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Abstract
Since the Irish Famine, there has been a high interest in breeding for potato cultivars which
are resistant to P. infestans by introgression of R genes from resistant potato relatives.
Several dominant R genes were found in the wild relative Solanum demissum and Solanum
bulbocastanum. In this thesis, new R gene(s) from MaR9, derived from Solanum demissum,
and Solanum bulbocastanum, were studied.
An F1 population (3025) was developed by crossing MaR9 with Concurrent. When BC1
populations were developed from resistant 3025 F1 plants which contain only R9a, the
resistance segregated in a 1:1 ratio. However, a handful of resistant BC1 plants lacked R9a.
This indicates that (an)other resistance gene (s) is (are) present besides R9a, named R9b.
In the S. bulbocastanum derived population 3087 that lacked known R genes, a 1:1
segregation was found for resistance against PIC99183 which indicates the presence of a
dominant R gene, Rpi-blb5.
By phenotyping a BC2 population derived from MaR9, the resistance to IPO-C appeared to
be rather quantitative than qualitative since no 1:1 segregation occurred and multiple plants
showed partial resistance. Results indicate this resistance only occurs under field conditions
and climate chamber assays ask for optimization for visualizing field resistances.
NBS profiling in bulk and a biased CAPS marker approach was performed on population 3087
to find markers linked to resistance. Since these two methods were not successful to identify
linked chromosome IX markers, it still remains unsure where this R gene is located.
Further testing with other selected candidates is needed to verify the quantitative field
resistance derived from MaR9 and to exclude the presence of a single dominant R9b gene.
More chromosome IX specific and genome wide loci need to be screened for CAPS markers
on population 3087.
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Introduction
Potato and late blight disease
The cultivation of potato is of high economic importance since it is the third most consumed
crop and the most important non-cereal crop (Park et al. 2009; Rauscher et al. 2006;
Haverkort et al. 2008). Since potato is the staple food in many parts of the world, which
means that it is included in a great amount of people’s daily diet, harvest failures will have
dramatic economic effects and can lead to a great impact on people’s health and society. A
major harvest failure of potato occurred in Ireland back in 1740 which led to a food shortage
in the country (Vleeshouwers et al. 2011; Salaman 1985; Song et al. 2003). It was also called
the Irish Famine. Approximately 1 million people died from starvation and led to a great
amount of Irish emigrants moving to the United States (Röss 2002). The Irish Famine was
caused by late blight disease. The oomycete Phytophpthora infestans (Mont.) de Bary (Erwin
and Ribeiro 1996) is the cause of the potato late blight. The infection affects the foliage,
stems and tubers of potato. P. infestans is a hemi-biotrophic pathogen which is
characterized by infection starting with a biotrophic phase followed by a necrotrophic phase
in which the oomycete destroys the infected plant (parts). Besides, P. infestans is able to
rapidly produce a high amount of spores, both sexually and asexually. The asexual spores
can easily spread by wind and infect other areas with potato cultivation. P. infestans is able
to survive in tubers or soil and causes new late blight epidemics in the next growing season.
Altogether, this makes late blight a serious disease and asks for a proper management
strategy in potato cultivation which can prevent outbreaks of late blight. Until today, the
most applied method against late blight is of chemical nature. (Haverkort et al. 2008; Struik
and Wiersema 1999; Fry et al. 2007; Whisson et al. 2011). However, these chemical crop
protection agents can have a negative impact on the environment by polluting soil and
water. In addition, the use of chemical agents is costly. Especially in developing countries,
growers cannot afford to buy these chemicals and the economic loss due to late blight for
these countries alone is $3,5 billion annually (White and Shaw 2010). At last, the use of
chemical agents already led to P. infestans strains which became resistant to these
compounds (Grünwald et al. 2001; Ballvora et al. 2002).

Phytophthora infestans’ life and disease cycle
The success of P. infestans can be attributed to two alternative life cycles which consist of,
spore production and spore dispersal that result in diversity and adaptability (Fry et al.
2008; Gilroy et al. 2011).
For the sexual lifecycle two mating types, A1 and A2, can be distinguished. When they meet,
successively oogonia and antheridia will be formed (fig. 1). Their fusion products are the
sexual spores, oospores, which are able to survive in the soil for multiple years. When an
oospore germinates, a sporangium will form which subsequently can infect a plant directly
and starts the infection cycle. In most cases, only one mating type is present which leads to
reproduction of sporangia, which are the asexual reproduced spores. Sporangia can easily
9

spread by wind or water droplets. In the growing season, an infected plant can contain a
high amount of sporangia which are moved to the tubers during harvest. This will cause
problems during winter storage of the tubers. Also, infected seed tubers are the source of
epidemics in the next growing season. Under cool weather conditions, sporangia will
germinate and release multiple zoospores. In contrast to sporangia, zoospores are able to
swim due to the presence of flagella. In addition, zoospores can change into cysts whenever
the zoospore is attracted by plant derived compounds. Both sporangia and cysts germinate
by forming a germ tube which subsequently leads to appressorium formation. The
appressorium acts as a penetration peg and penetrates the plant cuticle and cell wall. Once
the cell wall is breached by the appressorium, hyphae will develop that spread through the
plants inner tissue. From these hyphae feeding structures and mesophylic cells will develop
which both occur during the pathogen’s biotrophic phase. This is followed by the
necrotrophic phase in which the pathogen kills the plant (cells) and feeds on the dead tissue.
In addition rapidly expanding lesions are formed in which up to 300.000 sporangia per lesion
per day can be produced. In optimal environmental conditions, such as the combination of
cool (15 °C) and moist weather, potato plants can be destroyed within a week.

Figure 1. Lyfe cycle of Phytophthora infestans (Govers and Latijnhouwers 2004).
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Breeding for late blight resistant potato cultivars
Resistance and susceptibility to P. infestans in potato plants can be explained by a gene-forgene interaction. For every resistance gene in plants, called R gene, there is an avirulence
gene (Avr) in the pathogen (Gilroy et al. 2011). During infection, P. infestans secretes
effector proteins with the amino acid motif RXLR (Arg – any amino acid – Leu – Arg)
followed by the motif EER (Glu – Glu – Arg). These motifs are required during the biotrophic
phase for the entry of the effector into plant cells. When an effector protein is recognized by
an R protein (encoded by an R gene), it functions as an Avr gene. All late blight R proteins
identified so far belong to the NB-LRR class which are composed of a nucleotide binding (NB)
site and leucine rich repeats (LRR). Whenever an R protein recognizes an Avr effector
protein, a cascade is activated which leads to a hypersensitive response (HR) and is called
effector triggered immunity (ETI). In case an effector protein is not recognized by an R
protein, no HR will occur and this will lead to effector triggered susceptibility (ETS).
Pathogens try to escape recognition of their effector proteins. Single nucleotide
polymorphisms (SNP), frame-shift mutations, gene deletions, or loss of expression are all
strategies which pathogens have used to get around several R genes in potato cultivars.

Since the Irish Famine, there has been a high interest in breeding for potato cultivars which
are resistant to P. infestans. In the early 20th century, potato breeding programs were
focussed on dominant R genes since the resistance could be followed easier and
simultaneously the introgression of R genes could be better tracked. Several dominant R
genes were found in the wild relative Solanum demissum. From this species 11 R genes have
been identified that were introgressed in a set of 11 potato plants, which are known as the
Mastenbroek differential set (MaR1-MaR11).
A single R gene can cause recognition of multiple Avr genes. Introgression of single R genes
has already led to resistant cultivars. However, growing cultivars containing only a single R
gene has led to rapid breakdown of resistance by P. infestans races (Hyoun-Joung Kim et al.
2011). R genes from MaR1, MaR2, MaR3, MaR4 and MaR10 have already been used for this
single gene introgression approach and have all been broken down. In contrast, MaR5, MaR8
and MaR9 have not been widely used yet and show still resistance to many isolates. These
three resistant plants include more than one R gene per plant. Instead of introgression of a
single R gene, a combination of two or more R genes, also known as gene stacking, could be
a more durable breeding approach by preventing susceptibility in a cultivar when one R gene
is broken down (Kwang Ryong Jo et al. 2011). Sarpo Mira is a cultivar in which multiple R
genes were introgressed and has shown to be resistant to many P. infestans isolates. MaR8
and MaR9 are the most durable of the Mastenbroek differential set. When tested on trial
fields on several continents such as Europe, North-America and Africa, MaR8 and MaR9
showed high levels of resistance similar to cultivar Sarpo Mira (contains R8).
Gene stacking of R genes is suggested to be a more durable approach than single R gene
introgression to combat potato late blight. However, conventional breeding of potato is
extremely time-consuming because potato is a tetraploid heterozygous outcrossing species.
In addition, the introgression of multiple genes and the linkage drag of undesired traits
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complicate breeding. To improve tracking of R genes, markers have been developed for
marker assisted breeding (MAB). However, even MAB is with potato still time consuming.
A possible solution to speed up the introgression of R genes is by cis-genic transformation of
cloned R genes into susceptible potato cultivars (Jo 2013). Due to lack of linkage drag, R
genes can be introgressed considerably fast into a potato cultivar to become a resistant
cultivar with the same quality traits as the original susceptible cultivar. Cisgenic
transformation of multiple R genes, can lead to a fast development of durable resistant
potato cultivars (BASF online publication 2011). Since R8 and R9 have been shown to be both
durable resistant to even the most aggressive isolates of P. infestans, and the use of
fungicides can be reduced, stacking these two R genes by cis-genic transformation in a
susceptible cultivar could be very promising for more sustainable potato cultivation.
In order to develop markers that can be used in MAB or R gene cloning, the first step will be
the identification of segregating genetic populations, followed by genetically mapping and
fine mapping of the genes, physically mapping, sequencing, candidate cloning and finally
complementation analysis. In this project only the first two steps will be performed. To
investigate whether the resistance is due to a single dominant R gene, the parents and the
F1 are phenotyped for resistance segregation. In case of a single dominant R gene, the
segregation ratio of resistance and susceptibility will be 1:1. The second step will then be to
develop markers which are linked to the R gene.
In this thesis, new R gene(s) from MaR9, derived from Solanum demissum, and Solanum
bulbocastanum, were studied. MaR9 contains multiple R genes (R1, R2, R3a, R3b, R4, R8 and
R9a). An F1 population (3025) was developed by crossing MaR9 with Concurrent. When BC1
populations were developed from resistant 3025 F1 plants which contain only R9a, the
resistance segregated in a 1:1 ratio. However, a handful of resistant BC1 plants lacked R9a.
This indicates that (an)other resistance gene (s) is (are) present besides R9a. To investigate
this potential R gene, R9b, several BC1 populations were developed from F1 plants which
lacked R9a. However, phenotypic analysis on field resistance of these BC1 populations did
not show the expected 1:1 segregation of resistance. One population was completely
resistant, while another was except from a few moderate resistant individuals partially
resistant. This raised the question what could be the cause of this unexpected phenotype. Is
this phenotype caused by qualitative or quantitative resistance? Or were the wrong parents
used at time of crossing? To avoid further confusion and to continue research on whether
the resistance is conferred by a dominant R gene, a BC2 population (3253) was phenotyped
in this thesis for resistance segregation.
In the S. bulbocastanum derived population 3087, a 1:1 segregation was found for resistance
against PIC99183. Besides, none of the already known R genes (R1, R3a, Rpi-blb1, Rpi-blb2,
R8, R9a and Rpi-chc1) were present in this population (Agorsor 2013). Together this
indicates a novel dominant R gene, presented as Rpi-blb5 is segregating in population 3087.
Therefore this mapping population was selected to map Rpi-blb5.
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Materials and methods
Plant material and mapping population
An F1 S. bulbocastanum population, 3087, which was developed by crossing a resistant S.
bulbocastanum parent blb525-1 with a susceptible S. bulbocastanum parent blb949-1 will be
used for mapping Rpi-blb5 in S. bulbocastanum. This population was maintained in vitro at
the Laboratory of Plant Breeding. For population screening of S. demissum, an F1 and a BC1
population were used. These are also developed and maintained in vitro at the Laboratory of
Plant Breeding. The F1 population, 3025, was created by crossing the resistant MaR9 with
susceptible cultivar Concurrent. The BC1 population, 3151, was created by crossing an
unknown resistant plant from F1 population 3025, with susceptible cultivar Kathadin. A BC2
population, 3253, was derived from a cross between resistant BC1 plant 3151-3, which
lacked the R9a and R8 genes, and susceptible cultivar Desiree. Seeds were maintained at the
Laboratory of Plant breeding.

Disease testing
Population 3253 was phenotyped by a disease test which was based on a whole-plant assay.
Leafs were inoculated on the abaxial surface with P. infestans isolate IPO-C (1, 2, 3, 4, 5, 6, 7,
10, 11). The isolate was grown on rye sucrose agar medium at 15 °C for 10 days in darkness.
Inoculum was prepared by adding 10 ml tap water to the plates and a suspension of
sporangia was washed of. The suspension was incubated at 4 °C for 3 hours to induce
zoospore formation. Finally, the suspension culture was diluted with cold tap water to a final
inoculum concentration of 5 x 104 infection bodies per ml (including both non germinated
sporangia and zoospores). Until the plants were inoculated, the inoculum was kept on ice.
Parents 3151-3 and Desiree, control plants MaR9 and Kathadin were grown in vitro in a
climate room (24 °C, 16h light, 8h darkness) for 3 weeks. These were then transferred to the
greenhouse in which these were grown for at least 4 weeks. Seeds of the population were
sown 2 weeks prior to transfer of in vitro plants to the greenhouse. Seedlings were kept in
the greenhouse for 4 weeks. After greenhouse growth the plants were transferred to the
climate chamber and kept at 15 °C 70% RH (relative humidity) with 16h light and 8h darkness
for 3 days prior to inoculation. Then, 3-4 fully expanded leaves in the middle of the plant
with two droplets of spore suspension and incubated for at least two days in a closed
transparent plastic cage to achieve 100% humidity. Plants were screened for symptoms (HR
and lesion formation) from 3-7 days after inoculation.
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Genomic DNA isolation
Young leaf material was harvested into a 96 deep-well block and was kept on ice during
harvesting. Each well was provided with two Tungston Carbid Beads (3mm, Qiagen). After
harvesting, the deep-well block was frozen in liquid nitrogen and was subsequently grinded
with the RETSCH machine (RETSCH Inc., Hanover, Germany). Until isolation of genomic DNA,
the deep well block was stored at -80 °C. DNA was isolated according to the CTAB protocol.

PCR marker analysis
To check whether the resistance segregation was due to an already known R gene (R8 or
R9a) in S. demissum derived populations or due to another not yet identified R gene (R9b), a
PCR was performed on genomic DNA with R8 and R9a specific primers (table 1) and
DreamTaq™ Polymerase (Fermentas) in a standard PCR programme (start: 1 cycle of 95 °C
for 5 s; amplification: 35 cycles of 95 °C for 30 s, 58 °C (55 °C for R9a) for 1 min, 72 °C for 1
min and 30 s; termination: 72 °C for 10 min). DNA from MaR8 and MaR9 was used for
positive controls of R8 and R9a. Cultivar Bintje (R0) was used as negative control. R8 and R9a
PCR products were cut with the restriction enzyme DraI and HpyCH4IV respectively and
analysed on length by gel electrophoresis using a 1.5% agarose gel.
Table 1. Primers used for population screening on R8 and R9a.

Primer
name
993
(R8)

M44
(R9a)

Orientation Sequence (5’->3’)
Forward

AAGGATGCGACCGTATTGACCTCAT

Reverse

ACGGCTCTTGGAATTTGGGTCGT

Forward

GCATCATGTCTGCACCTATG

Reverse

CTTTGATGTGGATGGATGGTG

Restriction
enzyme

Uncut
fragment (bp)

Linked cut
fragment (bp)

DraI

859 + 632

476 + 157

HpyCH4IV

318

249 + 69

For the development of Chromosome IX CAPS markers a PCR was performed on genomic
DNA with a set of 4 specific primers (table 2) and DreamTaq™ Polymerase (Fermentas) in a
standard PCR programme (start: 1 cycle of 95 °C for 5 s; amplification: 35 cycles of 95 °C for
30 s, Ta °C for 1 min, 72 °C for 1 min and 30 s; termination: 72 °C for 10 min). PCR products
were cut with 30 enzymes (Appendix I) in a restriction ligation reaction (3h incubation on
enzyme specific temperature).
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Table 2. Primers for CAPS marker development.

Primer name
CT220
C2_At5g06360
TG328
184-81

Orientation Sequence (5'-> 3')
Forward

CAAGTTCCTGACCATTACAAAAGT

Reverse

CAACGATGGTACCGATGGAT

Forward

AACAAGTAGTGCACGGACAAAAAC

Reverse

AATGATGGCCTGATGGGTGAT

Forward

TGAATGGACTGGTGATCTGC

Reverse

TTGGAAAGAATTGGCTTTTGA

Forward

CCACCGTATGCTCCGCCGTC

Reverse

GTTCCACTTAGCCTTGTCTTGCTCA

Nucleotide binding site (NBS) profiling was performed as described by Van der Linden et al.
(2004), with minor modifications. The restriction enzyme digestion of genomic DNA and
ligation of adapters to the fragments were carried out in one incubation step. The restriction
ligation (RL) reaction mix included 12 µl of 5x RL buffer, 3 µl of associated adapter, 33 µl of
H2O, 6 µl ATP [10 mM], 1 µl associated restriction enzyme [10 units/µl], 1 µl ligase [1 unit/µl]
and 4 µl DNA [50 ng/µl] from population 3087. The RL reaction mix was incubated for 3
hours at 37 °C in a PCR block and followed by an inactivation step for 15 minutes at 65 °C.
The restriction enzymes MseI, RsaI, AluI and Bsh1236I were used for the restriction ligation
reactions. NBS primers NBS1, NBS2, NBS3 and NBSa6 (table 3) were used in combination
with an adapter primer [10 pmol/µl] for the first PCR. In addition, two N-like specific primers
(Tir300-F and Nbs15-F) were used for profiling. Cluster-directed profiling (CDP) was done
with eight primers (Tm1-F, Tm15-R, Tm22-1F, Tm22-1F, Sw5-219, Sw5-137, Sw56R and
Sw54F) which target R gene homologs in the Tm-22 and Sw5 clusters located on
chromosome IX. NBS-profiling started with a first PCR in which HotStarTaq™ (QIAGEN) was
used. Then a second PCR was performed in which DreamTaq™ Polymerase (Fermentas), NBS
primers (NBS1, NBS2, NBS3 and NBSa6), Tm-22 primers (Tm1-F, Tm15-R, Tm22-1F and Tm221F) and Sw5 primers (Sw5-219, Sw5-137, Sw56R and Sw54F) were used in combination with
a labelled adapter primer Adapter Primer 700 (fluorescent dye IRD700) [1pmol/µl] to enable
visualization on a denaturing polyacrylamide gel using a NEN®IR2DNA analyser (LI-COR®
Biosciences, Lincoln, NE, USA).
NBS-profiling was first carried out on a set of ten resistant and ten susceptible F1 plants
(including the parents) as described by Kwang-Ryong Jo (2011). A second NBS-profiling run
was carried out on the remaining F1 plants when in the first run polymorphic bands between
the parents and co-segregation of these bands with the resistance in the F1 plants were
found.
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Table 3. Motif specific primers for NBS profiling.

Primer name

Sequence (5'-> 3')

Reference

NBS1

GCIARWGTWGTYTTICCYRAICC

Van der Linden et al. 2004

NBS2

GTWGTYTTICCYRAICCISSCAT

Van der Linden et al. 2004

NBS3

GTWGTYTTICCYRAICCISSCATICC

Van der Linden et al. 2004

NBS5a6

YYTKRTHGTMITKGATGAYRTITGG

Van der Linden et al. 2004

NBS15-F

ATGCATGAYTTRATWVAAGABATGGG

Verzaux 2010

Tm1-F

GAGAGAAATGAGACACATTCG

Verzaux 2010

Tm15-F

AGTTTGTGTGTGGACTTGGC

Verzaux 2010

Tm15-R

GTAACAAGTCATGTATGCGAC

Verzaux 2010

Tm22-1F

ATGGCTGAATTCTTCTTACAGC

Tir300-F

NTAGTRAAGAYATGGAATGC

Sw5-137

TCAGGCAAAGACACGAATGG

Sw5-219

ACATTCATCTGGAATCCCATC

Sw54F

TTTTGCAAGAACATCATCATCAGTA

Dianese et al. 2010

Sw56R

CCGCCTCTGAATACAAAGTCGTCT

Dianese et al. 2010

Verzaux 2010
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Results
R9b population phenotyping
In order to avoid further confusion, of potentially swapped parents in BC1 populations, BC2
population 3253, that was derived from resistant plant 3151-3 which lacked R9a, was
phenotyped for resistance to IPO-C by a whole plant disease assay (table 4). The first set of
offspring (3253-1 till 3153-75) showed no symptoms after 2 days in a closed caged.
Therefore, the time being in cage was extended to 6 days. After 6 days no fully resistant
plants were found. Sporulating lesions (figure 2) were visible on all 75 3153 plants but also
the resistant parent 3151-3 appeared to be susceptible. To investigate whether the
extended time of incubation at high humidity affected the plants immune response, the
remaining 75 plants (3253-76 till 3253-150) were split in half. Set 2B (3253-76 till 3253-113)
stayed for 2.5 days in a closed cage after inoculation with IPO-C. Set 2B (3253-114 till 3253150) did not stay in a closed cage. Due to the lower level of humidity, set 2B was expected to
show no or very late disease symptoms. The susceptible control plant Kathadin was
susceptible after both 6 and 2.5 days of cage incubation, but showed no signs of
susceptibility when this cultivar was not incubated after inoculation. Both parents, 3153-3
and Desiree showed no signs of HR nor lesions, when these did not stay in a closed cage. No
lesions or HR were visible in set 2B even after 12 days after inoculation. It is therefore
concluded that high humidity after inoculation is essential to obtain successful colonisation
of the plants. However, set 2A showed no full resistance. Resistant control plant MaR9 was
in all 3 cage incubation times fully resistant and showed HR.

Table 4. Backcross 2 population of MaR9. Tested for resistance to IPO-C in whole plant assay.

BC2 (3253)
Set
N plants
1
2A
2B
Parents
3153-3

Desiree

Time in cage (days)

N plants
IPO-C resistant

75
38
37

6
2.5
0

0
0
37

4
2
2
4
2
2

6
2.5
0
6
2.5
0

0
0
2
0
0
2

4
2
2
4
2
2

6
2.5
0
6
2.5
0

4
2
2
0
0
2

Controls
MaR9

Kathadin
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Figure 2. Sporulating lesions present on leaves from population 3253 (set 1) inoculated with IPOC.

In set 1 and set 2A no absolute resistance was observed but rather a quantitative level of
resistance. Some plants died while others survived prolonged incubation in the climate cell
(many leaves and only 1-3 dead detached leaves). Also intermediate phenotypes were
observed, such as the resistant parent which was partially resistant. This suggests that R9b is
rather a quantitative than a qualitative resistance (figure 3).

Figure 3. Phenotype of population 3253 set 1 plants, after 4 weeks in climate chamber. A great
variety in resistance/susceptibility levels to IPO-C was noticed.
18

R9b population screening
BC1 populations, descending from MaR9 were screened previously and plants that lacked R8
and R9a genes were found that still showed resistance to IPO-C. Rescreening BC1 population
3151 with R8 and R9a markers revealed that R8 is indeed absent in the whole population,
and R9a is segregating (6 out of 16) (table 5) like was found before. As expected both R8 and
R9a were also absent in the susceptible parent Kathadin. However, R8 was present and R9a
was absent in the alleged resistant parent 3025-48 of population 3151. It is concluded that
3025-48 cannot be the parent of 3151, probably due to a genotype swap. To sort out where
this swap had occurred (in the in vitro collection or in the crossing greenhouse) the in vitro
population 3025 was genotyped on presence of R8 and R9a and compared with the old data
for R8 (table 6). The old data which showed presence of R8 of F1 individual 48 matched the
new genotypic data. Also in most other plants the marker genotypes matched. However, the
old data showed presence of R8 in F1 individuals 3 and 4, while this could not be verified by
the latest screening. In contrast, old genotypic data showed no presence of R8 in F1
individual 30, while with the latest screening R8 was actually present in this plant. It is
therefore concluded that genotype swaps were probably made in the crossing greenhouse.
This notion explains the unexpected results of the two BC1 populations that were assumed
to be derived from F1 genotypes 3025-2 and 3025-30. Phenotypic analysis on field resistance
of these BC1 populations did not show the expected 1:1 segregation of resistance. One
population was completely resistant, while another was except from a few moderate
resistant individuals partially resistant. Probably also in these populations alleged resistant
parents were confused in the crossing greenhouse.
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Table 5. MaR9 BC1 mapping population 3153. Tested on IPO-C resistance and
genotyped for presence of R8 and R9a.

Resistance
BC1 (3151)

R8

R9a

IPO-C

Old

New

Old

New

1

R

A

A

P

P

2

S

A

A

A

A

3

R

A

A

A

A

4

R

A

A

P

P

5

S

A

A

A

A

6

S

A

A

A

A

7

R

A

A

A

A

8

R

A

A

P

P

9

r

A

A

A

A

10

R

A

A

P

P

11

S

A

A

A

A

12

r

A

A

P

P

14

S

A

A

A

A

15

S

A

A

A

A

16

S

A

A

A

A

17

R

A

A

P

P

3025-48

R

P

P

Kathadin

S

A

A

Parents
A
A

A
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Table 6. Resistant part of F1 population of MaR9. Tested on IPO-C resistance in detached
leaf assay and in field. Genotyped on presence for R8 and R9a and compared with old data
set of presence of R8.

F1 (3025)
1
2
3
4
5
6
7
8
9
10
11
12
13
15
16
17
18
19
20
21
22
24
27
28
29
30
32
33
34
36
38
39
40
42
43
44
45
46
47
48
50
51
53
89
Parents
MaR9
Concurrent

Isolate resistance
IPO-C DLA
IPO-C Field

Marker Old data
R8

Marker New data
R8
R9a

r
S
r
s
q
q
q
r
R
q
q
s
S
q
q
s
S
S
r
S
s
r
s
S
S
r
S
S
S
q
q
S
q
q
q
s
S
s
R
S
r
q
q
s

R
r
R
R
R
R
R
R
R
R
R
R
R
R
q
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
q
r
R
R
R
R
R
R
R
R
R
R
R
R

A
A
P
P
A
P
A
P
P
A
P
A
P
A
A
P
P
A
A
A
A
A
A
A
A
A
P
A
P
q
q
q
q
A
P
A
P
A
P
P
A
A
P
P

A
A
A
A
A
P
A
P
P
A
P
A
P
A
A
P
P
A
A
A
A
A
A
A
A
P
P
P
P
A
A
P
A
A
P
A
P
A
P
P
A
A
P
P

P
P
A
A
P
P
P
P
P
P
P
P
A
P
A
A
A
A
P
A
P
P
P
A
A
P
A
A
A
P
P
A
A
A
A
P
A
P
P
A
P
P
P
A

R
S

R
S

P
A

P
A

P
A
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Candidate selection for mapping populations
Resistance segregation in 3253 did not indicate the presence of a dominant single R gene. To
investigate whether MaR9 contains additional qualitative resistance genes, phenotypic data
and genotypic data from population 3025 and 3151 was used to select other candidates for
new population development (table 5 and 6) for segregation analysis. Candidates were
selected on field resistance to IPO-C and absence of R8 and R9a.
Individuals 3025-3, 3025-4, 3025-19, 3025-21, 3025-28, 3025-29, 3025-40 and 3025-42
showed both field resistance and a lack of R8 and R9a (table 6). Therefore these set of plants
were selected as candidate parents for new population development.
In population 3151, 3151-3 and 3151-7 were resistant and lacked both R8 and R9a (table 5).
Since 3151-3 was already used for development of population 3253, only 3151-7 was
selected as candidate parent for future population development.

NBS-profiling in Rpi-blb5 population
NBS profiling was carried out to map Rpi-blb5 in the diploid segregating population. Several
bulk specific bands segregated with resistance in both genome wide (NBS, and Tir) and
cluster specific (Sw5 and Tm) primers (table 7). Most resistant bulk specific bands appeared
with the Sw5 primers. Sw54F in combination with MseI, RsaI and AluI showed in total 3
resistant bulk specific bands (figure 4). Another resistant bulk specific band appeared when
primer Sw56R was combined with restriction enzyme AluI. NBS3 showed 1 resistant bulk
specific band in combination with restriction enzyme AluI. Tm15-R in combination with RsaI
revealed 2 resistant bulk specific bands. Next to the resistant bulk specific bands, also bands
in repulsion (band from resistant parent appearing in susceptible bulk) showed up. Again,
most of these appeared with Sw5 primers. In total 12 bands in repulsion were shown with
primer Sw54F combined with MseI, RsaI and AluI. Another repulsion specific band was found
in the RGA NBS with primer NBS5a6 in combination with restriction enzyme AluI. After
identifying the bulk specific primer enzyme combinations, 37 individuals from population
3087 were tested. However, bulk specific bands were difficult to trace back in the whole set
of individual plants and no linkage to resistance was found.
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Table 7. Bulk resistance segregation analysis results of S. bulbocastanum population 3087.

No. of bulk specific bands
RGA

Primer

NBS

NBS1

0

0

NBS2

0

0

Tm

Resistant

Repulsion

NBS3

1

0

NBS5a6

0

1

Tm1-F

0

0

Tm15-F

0

0

Tm15-R

2

0

Tm22-1F

0

0

Tir

Tir300-F

0

0

Sw5

Sw5-219

0

0

Sw54F

3

12

Sw56R

1

0

Figure 4. Bulk segregation partial results from S. bulbocastanum population 3087 for RGA Sw5
with primer Sw54F and enzymes MSEI RSAI and ALUI. Profiling performed on genomic DNA of
resistant parent (PR), susceptible parent (PS), resistant individuals in bulk (BR) and susceptible
individuals in bulk (BS). Several resistant specific bands (green arrows) and bands in repulsion
(yellow arrows) were noticed.
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CAPS marker development
Because previous research in the lab of plant breeding suggested that Rpi-blb5 resides on
chromosome IX and because many Cluster-directed profiling (CDP) chromosome 9 specific
bulk bands were found, a biased CAPS marker screen, targeting chromosome 9, was
pursued. Primers (CT220, C2_At5g06360, TG328 and 184-81) were used to generate a PCR
product which was followed by a restriction digestion with multiple restriction enzymes to
check for polymorphisms between the parents (blb525-1 and blb949-1 resistant and
susceptible for PIC99183 respectively). Several polymorphisms appeared when the PCR
product (2500 bp) generated with C2_At5g06360 primers was cut with restriction enzymes
Bme13901, Bsh1236I, FspbI, HphI, MspI and Ssil (table 8).
However, when tested these latter 6 primer enzyme combinations on the whole population,
polymorphic bands did not segregate and therefore no polymorphic bands could be linked to
resistance.
Table 8. S. bulbocastanum population 3087 CAPS marker analysis on parents for resistance
specific polymorphisms.

Primer

CAPS enzyme

Fragment lengths Fragment lengths
(bp) in parent R
(bp) in parent S

C2_At5g06360

Bme13901

1500 + 750 + 250

1300 + 750

C2_At5g06360

Bsh1236I

2500 + 2000

2500 + 2000 + 500

C2_At5g06360

FspbI

750 + 250

2500

C2_At5g06360

HphI

1000 + 750

1000

C2_At5g06360

MspI

1500 + 750 +250

2500

C2_At5g06360

Ssil

1500 + 1000

2500
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Discussion
Population development for R9b mapping
To further investigate whether MaR9 contains beside the known R genes another dominant
R gene, the BC2 population derived from the selected candidate 3151-3 was phenotyped for
resistance segregation. However, no segregation for resistance was found. Since MaR9 was
treated the same way as every set and HR was shown in this resistant control plant in all
treatments (0, 2 and 6 days of closed cage incubation) the resistance should have segregated
in a 1:1 ratio in the case of a dominant R gene. However, since parent 3151-3, which was
resistant in the field, was susceptible in both closed cage treatments, it was concluded that
in this case whole plant assay in climate chamber environments were not suitable for
phenotyping and successive mapping of this R gene. An aspect which might affect the
resistance response in the plant is the humidity. Previous research showed that high relative
humidity (95%) suppresses disease response to an oomycete in Arabidopsis thaliana (Zhou
et al. 2004). When plants are kept in a closed cage, the humidity will approach 100% RH.
However, still no clear evidence is found which supports this. High humidity also causes
stomata to open which makes it easier for P. infestans to infect the leave. Inoculation of IPOC was performed on the adaxial side of the leave, while the majority of the stomata are on
the bottom of the leave. Other environmental factors also need to be taken into account
such as temperature. A. thaliana was grown in 22°C, while the potato population in this
research was grown in 15°C (Zhou et al. 2004). A follow up project revealed that disease
response was not affected by high RH when grown at 16°C (Zhou et al. 2008).
Indeed, climate chamber conditions are not the same as field conditions. Still the standard
climatic conditions in which whole plant assays were performed to investigate resistance to
P. infestans do not mimic the field conditions enough. For example, temperature and
humidity in the climate chamber were kept constantly on 15°C and 70% RH. These two
environmental factors are not constant in the field. Usually temperatures are higher during
the day than at night. On wind free nights, air just above the surface is colder than the air
above which raises the chance of reaching the dew point. This leads to condensation of
moisture on plants and favours P. infestans by germination of spores and zoospores.
Therefore, incubating the plants in a closed cage continuously for 2 days or more, does not
properly mimic field conditions. Next to the elevated humidity, a closed cage also elevates
the temperature. Temperature of the air surrounding the plants which were incubated in a
cage which was closed for 1 night appeared to be 4 °C higher compared to the temperature
of 15 °C in the climate chamber.
Still, population 3253 showed that not all individuals are susceptible. Instead of a high
contrast between resistant and susceptible individuals, different levels of resistance were
observed among the individuals of set 1 and set 2a. This trait points to quantitative
resistance which is controlled by multiple genes, rather than qualitative. The few individuals
25

that showed moderate resistance in the overall susceptible BC1 population (was supposed
to be derived of 3025-2) indicate also presence of quantitative resistance. Previous studies
have shown presence of qualitative (R3a, R3b, R4 and Rpi-Smira1) and quantitative (RpiSmira2) resistance in potato cv Sarpo Mira (Rietman et al. 2012; Tomczyńska et al. 2013).
Rpi-Smira2 was only detected by field conditions (Rietman et al. 2012). The same was seen in
population 3025. Many F1 individuals that lacked R9a, were only resistant in field and not in
a DLA. This supports the suggestion this resistance can only appear under field conditions.
Besides, it further indicates that not all field resistance can be detected in climate chambers.
This supports the suggestion of optimization of climate chamber conditions.
Considering the quantitative resistance from MaR9, multiple genes could be responsible for
this resistance. Therefore, genome wide quantitative trait loci (QTL) analysis would probably
be an alternative approach to find loci which are linked to the resistance. This could be
achieved by using single sequence repeats (SSR) and amplified fragment length
polymorphism (AFLP) markers such as described by McCord et al. 2010. Currently next
generation sequencing is becoming more affordable. Uitdewilligen et al. 2013 describes a
successful next generation sequencing method based on both high and low-density SNP
assay for trait association analysis in S. tuberosum.
By this research we concluded that the extra field resistance is probably derived from MaR9
quantitative rather than a dominant R gene. Further testing with other selected candidates is
needed to verify this and to exclude the presence of a single dominant R9b gene. Besides,
results indicate this resistance only occurs under field conditions and climate chamber assays
ask for optimization for visualizing field resistances.

Mapping Rpi-blb5
Mapping Rpi-blb5 in S. bulbocastanum was not yet accomplished and further research is
needed to localize this dominant R gene. Marker development by NBS profiling for Rpi-blb5
in the S. bulbocastanum population 3087 turned out to be not successful in this research.
Resistant bulk specific bands were difficult to trace back and did not show any linkage to the
resistance when tested on the whole population. Similar results were found in a first
attempt prior to this research (Agorsor 2013). However, most of the resistant bulk specific
bands appeared in the Sw5 cluster. This could be an indication and supports the previous
suggestion (personal communication) that the resistant gene is located on chromosome IX.
Marker development with CAPS was tried to find to further study if indeed Rpi-blb5 is
located on chromosome IX. Since the biased CAPS marker approach was not successful to
identify linked chromosome IX markers, it still remains unsure where this R gene is located.
Since the resistance ratio was 1:1 for PIC99183 (Agorsor 2013) it is still considered as a single
dominant R gene rather than several genes responsible for quantitative resistance. Only
these 4 chromosome IX specific primer sets were tested. Before ruling out chromosome IX as
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location for the R gene, more chromosome IX specific loci need to be screened for CAPS
markers. Recently, Tomczyńska et al. 2013 described a similar approach to map a resistance
gene from Sarpo Mira by PCR on genomic DNA and amplified fragment digestion by a set of
restriction digestion. Starting with screening for polymorphisms between parents first. When
polymorphism would be found, the polymorphism specific primer/restriction enzyme
combinations could be used to further screen a subset of 5 resistance and 5 susceptible. In
case of linkage to the resistance subset is found, the specific primer/restriction enzyme
combination needs to be tested on the whole 3087 population for verifying linkage. After
calculating which two polymorphic markers explain the highest percentage of variance, the
locus between these two markers could be used to zoom in by fine-mapping.
When no polymorphisms linked to resistance can be found on chromosome IX, the location
of resistance might then be on a different chromosome. Therefore genome wide association
analysis could be an alternative approach by the use of markers on both arms of each
chromosome. These markers should be around 10cM from each other to have enough
resolution for first-pass mapping (Gibson and Muse 2009).
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Recommendation
S. demissum
For follow up research several recommendations can be made. New populations should be
developed and analyzed on resistance segregation for IPO-C. These can be developed with
the selected resistant candidate parents 3025-3, 3025-4, 3025-19, 3025-21, 3025-28, 302529, 3025-40, 3025-42 and 3151-7. The best way of screening for this resistance is under field
conditions.
In case hard evidence is found for quantitative resistance, NBS profiling by bulk segregation
analysis won’t be the suitable marker development approach. Instead, QTL analysis can be
performed by developing markers with AFLP and SSR or association mapping by a SNP assay.
Since, time and space for executing field experiments are limited it would be helpful when
whole-plant assays could be performed in climate chambers. Therefore climate chamber
experiments need to be optimized to visualize more field resistances. It is recommended to
mimic field environmental conditions as much as possible in the climate chamber.
Temperature should be higher during the day and gradually lowered to dew point
temperature. Relative humidity should be between 70-80 %. Due to dew point temperatures
at night, air moisture condensates on plants what makes incubation in closed plastic cages
unnecessary. Since cool air is heavier and will probably present at the lowest part of the
climate chamber, it is recommended to put plants on the floor instead of a table. If possible,
a fluctuating artificial air current could mimic transfer of spores to other leaves and plants by
wind and fog in field conditions. Previous studies strongly indicate water droplets are
needed for spore dispersal of fungi (Tadych et al. 2007). However, plants in field are usually
inoculated by spraying instead of single spore suspension droplets on just a few leaves per
plant. Spraying of inoculum causes more lesions to appear throughout the whole plant which
is susceptible. Instead, dew chambers might be used which are specialized climate chambers
for dew formation. Testing these climate chamber conditions should be carried out with
many resistant and susceptible control plants and several populations which have also been
tested in field conditions.

S. bulbocastanum
Marker development for Rpi-blb5 in population 3087 by both NBS profiling and CAPS
remained difficult. More loci need to be screened on chromosome IX with CAPS marker
development. To increase the power of this approach and to exclude Rpi-blb5 is present on a
different chromosome, markers need to be chosen genome wide approximately 10cM from
each other. When the location is roughly identified, fine-mapping can follow.
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Appendix I – List of CAPS enzymes
Table 9. CAPS enzymes with associated optimal incubation temperature (°C).

CAPS
enzyme
AluI
Bme1390I
Bsh1236I
BsplI
BsurI
Cfr13I
DpnI
Eco24I
Eco88I
FspbI
Hin1I
Hin6I
HincII
HinfI
HphI
Hpych41VI
Hpyf3I
Mn1I
MseI
MspI
PsuI
RsaI
SduI
SsiL
XapI
XmiI
TaaI
TaqI
TasI
BsedI

Incubation temperature
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
37 °C
65 °C
65 °C
65 °C
55 °C
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