino acid sequences and the NSB-domains of the 10 TNLs were
aligned separately. With the obtained data of the two alignments, two phylogenetic trees were
developed (Figure 9).
A

B

Figure 9 A phylogenetic tree was constructed with the amino acids sequence of the 10 TNLs. The tree was constructed using the
Neighbour-Joining method. Bootstrap values are indicated on the branches with 1000 bootstrap replications, branches with lower
bootstrap values than 60 were regarded as unreliable. A = amino acid sequence of the TNLs. B = NBS domains of the TNLs.
Green dots in the figure mean that TNLs are clustered together with a bootstrap support of 100.
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Phylogenetic analyses revealed a high level of conservation between these 10 TNLs. Genes that had
high sequence similarity to each other were seen in the same clade. With the amino acid sequence and
the NBS-domains of the TNLs, one clade of TNLs was found with high bootstrap values <70, containing
four TNLs: 250, 402, 997 and 2783 (Figure 9). Furthermore, for the TNL amino acid sequence and the
NBS domains, two sets of TNLs were found, 1st set TNL 62 and 489 and the 2nd set was TNL 124 and
1193. Both TNL sets were found with a high level of sequence homology to each other with a bootstrap
support of 100. The exact location of some of these TNLs was confirmed using KASP-assays.
RNA-seq data of Desiree mapped to the TNLs
TNL resistance genes are known to be expressed in plants in an unchallenged state(Frazier et al., 2016).
RNA-seq data of Desiree plant leaves were used to see if any of the 10 TNL genes were expressed.
Results of the RNA-seq data showed that seven TNLs: TNL 124, 141, 250, 402, 1193, 1522 and 2783
were expressed in the plant cell leaves, these seven TNLs had an RNA-seq mean coverage higher than
eleven ( TNLs between 2901 to 3768 bp.
Table 2). The length of these TNLs that were found to be expressed in the RNA-seq data of Desiree
varied between 3264 to 4750 bp. Oppositely, three TNLs: 489, 997 and 62 were considered to be low
expressed in plant cell leaves and had a lower RNA-seq mean coverage of four. The length that
corresponded with the Desiree RNA-seq data varied for these three TNLs between 2901 to 3768 bp.
Table 2 RNA-seq data of Desiree mapped to the 10 TNLs.

Name

TNL 2783
TNL 1522
TNL 402
TNL 250
TNL 141
TNL 124
TNL 1193
TNL 489
TNL 997
TNL 62

Length corresponds RNAseq
to Desiree
mapped
RNA-seq data
bases
3.264
3.818
4.750
3.667
3.771
3.608
3.755
2.901
3.345
3.679

62.907
73.118
84.408
61.314
54.637
47.795
42.799
10.746
10.691
9.612

RNAseq
Mean
coverage

Standard
deviation
19,3
19,2
17,8
16,7
14,5
13,2
11,4
3,7
3,2
2,6

9,5
11,0
13,9
12,6
13,9
6,6
12,3
4,0
3,3
3,6

Fine mapping of Sen1 with KASP-markers
Before this thesis, Sen1 was mapped between two KASP markers flanking marker A and flanking marker
B. Hereby a total of 13 recombinant genotypes among Aventra x Desiree offspring, gave information
about the Sen1 locus position. In this study, we found out that Sen1 further co-segregated with the
molecular KASP marker on scaffold2226_postion2900(p2900) (Table 3) (Appendix Fig. 3). The de novo
assembly of potato cv. Altus was used to identify this scaffold. The approximate physical location of
this marker was obtained by blasting the sequence of the scaffold2226 (3802 bp) against potato DM.
For scaffold2226, a sequence identity of 91,4% was identical to that of potato DM position 1,409,3021,407,473 bp of chromosome 11. This fine-mapping result reduces the window of Sen1 by 258,878 bp.
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The result of scaffold2226 have to be carefully interpreted, though. The reducing of the window to
Sen1 with scaffold2226 by an exact number of bp is not accurate. Another potato genome cv. Altus
was used to develop this marker, but the current work gives a good indication how much closer we are
for finding Sen1.
Other KASP-markers were tested to narrow the window to Sen1 further. To do this, KASP-markers were
designed on the genomic data of k-mers specific to the R-bulk. KASP-marker scaffold26_p30032 was
BLASTed on Ch11 at position 1,318,545 bp of the potato DM genome. Unfortunately, the result of
scaffold26_ p30032 showed the same recombination pattern for the 13 recombinants as the flanking
marker A, and was consequently not informative (Table 3)(Appendix Fig. 4).
Table 3 13 recombinant genotypes and the presence or absence of the KASP-markers resistant allele: 0 (absent) or 1 (resistant
allele in simplex).

*Suggestion for Scaffold1193 with a less strict FAM/HEX ratio threshold in this KASP-assay. The yellow colored box means
that rec-557 presence of the marker, can be a genotyping error of the KASP-assay.

Furthermore, KASP-markers were developed on scaffolds containing the candidate TNL genes. It was
hoped that one of these 10 scaffolds contain the TNL gene that is Sen1. KASP-assay results of four
KASP-markers: scaffold124_p16397, 250_p504, 1522_p6346, and 2783_p3855 showed that the
corresponding scaffolds were located between flanking marker A and B (Table 3). This suggests that
these four scaffolds belong to the resistant haplotypes. With these KASP-assays, Sen1 was now located
in the region between scaffold 250 and scaffold 2783. This means that from the 13 recombinants, 3
recombinants are left now that give genetic information about the location of Sen1. Two other KASPassays were performed for scaffold62_ p18512 and scaffold997_ p8162 (Appendix Fig. 5-6). The results
showed that these scaffolds did not co-segregate with Sen1 (Appendix Table 6). The specificity of these
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two KASP-markers was probably too low, which allows amplification on another part of the potato
genome.
The last scaffold that was analysed with a KASP-assay was scaffold 1193, containing TNL 1193.
Unfortunately, the KASP-assay result of scaffold1193_p5531 showed that there was little segregation
of the RFU of the HEX-tailed primer. Because of this, positive and negative recombinants were not
separated correctly, which made it difficult to set the correct FAM/HEX ratio threshold for
scaffold1193_p5531 (Appendix Fig. 7). In this thesis, TNL 1193 appears to be the prime candidate for
being Sen1. Therefore, a location for scaffold1193 was still proposed with the result of the KASP-assay
(Table 3). This was done with a less strict threshold concerning the FAM/HEX ratio for
scaffold1193_p5531 and by removing rec-557 from the result. Rec-557 gave a positive result, but when
looking at the pattern of presence and absence of the KASP marker with the other 12 recombinants,
this result was qualified as a genotyping error. With the adjustments of the KASP-assay, scaffold 1193
was located in the same region as Sen1.
In summary, with these last KASP-assays on the TNL scaffolds some technical difficulties were seen.
Results of the KASP-assays showed that the HEX fluorescence tail did not vary as much in RFU,
compared with the FAM fluorescence tail. Without a clear segregation of HEX values it became more
difficult to set a correct threshold between positive and negative samples. For four TNLs: 124, 250,
1522 and 2783, with the recombinants it was possible to find the genetic location compared to Sen1.
For one TNL, TNL 1193 a proposed location is given that is on the same location as Sen1.

Discussion

Visual scoring of potato RNAi lines
Agroinfiltration experiments are well established assays to study Avr/R gene interaction (Du et al.,
2014; Van der Hoorn et al., 2000). Avr effectors recognized by the R gene will further lead to a cascade
of signal transduction pathways, leading to programmed cell death and a HR response that is visible at
the inoculation spot of the leaf. In this study, agroinfiltration results showed a reduction in HR response
in some of the RNAi lines of Kuras and Desiree. This reduction is seen in RNAi lines inoculated with the
lower AvrSen1 concentrations of OD 0.03 and 0.01. A reduction in HR response observed in the RNAi
lines means that Sen1 is, as hypothesized, a resistance gene from the TNL family.
A possible explanation for not finding the same results in RNAi lines at the higher AvrSen1
concentrations OD 0.3 and 0.1, is that the efficiency of silencing of the TNLs was rather low in the RNAi
lines. For instance, when silencing 50% of the relative transcript level of a TNL, the effectors of AvrSen1
can still be recognized by the other 50% of the TNL transcript level that is there. With the results of the
agroinfiltration assays, it is anticipated that it will take more time to form a HR response in RNA lines
with AvrSen1 of a low concentration than with a high AvrSen1 concentration. Consequently, the
reduction in HR response in RNAi lines compared to the wild type is better seen in the lower AvrSen1
concentrations of OD 0.03 and 0.01.
Digital analyses of potato RNAi lines
The standard procedure to measure the HR response of infiltrated leaves is by visual scoring, as this
was seen in the research of Du et al. 2014. The main problem with visual scoring of plants is that it is
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prone to human errors. Further, with visual scoring it is not possible to reproduce the same disease
scores of plants and it is not possible to accurately quantify the HR responses in infiltrated leaf panels.
In this thesis, we provide a guideline for a new method for digital analyses of HR responses. This can
be done with the support of the Molecular Imager® system (Bio-Rad) and by calculating the intensity
of the inoculation spot using the ImageJ program.
By visual scoring, it was observed that several Kuras and Desiree RNAi lines had a reduced HR response
to AvrSen1 at an OD of 0.03 or 0.01. Unfortunately, this result was not fully seen back with the digital
analyses. Still, a visible pattern of HR reduction can be seen in the boxplots (Fig. 2 and Fig. 4) for the
RNAi lines. For now, with the current experimental set-up, it is not possible to identify a reduction in
HR response in the RNAi lines compared to the wild-type by digital analyses.
Furthermore, we examined possible environmental factors that can affect the HR response, in
particular plant- and leaf effects. Results showed that a significant plant effect is absent in the RNAi
lines, but a leaf effect was found. This leaf effect was found for all AvrSen1 OD concentrations in both
Kuras and Desiree RNAi lines. It is observed that younger potato leaves showed stronger HR responses
to AvrSen1 than the older leaves. An explanation here for is that in earlier development stadium of the
plant leaves some R genes might be higher expressed than in the older leaves, this to protect the
younger leaves from pathogens (Koch & Mew, 1991; Kus et al., 2002). In the near future, this leaf effect
should be corrected for by developing a statistical mixed model.
One other technical difficulty is seen with the method of digital analyses. The variation of HR response
of the wild-type plants was moderately high for every concentration of AvrSen1. Consequently, the
overall statistical power of the ANOVA post-hoc LSD test was too low to find differences between the
RNAi lines and the wild-type. To prevent this in the near future, changes in experimental set-up have
to take place to increase the statistical power of the tests. Recommendations for the future are: to
increase the number of replicates per line to ten plants and to add a correction for the leaf effect to
the statistical model. With these changes, the probability that the statistically outcome will be
significant increases for RNAi lines that are silenced. Potential is observed for this new method to
identify RNAi lines in potato, and for possible future use as quantification method of HR responses in
other plants.
Alignment of 10 TNLs to the RNAi construct
The RNAi gene silencing system works when the RNAi construct is recognized inside the plant. The
dsRNA of the RNAi construct is cleaved into smaller sequences of small interfering RNA (siRNAs) ~2123 nt by the endoribonuclease Dicer (Ferreira et al., 2017; Jackson & Linsley, 2010). These siRNAs
trigger the plant defense system, which leads to cleavage of mRNAs found in the plant cell that are
complementary to the siRNAs. The cleaved mRNAs are further degraded in the plant cell, causing the
expression of the mRNA to be greatly reduced. The standard method of RNAi silencing involves
targeting of one specific candidate gene (Ferreira et al., 2017; Jackson & Linsley, 2010). We had to
target multiple genes with the RNAi method. There was expected that the RNAi construct can silence
a number of TNLs in potato Kuras and Desiree lines, because of high homology between TNLs and
known RNAi off-target effects of the RNAi method (Jackson & Linsley, 2010; Xu et al., 2006).
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A high sequence similarity was found between the 10 TNLs and the RNAi construct. Results showed
that the level of sequence similarity to the RNAi construct is an important parameter for the silencing
of the TNLs. TNL 1193 had the highest sequence similarity to the RNAi construct and was silenced in
all five Kuras RNAi lines and in two Desiree RNAi lines. The Dicer in the plant cells degrades found
mRNA into shorter fragments that is recognized by the plant defense system. Due to, the recognition
of smaller fragments, other TNLs with a lower sequence similarity to the RNAi construct were found to
be silenced in some of the RNAi lines.
In the near future, now that the number of TNL candidates for Sen1 is reduced, an option to identify
Sen1 is to create specific knockout potato lines of TNL candidates with the CRISPR-Cas9 method (Ran
et al., 2013). With this method, it is possible to create a mutation in the amino acid sequence of a
target gene to make it non-functional (Andersson et al., 2017; Andersson et al., 2018). The advantage
of this method is that there is no expression of the target gene in the developed transgenic potato
lines when performing the agroinfiltration assays (Andersson et al., 2018). This is expected to facilitate
the final identification of the TNL that is Sen1.
Gene expression of the TNLs
In the RNAi lines of Kuras and Desiree the relative gene expression was considerably higher than
expected for some of the TNLs. The differences in gene expression of TNLs between the two potato
cultivars, Kuras and Desiree, can be explained by differences in the genetics (Sundaresha et al., 2018).
The other variation, between the Kuras and Desiree lines, may be explained by environmental and
technical factors such as: RNAi construct efficiency, sampling of the leaves and the fitness of the plant
itself (Schmid et al., 2005; Wesley et al., 2001). Only, it is unknown, what is causing this relatively high
gene expression values of TNLs in some of the RNAi lines of Desiree.
Combining the results of the agroinfiltration assays and the gene expression assays identifies, TNL 124
and TNL 1193 as the best candidates for being Sen1. For the other eight TNLs, the gene expression
patterns did not correspond to the reduction of the HR response that was observed in the RNAi lines.
Phylogenetic analyses of the TNLs
NLRs clusters are for importance to facilitate the resistance in plants against pathogens. In potato,
physical clustering of a TNL cluster is possible, when TNL neighbor genes are within 200 kb from each
other and if there are fewer than eight other non-NLR genes between these TNLs (Jupe et al., 2012;
Seo et al., 2016; H. Y Zhu et al., 2002). TNLs that are located nearby each other, might originate from
a duplication event of the gene in a common ancestor.
For most of the TNLs, the patterns of connections to other TNLs seems to be similar. This was seen
with phylogenetic analyses of the TNLs amino acid sequences and for the NBS domains of these TNLs.
Results showed that there was a high homology of the 10 TNLs to each other. Therefore, it is
imaginable that all 10 TNLs are located in 1 TNL cluster on chromosome 11. For instance, it is possible
that this TNL cluster is located between 1,31 Mb to 1,51 Mb on chromosome 11. In this region, there
are less than eight non-NLR genes located and this region is within the range of 200 kb to form 1 TNL
cluster. In this study, the location of five TNLs: 124, 250, 1193, 1522 and 2783 is further confirmed with
KASP-assays, these TNLs were located on chromosome 11 within the range of 1,31 Mb to 1,51 Mb. In
the near future, results of the KASP-assays of the other five TNLs will prove if the 10 TNLs are clustered
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in 1 TNL cluster on chromosome 11 or are located in multiple TNL clusters throughout the genome of
the potato.
RNA-seq data of Desiree mapped to the TNLs
Finding the R gene for a potato disease can be a laborious and complex process. It is suggested that R
genes have a basal expression when plant cells are unchallenged (Frazier et al., 2016; Gururani et al.,
2012). In this study, with the RNA-seq data of Desiree, some insights are given on the expression levels
of the TNLs when unchallenged by the pathogen. Results showed that three TNLs: 62, 489 and 997, are
low expressed in the potato leaves cells. In contrast, basal expression levels are found with the RNAseq data for the other seven TNLs: 124, 141, 402, 417, 1193, 1522 and 2783. We discovered that these
seven TNLs are expected to be active R genes in the leaves cells. It is currently unknown if these TNLs
are also expressed in the potato tuber cells where S. endoboticum is active. In this study, the location
of some of these TNLs is further determined with KASP-markers.
Fine mapping of Sen1 with KASP-markers
TNL genes are known to be clustered in the plants genomes by segmental and tandem exon
duplications (Mucyn et al., 2006). Designing of KASP-markers was a challenge, because of the complex
resistance region with a large SNP accumulation and repetitive regions (Kochetov et al., 2017; Y. Zhang
et al., 2016). A couple of KASP-markers did not co-segregate with Sen1 and are expected to be present
on another region or on another haplotype of chromosome 11. The fine mapping of Sen1 was done
with KASP-markers through the screening of 13 recombinants from the cross Aventra x Desiree. In this
study, seven KASP-markers were identified to be located on the long arm of chromosome 11 in potato.
These markers were developed on scaffolds: 26, 124, 250, 1193, 1522, 2783 and 2226. Each of these
seven KASP-markers co-segregated with Sen1, indicating that they were linked to Sen1 (Table 2).
Results showed that developed KASP-markers on scaffold62 and scaffold997 were not specific enough,
this allowed the KASP-markers to get attached to other regions as well, which made the results of
these KASP-assays not informative.
Combining all the results up until now, TNL 124 and 1193 are the best candidates for Sen1, only the
location of these TNLs had to be determined. The KASP-assay of scaffold124_p16397 showed that TNL
124 location was outside the region where Sen1 is located. Fortunately, the preliminary result of KASP
marker scaffold1193_p5477, showed that TNL 1193 is located in the same region as Sen1. The only
complication with the marker scaffold1193_p5477 was that it amplifies multiple regions, which gave
background noise to the KASP-assay that made it more difficult to set a correct threshold for some of
the recombinants. Therefore, in the near future, new KASP-markers should be developed on scaffold
1193 to verify this finding. If with newly developed KASP-markers scaffold1193 is still in the same
window as Sen1, cloning of TNL 1193 can provide final confirmation whether this TNL is Sen1. If this is
not the case, the remaining five scaffolds containing TNLs: 62, 141, 402, 489 and 997, can be analyzed
with KASP-assays.
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Conclusion

In this study, it is proven that Sen1 is a TNL. Sen1 can be the first resistance gene that is cloned against
the potato wart disease. For this moment, combined results point out that TNL 1193 is the best
candidate among the 10 TNLs studied to be Sen1.
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