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ABSTRACT

Potato crop is affected by several biotic stresses from the surrounding environment during the
growth cycle. Among all the diseases, in many regions of the world, the most dreaded disease in
potato is late blight caused by the oomycetes species Phytophthora infestans. There is an
increasing demand for breeding varieties of potato with sustainable late blight resistance. There
are several R genes identified and cloned for stacking in different varieties to obtain durable
resistance. Previous researches had identified that there are several factors affecting the stability
of R genes. Present study focuses mainly on the background dependency of R genes and the factors
affecting the functional expression of R genes. The three populations A (RH89-039-16 × 94-2031),
B (Premiere × P49-38) and C (P74.8-14 × Desiree) were screened for the presence of R genes in
the F1 progenies. The R genes in all the three populations were found to be stably inherited
whereas differed in segregation ratio. Binomial test done to verify the segregation ratio showed
significant difference from 1:1 ratio in case of population C (p< 0.05) whereas in case of the
population A and B, there was no significant difference from 1:1 ratio of segregation (p>0.05).
The detached leaf assay phenotyping for the disease resistance results proved that there was
difference in the observed level of resistance among the F1 genotypes containing R genes in
population A and B and it ranged from high resistance to complete susceptibility. Independent
sample t test indicated that two batches of population A genotypes significantly deviated from each
other in the observed phenotypes (p< 0.05) and hence cannot be combined. The two batches of
population B did not show any significant differences under low and high inoculum dosages in the
observed phenotypes and hence grouped under different categories for further bulk segregant
analysis in the future. Under the second objective, KASP primers that could specifically quantify
the targeted allele was designed. The allele specific quantification aided with real-time PCR was
tested in the plasmid DNA isolated from clones of resistant and susceptible alleles respectively.
The primers were validated for its specificity and allele discrimination in the plasmid DNA and
found to be successful but the sensitivity of this technique on cDNA is yet to be optimized and
proven. The comparison of symptoms of R8 containing plants in different genetic backgrounds
under whole plant assay and Detached leaf assays resulted in slight deviation from previously
obtained results of Desiree containing R8 not completely susceptible to Phytophthora infestans
pathogen under detached leaf assay. Lastly, further recommendations were given as a trajectory
for further research.
Key words: Potato late blight, Phytophthora infestans, Resistance genes, allele-specific
quantification
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1.0 INTRODUCTION

1.1. Potato crop
Potato (Solanum tuberosum) is a tuber crop cultivated worldwide. Potato was first
domesticated to become a crop in the Andes region, South America 8000- 10,000 years ago.
Potatoes were introduced into Europe in the mid-16th century. Currently, potato has become an
integral part of the food supply chain across the world. Potato stands as the third most important
food crops after rice, and wheat (FAOSTAT, 2014). Economically, potato is of high importance
since tubers are consumed by humans and there are diverse other potato (by-) products like bioethanol, starch used in paper, textile, pharmaceutical, cosmetics and several other industries.
Potato belongs to the family Solanaceae which also comprises other commercially important
crops like tomato, brinjal, bell pepper and tobacco. Mostly cultivated potato varieties are tetraploid
(2n=4x=48) which has a basic chromosome number of 12. There are also varieties with different
ploidy levels ranging from diploid (2n=2x=24) to pentaploid (2n=5x=60). The diploid species are
cultivated mostly for breeding of tetraploid varieties. There are diverse genetic and reproductive
characteristics in the wild and the cultivated varieties which are important for the breeding
applications. Around 15,000 wild accessions of related species of potato are identified and
maintained in gene banks (Hoekstra., 2009). Potato is mainly propagated as tubers, in-vitro and by
cuttings (Harris., 1978). Potato also produces seeds which are mostly used for breeding purposes.
Attaining homozygosity by selfing each generation of progenies is not possible in case of potato
because of inbreeding depression. Hence, to attain uniformity among cultivars, potato crop is
mostly propagated clonally.
The complex genetics is a prominent aspect to be considered in potato breeding (Ortiz et al.,
2004). Tetraploid genetics in potato make it more complicated when it comes to breeding for
several traits like resistance to pests and diseases etc (Watanabe., 2015). Selection of the target
genes giving quantitative resistance is difficult at the tetraploid level and in addition the
outcrossing and the heterozygous nature makes more complexity in breeding. For reasons of
simplicity, genetic research may be done at the diploid level or by obtaining haploids from the 4x
cultivars. Moreover, the above-mentioned strategies alleviate the bottlenecks of conventional
potato breeding like male sterility and self-incompatibility. Evaluating phenotypically, the
recombination and introgression is very difficult at the tetraploid level in potato since each progeny
of a potato plant will be a unique genotype. In case of tetraploids, four alleles are found to be
accommodated in one locus and in case with diallelic locus, A and a, there are five classes of
genotype which is possible: AAAA (Quadriplex), AAAa (Triplex), AAaa (Duplex), Aaaa
(Simplex) and aaaa (nulliplex). There is also a possibility of diversity of multiple alleles like a1,
a2, a3 and a4, each containing different functions. Due to all these reasons, there are high
possibilities of occurrence of rare genotype for gametes and the phenotype for zygotic progenies
in potato. The availability of genetic maps and further advanced marker assisted selections with
improved molecular techniques could now make potato breeding much easier. Additionally, the
further information available about the genome gives immense support for comprehensive
breeding.
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1.2. Late Blight of Potato
Potato crop is affected by several biotic stresses from the environment in which it grows.
Among all the diseases, in many regions of the world, the most dreaded disease in potato is late
blight caused by the oomycetes species Phytophthora infestans. It remains the most devastating
disease of potato which lead to the Irish famine that occurred during the 1840s which was caused
by huge destruction of the potato crops in many parts of the world. Once there is an onset of this
disease, it is found to spread quickly and lead to complete destruction of the crop in a few weeks.
This pathogen requires humid and cool conditions to grow and shows a hemibiotrophic lifestyle.
The lifecycle consists of both the
sexual and asexual reproduction
(Figure 1) (Fry et al., 2008). During
the initial days of infection, it is found
to exhibit biotrophic lifestyle and at a
later stage displays necrotrophic
nature
(Judelson.,
2007).
Phytophthora infestans is a pathogen
that requires living plant tissue for its
growth. Once the pathogen lands on
the phyllosphere with the help of
infection peg called appressorium, the
pathogen penetrate the epidermis of
the leaf. The penetration is followed
by development of infection vesicle
and hyphae between the cells. The
branching hyphae produces the
Figure 1: Lifecycle of Phytophthora infestans Source:
feeding structures called haustorium
Schumann & D’ Arzy 2000
that absorbs the nutrients resulting in
host colonization facilitated by means
of releasing apoplastic and symplastic effectors produced by the pathogen. The means of spread is
mostly through asexual spores which are called the zoospores produced by asexual fruiting bodies
called sporangia. This is mainly dispersed by means of either wind or water droplets or by seed
tubers. The sporangia after landing on the surface of leaves under favourable conditions germinate
to form zoospores (Judelson., 1997). The zoospores which are bi-flagellated are found to swim
until they get encysted in the tissue of the host plant. This requires a cool and humid
(micro)climatic conditions. On the other hand, when the temperature is higher, the sporangia
germinate to produce germ tubes to penetrate the host tissue through appressoria for obtaining
nutrients (Schumann & D’ Arzy 2000). When there is a presence both mating types, the
reproduction may happen sexually. The karyogamy occurs by the fusion of the antheridium and
archegonium resulting in the production of the diploid oospores. The oospores later develop into
sporangium and enter the asexual infection cycle. (Schumann & D’ Arzy 2000).
Late blight remains as a persisting threat for the cultivation of potato crop worldwide. The
unique feature of Phytophthora infestans that seems to lack in other pathogens are the three
evolutionary forces such as genetic drift, mitotic mutation and meiotic recombination facilitating
development of wide array of races. The sexual reproduction between the A1 and the A2 mating
types results in recombination which enhances the genetic diversity of this pathogen. Hence, there
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is always the requirement for breeding potato varieties with improved resistance which would be
difficult for the pathogen to overcome.

1.3. Mechanism of resistance in Potato- Phytophthora pathosystem
Understanding the mechanism behind the interaction of the late blight pathogen (P. infestans)
and host crop potato is an important context to be considered for resistance breeding. In this
pathosystem, the qualitative (vertical) resistance genes which is isolated so far was found to be
similar to the quantitative (horizontal) resistance genes (Jo et al., 2016). Pathogen easily invade
the crop in the absence of the recognition of the pathogen by the plant and once recognized, leads
to hypersensitive response (Halder et al., 2006). There are two types of resistance mechanisms
called PAMP triggered immunity (PTI) and effector triggered immunity (ETI) (Figure 2).

Figure 2: Mechanism of defence response in the potato- Late blight pathosystem.
Source: Jo et al., 2016

Upon detection of the pathogen associated molecular patterns (PAMPs), it leads to PTI.
When the nucleotide binding leucine rich repeat receptors (NLRs), which is encoded by the
resistance (R) genes identifies and recognizes the pathogen effector, eventually activates effector
triggered immunity (ETI). The effectors secreted in the cytoplasm of the potato cells delivered
from the haustoria are found to suppress the PTI but can be recognized by the R gene encoded
intracellular level NLR proteins (Petre and Kamoun., 2014). PTI and ETI together contribute to a
complex array of resistance mechanisms that includes several cellular signaling networks. These
networks consist of events like triggering of Mitogen- activated protein kinases (MAPKs),
phospholipid signaling and changes in the expression of genes. These pathways pave way for
defence response reactions in the plant tissue like hypersensitive response(HR) which is a localized
cell death, callose accumulation in the region of tissue penetration by the pathogen, and eruption
of reactive oxygen species (ROS) (Dodds and Rathjen., 2010). Further advanced studies on the R
genes are of high relevance for the upcoming future for surpassing all the limitations associated
with the current R genes in potato cultivars leading the way for development of durable resistance
against Phytophthora infestans.
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1.4. Demand for genetic late blight resistance
Late blight can be controlled by many methods. Usually, the tubers, the dumps in the field
and weed plants serve as sources of new infection i.e. inoculum sources. Late blight pathogen is
air-borne and wind aid in transmitting the pathogen to long distances. In commercial production
of potatoes, protection to this pathogen is ensured by seed potatoes which are disease-free. This is
obtained through tissue culture techniques and by hydroponics based systems for mass
multiplication (Correa et al., 2009). Some of the agronomic measures to avoid development of
infection is adopting crop rotation, chemical fungicide application, soil treatments, early maturing
varieties that escape the late blight epidemic peak period, and good practices for storage of tubers.
Managing potato late blight with chemicals is quite expensive and was estimated to cost €5.2
billion/ year worldwide with the assumption of 16% losses across world (Haverkort et al., 2009).
Moreover, the application of chemicals leads to development of resistance against fungicides
(Cooke et al., 2012). These chemicals cause several environmental hazards. The use of varieties
with improved genetic resistance to pathogen is more environmental friendly method to manage
the pathogen. Hence, there is an increasing demand for breeding varieties of potato with
sustainable late blight resistance. Future focus of research should be on either developing varieties
resistant to most of the races of the pathogen or resistance should be effective in a favourable
environment for the pathogen during prolonged period of cultivation.

1.5. Deploying R genes for durability
Plant breeders are in constant search for superior R genes or combination of R genes for
stacking in potato varieties. Mining of the wild potato gene pool has been done since many years.
The dominant R genes were first introduced and identified from the Mexican wild species Solanum
Demissum (Malcolmson and Black., 1966). Newly emerged races of P. infestans were found to
breakdown many of R gene based resistances. Several R genes from diverse wild species can be
combined for durable resistance (Kim et al., 2012). There are several genes identified and cloned
for from many wild species of potato like S. bulbocastanum, S. stoloniferum, S. papita and S.
venturii etc (Table 1).
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Table 1 The cloned R genes from various wild species of potato Source: Jo et al., 2016 (Updated part of
table is highlighted)

Rpi gene

Donor species

Resistance
spectrum

References

R1
R2; Rpi‐blb3,
Rpi‐ABPT,
Rpi‐edn1
R3a

S. demissum
S. demissum;
S. bulbocastanum

Narrow
Intermediate

Ballvora et al., 2002; Tyler, 2009
Lokossou et al., 2009; Champouret,
2010

S. demissum

Narrow

Armstrong et al., 2005; Huang et al.,2005b

R3b
R9a
RB/Rpi‐blb1,
Rpisto1,
Rpi‐pta1
Rpi‐blb2

S. demissum
S. demissum
S. bulbocastanum

Narrow
Broad
Broad

Li et al., 2011; Rietman, 2011
Jo, 2013
Song et al., 2003; van der Vossen et al.,
2003; Vleeshouwers et al., 2008

S. bulbocastanum

Broad

Rpi‐chc1
Rpi‐mcq1
Rpi‐vnt1

S. chacoense
S. mochiquense
S. venturii

Broad
Intermediate
Broad

van der Vossen et al., 2005; Oh et al.,
2009
Vossen et al., 2012
Jones et al., 2009
Foster et al., 2009; Pel et al., 2009; Pel, 2010

R8
Rpi-amr3i

S. demissum
S. americanum

Broad
Broad

Vossen et.al., 2016
Vitek et.tal., 2016

There are several R genes identified across several diploid wild species. They are listed in the table
below.
Table 2 List of R genes against Phytophthora infestans identified in the diploid wild species of potato

Wild specie

R gene

Reference

S. chalcoense
S. tarijense
S. berthaulii
S. pinnatisectum
S. phureja
S. microdontum
S. stoloniferum, S. polytrichon
S. capsicibaccatum
S. verrucosum
S. schenckii
S. ruizceballosii

Rpi-chc
Rpi-tar
Rpi-ber
Rpi-1, Rpi-2
Rpi-phu1
Rpi-mcd1
Rpi-sto1, Rpi-plt1
Rpi-cap1
Rpi-ver1
Rpi-snk1

Haverkort et al., 2016
Haverkort et al., 2016
Haverkort et al., 2016
Kuhl et al., 2001, Yang et al., 2017
Sliwka et al., 2006
Tan et al., 2008
Wang et al., 2008
Jacobs et al.,2010
Jacobs et al., 2010
Jacobs et al., 2010
Sliwka et al., 2012

Rpi-rzc1

The chromosomal position of the various R genes has been mapped and cloned from various wild
species (Figure 3). The figure includes all the genes that has been cloned in bold letters and mapped
genes in normal letters until the year 2016. Recently, the dominant gene Rpi2 as highlighted in red
in the figure has been located in the chromosome 7 of potato genome. The gene was originated
from the diploid Mexican species S. pinnatisectum (Yang et al., 2017).
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Rpi2

Figure 3 Chromosomal position of various cloned R genes. Source: Haverkort et al., 2016

Cisgenesis is a successful approach followed for transferring the cloned R genes from wild
crossable species of potato and stacking many R genes in a single variety to provide dynamically
resistant varieties (Jo et al., 2014). There are several shortcomings for such transformed varieties
that arise out of several reasons like background dependency of R genes, number of stacks,
specificity of gene, frequency of associated somaclonal variation and the regeneration time
(Haverkort et al., 2015). Moreover, the bio-efficacy of the transgenic plants can vary because of
the difference in the genomic region of integration, copy number and the recipient parent genotype.
Hence, the most recent research focuses on the development of varieties of potato with late blight
resistance by crossing the transgenic potato plant containing R genes to the indigenous cultivars
(Shandil et al., 2017). The studies investigating upon the factors affecting the R genes which alter
the levels of resistance is of high relevance to obtain a good cultivar with durable and stable
resistance.

1.6. Factors affecting the functional expression of the R genes
There are several R genes conferring resistance to late blight that have been characterized
and cloned from different sources (Figure 3). Studies on how the expression is regulated have been
performed but not yet provided satisfying answers. Very few research has been done with respect
to the relationship between the phenotype of the resistance and the abundance of the transcript
level of the transferred gene. According to the research done on the RB gene from Solanum
bulbocastanum, there are several factors that control R gene expression. The outcomes of the
studies are as follows:
•
•
•

The RB aided resistance, both before and after inoculation with Phytophthora infestans
were found to be positively correlated with the copy number and the abundance of
transcript of RB gene (Bradeen et al., 2009).
The RB gene expression is influenced by the genetic background in which it is present (Gao
et al., 2013).
The RB transcript levels were found to be directly correlated with resistance levels (Kramer
et al., 2009).
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•

•

The transcript level of the RB does not pass the gene specific threshold before activating
RNA silencing (Kuhl et al., 2007). The mechanism of RNA silencing was not found to be
fully activated even in case of lines containing high copy number. This failure for not
inducing was assumed to be due to the usage of RB native promoter instead of cauliflower
mosaic virus 35S promoter.
According to Millet and Mollow 2009, RB gene did not confer resistance in the tubers.

Environmental conditions can also influence the level of resistance. In the wild species of
potato, the detached leaf assay results depicted higher frequency of infection as compared to
infection of the intact plants (Vleeshouwers., 1999). Moreover, the incubation conditions of the
leaves after detachment for the disease test also can influence the expression of the R genes. The
higher humidity in the closed trays during detached leaf assay can make the leaves more prone to
the pathogen rather than intact plants. In those situations, sometimes the decreased resistance levels
in detached leaf assay need to be weighed against the low frequency of infection in the intact plants
(Vleeshouwers., 1999). The resistant gene R8 transformed into the potato variety Desiree was
found to be completely resistant in whole plant assay whereas shows reduced resistance in
detached leaf assay (unpublished data). Alternatively, high humidity could suppress R gene
transcript levels of HR response. In tomato seedlings, the Cf-9/Avr-9 dependent HR response was
found to be sensitive to high humidity thereby resulting in HR suppression at high humidity and
temperature (Wang et al., 2005). This clearly depicts that higher humidity can influence the
interaction between the pathogen and the Avr proteins, but it remains unclear if there is a
relationship with R gene expression. In Arabidopsis ssi4 mutants, under high humidity (95%), the
defense response mechanisms like MAP kinase activation, expression of defense genes, H2O2
production, and ssi4 mediated cell death were found to be suppressed. Under moderate relative
humidity of 60%, defense response reactions were not suppressed (Zhou et al., 2004). This also
demonstrates that humidity plays a role in the defense signaling pathways. Hence, several factors
need to be taken into consideration while phenotyping for resistance.

1.7. Genotypic background dependency of R genes
The efficacy to functionally express an R gene is not solely based upon the presence of the
gene, but the genetic background and downstream genes also has a large influence. F1 seedlings
of the crosses between the transgenic potato SP951(Katahdin containing RB gene from S.
bulbocastanum) and the Indian popular cultivars Kufri Jyothi and Kufri Bahar were extensively
studied for inheritance and stability of RB transgene (Shandil et al., 2017). Inspite of having the
resistance genes the F1 progenies showed varied level of resistance to late blight i.e. ranging from
the ones possessing immunity to complete susceptibility. The results based on the AUDPC disease
response showed high degree of resistance in Kufri Jyothi X SP951 F1 seedlings and low order
resistance from the Kufri Bahar X SP951 F1 seedlings clearly depicting the variation in the
resistance due to different backgrounds. The meiotic recombination has given rise to reshuffling
of the various downstream genes leading to different levels of resistance. The genes which are
present downstream would have combined in an in-effective way leading to susceptibility in the
seedlings derived from the cross of transgenic one with Kufri Bahar. The introgression cross will
result in different level of resistance in the F1 genotype due to different combinations of RB genes
with several other genes. Moreover, the results obtained also would have been due to the different
combinations of RB alleles with that of the pathogenesis related (PR) gene alleles (Shandil et al.,
2017). The PR proteins which are responsible for executing defence response to pathogen will be
19

interrupted sometimes due to recombination with RB alleles that has been introgressed after the
cross, leading to reduction in the resistance to pathogens (Shandil et al., 2017).
Another example describes R genes durability depends on the genetic background in which
the R gene is introgressed (Palloix et al., 2009). The evolution of resistance breaking capacity of
the pathogen were found to depend on the genetic background of the gene conferring resistance
(Quenouille et al., 2016). The different genetic background seen in the landraces of pepper were
observed to exert different selection pressure on the Potato Virus Y genome. This results in varied
level of frequency of pvr2-mediatted resistance breakdown. The quantitative resistance produced
by the partially resistant genetic background helps in reducing the accumulation of virus thus
creating a protective shield from the pathogen thereby improving durability. The studies in rice,
reveals that the Xa3 mediated resistance to bacterial blight caused by Xanthomonas campestris p.v.
oryzae is influenced by genetic background and the developmental stage of the plant (Cao et.al.,
2007). In the RT- qPCR studies, japonica rice was found to facilitate the expression of Xa3 more
compared to the indica rice. This enhanced expression of the resistance gene in japonica rice was
found to be seen throughout the growth stages in contrast with the indica rice. The expression of
the R gene also differed in different genetic background after the infection of the pathogen. When
compared to the non-infected indica rice there was an initial suppression of Xa3 expression 4 hrs
after the inoculation in transgenic line but later there was an induction of resistance level. But, the
same kind of suppression was not observed in case of the japonica transgenic lines. This once more
proves that the R genes are influenced by the genetic background of the host plant in the way of
reponse to the invasion by the pathogen.
There are several reasons to study the background dependency of the R genes against
Phytophthora infestans in potato. Transformation of different R genes in diverse potato cultivar
backgrounds were found to perform differently in terms of level of resistance (Table 3).
Table 3: Resistance level of diverse R genes in different transformed potato varieties Source: Haverkort
et al.,2016

Study conducted at Wageningen university at Laboratory of Plant breeding also found that the R8
gene transformed to different genotypic backgrounds (Desiree and innovator) resulted in different
functional expression of resistances (unpublished data). Moreover, the disease symptoms differed
between the detached leaf assay and whole plant assay for the different R8 transformed cultivars
(unpublished data). All these examples clearly depict that the genotypic background plays a crucial
role in functional expression of R genes. Additionally, stacking R genes in an appropriate
genotypic background can potentially provide durable resistance (Zhu et al., 2012). When R genes
from different sources are present in highly similar background genotype, durable resistance could
be attained by R gene management through varietal mixtures (Haverkort et al., 2016). Hence, while
developing a new cultivar, genotypic background evaluation is of utmost importance for achieving
the expected level of resistance.
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1.8. Research objectives and questions
Genetic background dependency of R genes
•
•
•
•

Will the R gene from the parents be stably inherited in the F1 generation?
What can we learn about background gene dependency from resistance gene segregation
in F1 populations and comparison of expected and observed segregation patterns?
Will there be a difference in phenotype in detached leaf assay among genotypes with R
gene?
Can we design an experiment to map background genes and how can we identify SNPs
that are present only in resistant or susceptible plants?
Factors affecting the functional expression of R genes

•
•

•
•

Can we design q-PCR primers and a suitable assay for allele specific quantification of R8
transcript level under Desiree and Innovator background?
Will there be a significant difference in R8 transcript levels between Desiree with R8
(which is susceptible in DLA) and Innovator with the R8 gene (which is resistant in DLA)
at different times after inoculation with Phytophthora infestans pathogen? Can we find a
correlation between susceptibility in DLA and transcript levels?
Will there be a correlation between the transcript level of R8 and phenotype in Desiree
between the detached leaf assay (susceptible) and whole plant assay (resistant) at different
times after inoculation with Phytophthora infestans pathogen?
Does the humidity in detached leaf assay affect the R8 transcript levels and phenotype?

1.9. Approaches
Experimental approach (Genetic background dependency of R genes).
The F1 seeds of the three populations (Population A: RH89-039-16 × 94-2031, Population
B: Premiere × P49-38 and Population C: P74.8-14 × Desiree) were the initial starting material for
the research. The F1 genotypes of all the three populations were propagated and maintained invitro. The stable inheritance of resistance genes in the respective F1 population was checked by
PCR based genotyping with the already developed markers (MN586 & MN587 for population A
and B and CAPS markers C & G for population C). Segregation pattern of R genes in all the three
populations were analysed using statistical tests. Phenotyping for resistance was done for all plants
containing the R gene by detached leaf assay in different batches. The phenotyping was done twice
with low and high inoculum dosages of Phytophthora infestans IPO-C isolate (race
1,2,3,4,5,6,7,10,11). Statistical analysis was done to find the differences between batches of the
population followed by combining the batches for making bulks for the bulk segregant analysis in
future.
Experimental approach (Factors affecting the functional expression of R genes)
1. Desiree transformed with R8 found to be resistant in whole plant assay and susceptible in
detached leaf assay. To study whether the susceptibility in DLA is due to high humidity in the
disease test, two different humidity levels (80% and 100%) after inoculation with pathogen
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were tested. The different humidity levels were maintained in climate cell with light duration
of 16 hrs day, 8 hrs night and temperature of 15ºc during nights and 18ºc during days. There
were three biological replications per treatment with untransformed Desiree which is
susceptible to late blight as control. The plants were analysed for differences among phenotypes
for the two treatments.
2. A second experiment was conducted to find out if there is a correlation between susceptibility
in DLA and R8 transcript levels in different genotypes (Desiree with R8 gene and Innovator
with the R8 gene respectively). Also, we wanted to test if there was a correlation between the
transcript level of R8 in detached leaf assay and whole plant assay at different times after
inoculation. There were three biological replications per treatment and untransformed Desiree
without R8 was used as control.
3. The R8 transcript analysis required the development of a specific q-PCR assay, development
of real-time PCR primers. This required fragment cloning and allele sequencing. Finally,
choosing a suitable assay for allele specific quantification in real-time PCR.
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2.0 MATERIALS AND METHODS

2.1 Plant material
The F1 seeds of three populations (Population A: RH89-039-16 × 94-2031, Population B:
Premiere × P49-38 and Population C: P74.8-14 × Desiree) were the initial starting material for the
research. Prior information about the starting material for research (unpublished data) is as follows.
Three F1 populations are taken into consideration in this thesis. The prior information about the
parents of the crosses are the building blocks of this research and research questions are formulated
from this unpublished data. The three crosses are:
•

Population A: F1 seedlings of the cross RH89-039-16 × 94-2031-01. The two parents are
non- transgenic diploid plants. 94-2031-01 contains the gene conferring resistance to late
blight called Rpi-ber and it was obtained from Solanum berthaulii. This gene has been
mapped in the chromosome 10 of potato genome. 94-2031-01 which contains the Rpi-ber
gene was found to be resistant in detached leaf assay. RH89-039-16 is susceptible to late
blight. In previous experiments it was found that, in population, half of the plants contain
the Rpi-ber gene but only half these plants were observed to be resistant in detached leaf
assay and the other half of the plants that contained Rpi-ber gene were susceptible.

•

Population B: F1 seedlings of the cross Premiere × P49-38. P49-38 is transgenic Innovator
containing the Rpi-chc1 gene for late blight resistance gene from Solanum chacoense. Rpichc1 has been mapped in the chromosome 10 of the potato genome. The transgenic
Innovator contain this gene and is resistant in detached leaf assay. Rpi-chc1 in Premiere
does not provide resistance (Haverkort et al.,2016)

•

Population C: F1 seedlings of the cross P74.8-14 × Desiree. P74.8-14 is a transgenic
Innovator containing the gene R8 for late blight resistance from the wild specie Solanum
demissum. This gene has been mapped on the chromosome 9. P74.8-14 showed resistance
in the detached leaf assay while R8 in the Desiree did not provide resistance in the detached
leaf assay. Remarkably, R8 in Desiree did provide resistance in the whole plant assays.

The seeds of all the three population were sown in two batches. The first batch of 100
seeds were sown one month prior to the start of the research (12.6.2017) to get an idea on the
percentage of germination since potato seeds takes long time for germination and there will not be
much uniformity for germination timing. Seeds were sterilized using 1.5% hypochlorite for 20
minutes and washed again twice with sterile water. The seeds were sown in-vitro in MS-20
medium supplemented with vitamins and was maintained in the climate chamber at 24º C for
germination. The second batch of 100 seeds were sown again at the end of the first month
(28.7.2017) after start of the research. For the second objective experiments, cuttings were made
for the green house for the already available in-vitro maintained genotypes A.74.8-24, P.74.8-14
and Desiree.

23

2.2. In-vitro propagations of F1 seedlings
All in-vitro works were done in the Plant cell and tissue culture laboratory. The seeds which
were surface sterilized were grown in MS-20 medium. The media composition for 1 litre contained
4.4g of MS media, 20g of sucrose and 8g of agar. Approximately 10-15 seeds were placed in one
container for germination. The germinated F1 seedlings of all crosses were maintained in aseptic
conditions in the climate chamber at 24ºC temperature and in 16/8 hrs light/dark photoperiod. Each
seedling in the F1 population is a different genotype and hence each seedling was transferred and
raised in individual containers. Two weeks old seedlings after germination were maintained by
making multiple copies by nodal cuttings which helps to synchronize the growth and development,
enabling to obtain seedlings which are uniform. In-vitro propagation also helps to rapidly multiply
plants in relatively short duration of time. There are also several disadvantages and risk at the same
time. There was always a risk of contamination in the climate chamber which was monitored
regularly for mite and fungal infections. The leaves were also harvested for the isolation of DNA
from the two weeks old seedlings as soon as there is appearance of second true leaf. This was done
when the seedlings were transferred to individual containers. Once the root appears in the
maintained cuttings, the tops were harvested and then transferred to separate containers for
greenhouse propagation. These containers were maintained in the climate chamber for two weeks
and then taken to the greenhouse.

2.3. DNA isolation.
The DNA isolation was done according to the modified CTAB based approach in the molecular
laboratory of plant breeding. The RECT method (WUR lab) is as described below.
•

•

•

Firstly, the leaf material was placed in 96 deep well blocks containing two tungsten carbide
beads (3mm, Qiagen) during harvesting. The leaves were frozen in liquid nitrogen before
grinding in the RETCH machine. The leaf samples were grinded for 1 minute at 24.0/s and
immediately the deep well block was put back in the liquid nitrogen and stored in the
refrigerator at -80ºc until the isolation of DNA.
For DNA isolation, 400µl of isolation buffer which was prepared on the same day was
added to the leaf samples without defreezing the tissue. The isolation buffer constituents
included 16.8ml of lysis buffer, 16.8 ml of extraction buffer, 6.7ml 5% sarkosyl and 100mg
sodium bi sulphite for 100 samples. The isolation buffer being highly viscous was kept for
5 minutes under 65ºc so that it will be easy for pipetting. The samples were mixed manually
and kept under 65ºc for 1 hour with occasional shaking. After cooling down to room
temperature, 400µl of chloroform/isoamylalcohol (24:1) was added and mixed vigorously
followed by centrifuging for 20 minutes at 6000rpm.
Next, carefully the supernatant was transferred to another new deep well block. To this
new block, 0.8 volume of isopropanol was added followed by centrifugation for 6000rpm
for 8 minutes. Then the supernatant was removed and to this 300µl of 70% ethanol was
added to the pellet followed by centrifugation for 5minutes at 6000rpm. Then the
supernatant was discarded followed by brief centrifugation. The remaining ethanol was
pipetted and removed. The blocks were then kept for drying at room temperature. The DNA
pellets after drying were dissolved in TE + Rnase (10ng/ml) and the DNA isolated was
stored in refrigerator at -20ºc for further usage in the future.
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2.4PCR genotyping
The isolated DNA from the in-vitro plants were first checked in the nano drop for
estimating the concentration of nucleic acid. Accordingly, the stock DNA samples were diluted
5 times or 10 times in milliQ (MQ). Then, the diluted DNA was checked in the 1% gel to see a
clear band of genomic DNA so that before PCR, the diluted DNA will be ready. For population
A and B, SCAR (Sequence characterized amplified region) markers were used and for population
C, CAPS markers were used. The primers used are shown in the table 4.
Table 4 Primer combinations for PCR based genotyping
Rpi-chc1 and Rpi-ber SCAR markers
(POPULATION A AND B)
MN586 CHC-RGC3 specific internal primer at bp 2946
MN587: CHC-RGC3 specific internal primer at bp 3268
CAPS in R8 ORF; C+G AluI (POPULATION C)
C
G

Primer sequence
ACAGATAATAATTTTCAACTGC
ATTTGGGACATTCTGATATAAG
Primer sequence
CTGGATTTCTTCAAGATTCGTCGT
AGTAAACTTTGACACCTTTAGTTCACCAT

Firstly, the PCR master mix was prepared which included various constituents as shown in the
Table 5 & 6 for different populations in different concentrations and volumes. The PCR master
mix was prepared by placing them on ice to avoid degradation of the enzymes. Then, appropriate
amount of the PCR mix, according to final volume was added to 1 µl DNA samples for all three
populations as mentioned in the table 5 & 6.
Table 5 PCR master mix for Population A and B

PCR Master Mix (POPULATION A and B)

PCR profile

2 µl 10X dreamtaq buffer
0.4 µl (5mM) dNtps
0.25µl forward primer (10nmol/ µl)
0.25µl reverse primer (10nmol/ µl)
1 µl DNA (10-50ng)

5 min 940C
• 25s 940C
• 25s 550C
• 1min 720C
5min at 720C

0.1 µl dreamtaq
20 µl MQ (final volume 20 µl)

100C forever
3 µl PCR on 1% gel

35 cycles

Table 6 PCR master mix for Population C

PCR Master Mix
(POPULATION C)

PCR profile

CAPS Master mix

1.5µl 10X dreamtaq buffer
4 min 950C
0,8 µl (5mM) dNtps
• 30s 950C
0.4 µl forward primer
• 1min 550C 34 cycles
(10nmol/ µl)
0.4µl reverse primer (10nmol/
• 1min 720C
µl)
1 µl DNA (10-50ng)
5min at 720C
0.03 µl dreamtaq
10.87µlMQ (final volume 15
µl)

100C forever
3 µl PCR on 1% gel as internal
control
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5 µl PCR product
2 µl RL buffer (10X)
0.1 µl CAPS enzyme (AluI U/ µl)
12.9 µl MQ (final volume 20 µl)
Incubate 2 hours at 37 0C and
inactivated at 65 0C for 20 min
2 µl loading buffer
run on 2% agarose gel

For population A and B, SCAR (Sequence characterized amplified region) markers were used and
for population C, CAPS markers were used. CAPS digestion with AluI restriction enzyme was
carried out after PCR in case of population C. The product obtained after digestion with enzyme
was run in the 2% gel with 2 µl gel red and 6 µl MQ and the 400 bp fragment found in the gel was
linked to resistance. For SCAR markers in case of population A and B, the presence or absence of
350 bp band in the 1% gel was found to be linked to resistance. In population A and B, the R8
markers were used as internal control to prove there was no contamination of DNA. The parents
that contained R genes were used as positive control namely, 94-2031-01 containing Rpi-ber gene
in population A, P49-38 containing Rpi-chc in population B and P74.8-14 containing R8 in
population C. In addition to water control, the susceptible parents RH89-039-16, Premiere and
Desiree for population A, B and C respectively were used as negative control for PCR analysis.
Based on the gel result, the plants containing the R genes, was selected for further phenotyping to
know whether they are resistant or susceptible.

2.5 Phytophthora infestans inoculum preparation and Detached leaf assay
The procedure for the preparation of inoculum for Detached leaf assay (DLA) is as follows.
•
•

The isolate of P. infestans (IPO-C) collected was maintained on rye agar plates at 15 ºC
two weeks prior to DLA.
At the day of inoculation, the suspension of inoculum containing the zoospores was
prepared from culture maintained for 14 days on rye agar plates (Figure 4).

Figure 4 IPO-C Inoculum preparation

•
•
•

10 ml of tap water was poured on the top of the medium of 2 weeks old plate and the
mycelium was scraped out from the top of the plate with the help of a Drigalsky spatula.
The suspension which was obtained was then decanted to a tube and placed in the
refrigerator (4ºC) for approximately two hours for the zoospores to be released from the
sporangia.
The number of sporangia was counted using a haemocytometer under the microscope
(Figure 5). 5-7 zoospores will be present usually within one sporangium and the number
of zoospores in the suspension was be estimated by different calculations.
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Empty sporangium
Zoospore

Figure 5: Microscopic view of the infectious fungal spores

•
•
•
•

•
•

Before inoculation, adjustment of concentration was done so that there will be 30,000 –
50,000 zoospores/ml suspension (approximately 10-12 zoospores visible inside the square
with triple lines visible under microscope)
The plants were kept in greenhouse at least one month before conducting the DLA. The
youngest fully expanded third leaf from the top of the set of greenhouse plants was taken.
The leaves are then placed in the trays with wetted filter paper.
The spores were diluted as per the count of zoospores observed under haemocytometer.
Six 10µl droplets of diluted spore suspension need to be placed in each half of the leaf with
1.5 cm distance between droplets. The administration of the suspension of inoculum was
done with the aid of repetitive pipette (10µl suspension/drop) on the lower side of the leaf
(10 drops/leaf)
Then the leaves which are inoculated will be placed in plastic bags and sealed with tape so
that 100 % humidity will is ensured.
The symptoms of the disease will be scored from scale 0 to 10 on day 6 of inoculation
(Table 7).

Table 7 Disease scoring for late blight

SCORE
0
1
2
3
4
5
6
8
10

DESCRIPTION
No symptoms visible
HR like the size of the inoculum droplet (2-4 mm)
HR response larger than the droplet of inoculum (5-8 mm)
HR big (> 8 mm), dry
Big HR (> 8 mm), slight water soaking
Big water soaked lesion (> 1 cm). Under microscope no
sporulation but present macroscopically.
Big water soaked lesion (> 1 cm). Macroscopically invisible
sporulation but seen under microscope slightly.
Big lesion (> 1 cm). Sporulation present on the adaxial side.
Big lesions (> 1 cm). Sporulation present on both sides.
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REPRESENTATION
OF RESPONSE
R9
R8
R7
R6
V5
V6
V7
V8

2.6 PCR product cloning using pGEM-T Easy vector system
The PCR products obtained using C & G primer combinations from the DNA isolated from
the transgenic plants A-74.8.24 (Desiree containing R8) and P-74.8.14 (Innovator containing R8)
were used for cloning. The ligation and transformation procedure are as follows.
Ligation using pGEM-T Easy vector

The ligation reaction was made as given in Table 8. The reactions for both the genotypes were
gently mixed by pipetting and for obtaining more number of transformants, the reactions were kept
in the refrigerator overnight at 4ºc.
Table 8 Ligation master mix for pGEM-T Easy cloning
REAGENTS

VOLUME PER REACTION

2X rapid ligation buffer
pGEM-T Easy vector(50ng)
PCR product
T4 DNA ligase (3 Weiss units/µl)
Deionized water to a volume of

5µl
1µl
1µl
1µl
10µl

Transformation of JM109 competent cells

•

•

•
•
•

The LB plates were made by adding 20g LB medium and 15g bacteriological agar in oneliter MQ and autoclaved. Before pouring the plates 100µl/100ml carbenicillin (100g/l) and
200µl/100ml X-Gal (20g/l) were added as selective agents for the transformants. PUC
uncut DNA was used as control for the transformation.
The JM109 high efficiency competent cells were thawed in ice for 5minutes followed by
mixing gently by flicking the tube. 2µl of the ligation mix after brief centrifuge was then
transferred to 50µl of the competent cells and the tube contents were mixed gently by
flicking and incubated in ice for 20 minutes.
Heat shock was given for the cells to take up the plasmid vectors for 45-50 seconds in a
water bath which was preset at a temperature of 42ºc and tubes were immediately returned
to the ice for 2 minutes.
950µl of the SOC medium was then added to the ligation reaction and 900µl to the control
tube followed by incubation for 1.5hrs with shaking at 37ºc (approximately 150rpm).
After the incubation, 100µl of each of these reaction mixes were plated onto the LB plates
and incubated overnight at 37ºc and on the next day the transformed white colonies were
picked up from the respective plates of both genotypes (Figure 6).

CONTROL TRANSFORMATION
PLATE
(PUC DNA)

STANDARD REACTION PLATE
WHITE COLONIES-TRANSFORMANTS
BLUE COLONIES- NON-TRANSFORMANT

Figure 6 Transformed LB plates
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100 white single colonies were picked up per genotype and grown in liquid LB culture
plates containing antibiotic and incubated overnight at 37ºc for the colonies to grow. PCR
was done on the next day with liquid culture of various clones and the positive culture
which gave a good band on the gel were then selected for sending for sequencing. For each
genotype, 5µl of the 20-80ng/µl of the various PCR amplicons with 2.5µl of primer from
10µM stock were made up to 10µl final volume with MQ and sent for sequencing. 150 µl
of 30% glycerol was added into each well in the culture plate for storage in -80ºc for further
use.

2.7 Distinguishing R8 alleles for primer design
For designing q-PCR primers that is paralog and allele specific, the amplicons produced by
the paralog specific primer pairs (CAPS C & G) from transgenic plants A-74.8.24 (Desiree
containing R8) and P-74.8.14 (Innovator containing R8) that were cloned using pGEM-T Easy
vector system was sequenced to know which other paralogs are also amplified other than R8. Once,
the other alleles found in the amplicons are known, then the primers that specifically quantify the
expression of the targeted allele could be designed. The feature of the restriction pattern different
amplicons on gel was used to differentiate other alleles from R8. The SNP pattern of different
alleles were obtained by removing all the other background sequences and retaining only the SNPs
in the seq man program and comparison was done to analyze the frequency of other alleles. Based
upon this information primers were designed and tested on the clones for checking the specificity.

2.8 Miniprepping for plasmid DNA isolation
•

•

•

Firstly, 1.5 ml of freshly grown culture of two R8 clones namely (A8 and D2) and r8 clones
(B4 and D4) were taken in the eppendorf tubes and centrifuged at maximum speed for 1
minute and supernatant was removed. This step was repeated to obtain more yield of
bacterial cell pellets.
5 µl of 20µg/µl Rnase was added to 1ml of Buffer P1and 250 µl of P1 containing Rnase
was added to each sample for resuspending the bacteria and clumps were removed by
pipetting up and down. 250µl of P2 buffer was added to each sample and inverted 5-6
times.
Then, 250µl of P3 buffer was added to the samples and inverted which was then centrifuged
at maximum speed for 10 minutes. The supernatant was removed without disturbing the
pellet and equal volume of isopropanol was added to it and centrifuged at maximum speed
for 5 minutes. Next, 1ml of 70% ethanol was added to the pellet and centrifuged at
maximum speed for 5 minutes followed by drying to evaporate ethanol. Then DNA pellets
were dissolved in MilliQ and accordingly diluted to required concentration later.

2.9 KASP assay - underlying principle
KASP (Kompetitive allele specific PCR) assay includes two forward primers with unique tail
sequences and a common reverse primer. When the respective allele specific primer gets itself
attached to the template and start elongation, then the tail sequence will also get attached to the
newly synthesized strand. Hence, it enables the generation of complementary allele specific tail
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sequences in the subsequent rounds of PCR. The KASP master mix consists of MgCl2 and free
nucleotides in an optimized buffer solution, Universal FRET cassettes, Taq polymerase and the
ROX TM passive reference dye. So, in the subsequent rounds of PCR, the complement of the allelespecific tail sequences generated enables the FRET cassette to get bound to the DNA. Once, it is
bound, it is no longer quenched, and fluorescence is emitted. The discrimination between the two
alleles is achieved based upon the competitive binding of the two forward primers to the DNA.
There are literatures that support the usage of KASP assay in q-PCR for allele specific
quantification of genes. Allele specific expression analysis (KASP assay) was used to quantify the
RNA using q-PCR (Verdegaal et al., 2016).

2.10 RNA isolation and cDNA Synthesis
The leaf discs collected from the whole plant assay samples and DLA assay for transcript
analysis were used for RNA isolation and cDNA Synthesis. RNeasy Plant mini kit by QIAGEN
and iScript cDNA Synthesis kit by Biorad was used for RNA isolation and cDNA Synthesis
respectively. The protocol is given in the appendix 7 & 8.
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3.0 RESULTS
The experiments were conducted according to the objectives and hypothesis framed as
previously mentioned. The results obtained for the various experiments are as follows.

3.1 In-vitro raising of F1 plants
A total of 200 F1 seeds of each population A, B and C was sown and the germination
efficiency was not found to be the same for all the populations. The F1 seeds of diploid cross of
the two non-transgenic plants (RH89-039-16 × 94-2031-01) germinated quite early compared to
the other populations. The observed germination for population A was 80 percent and 65 percent
for the other two populations B and C. The germination started 14 days after sowing for population
A whereas for population B and C, the first germination was observed after 20 days. The
germination range for population A was from as early as 14 to 35 days but for the other two
populations, it ranged from 20-45 days. The germination was uneven for all the populations. The
fungal infection rate due to the attack of mites were so high due to which some of the germinated
seedlings could not be rescued. Yeast and bacterial infections were also observed which was
successfully controlled with combination of antibiotics Cefotaxime (1.5ml/L), Timetin (1.5ml/L)
and the PPM (Plant protection mixture 1ml/L).

3.2 R gene inheritance ratio and selection of R gene containing F1 plants
The plants from populations A, B and C were screened by PCR analysis using R gene specific
markers for R8, Rpi-chc1 and Rpi-ber. It was observed that all the three genes were stably inherited
in the F1 progenies of all the three crosses. An example for all the three populations, how the
genotype containing R genes (F1 +ve genotype) were identified with the different controls are
illustrated in the figure 7 for population C and Figure 8 for population A & B. Gel images of
screening for all the three populations with the respective names of genotypes are given in the
supplementary material Figure 1 to 5.
L

F1 +ve
GENOTYPE

F1 -ve
GENOTYPE

P-74-8-14

WATER
CONTROL

DESIREE

400 bp

Figure 7 Representation of CAPS markers on gel for R8 for screening of population C with controls
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L

F1 +ve

F1 -ve

GENOTYPE GENOTYPE

94-2031-01/
P-49-38

WATER
CONTROL

RH-89-03916/ PREMIERE

350bp

Figure 8 Representation of SCAR markers on gel for Rpi-chc and Rpi-ber genes with 94-2031-01/ P-4938 as parents containing R gene (positive control) and RH-89-039-16/ Premiere parents without R genes
(positive control) for population A and B respectively.

The plants of the three populations were also validated for the segregation ratio of the
respective markers. The expected segregation ratio was 1:1 which shows that the gene is present
in the simplex form. Statistical analysis (Binomial test) was performed using the screening result
to prove whether there is any significant difference in the segregation ratio. The result of the
screening for the all the three populations combining both batches are demonstrated in the table
below.
Table 9 Result of screening of Population A, B and C for the segregation ratio analysis
PRESENCE OF R GENE
ABSENCE OF R GENE
P VALUE
Test
Test
POPULATION (BINOMIAL
POPULATION Expected Observed proportion Expected Observed proportion PROPORTION
TEST)
A (RH89039-16 × 942031-01)
45
43
0.48
45
47
0.52
0.5 (1:1)
0.37
B (Premiere
× P49-38)
49
51
0.52
49
47
0.48
0.5 (1:1)
0.38
19
29
0.76
19
9
0.24
0.5
(1:1)
0.0008
C (P74.8-14
× Desiree)
28.5
29
0.76
9.5
9
0.24
0.75 (3:1)
0.513

The p value for population A and B indicates that the Rpi-ber and Rpi-chc markers segregated in
the expected segregation ratio of 1:1 which also shows that the genes are present in simplex form.
The result of screening for population A and B shows that the R genes in the progenies of these
populations are also present in simplex form. In case of the population C, the p value is in turn
depicting that there is a significant difference from the expected ratio of segregation. When the
binomial test was done for an expected ratio of 3:1 the p value obtained was 0.513 which shows
there is no significant difference between the observed and expected segregation ratio.
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3.3 Detached leaf assay of the plants containing R genes
Detached leaf assay was performed for answering the hypothesis whether there will be a
difference in phenotype among genotypes with R gene. These plants from the population were
selected based upon the presence of R genes. DLA was done for population A and B. The first
batch phenotyping contained 22 and 25 plants from population A and B respectively. The second
batch phenotyping included 21 and 22 plants from population A and B respectively. The parental
plants of each population were used resistant and susceptible control respectively. Additionally,
two plants from each population which did not contain R genes were also used as susceptible
controls. Every batch phenotyping was done twice, initially with a low inoculum dosage and the
repeat experiment with a high inoculum dosage. The results of the first and second batch
phenotyping for the populations A and B are shown in figure 9 & 10 respectively. The error bars
indicate the standard deviation of the data.
FIRST BATCH PHENOTYPING POPULATION A
16

LOW INOCULUM (AVERAGE DISEASE SCORE)

HIGH INOCULUM (AVERAGE DISEASE SCORE)

14

AVERAGE DISEASE SCORE

12
10
8
6
4
2
0
-2
-4
-6

SECOND BATCH PHENOTYPING POPULATION A
LOW INOCULUM(AVERAGE DISEASE SCORE)

HIGH INOCULUM(AVERAGE DISEASE SCORE)

16
14
12
10
8
6
4
2
0
-2
-4

GENOTYPES

Figure 9 DLA result of population A
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FIRST BATCH PHENOTYPING POPULATION B

16
14
12
10
8
6
4
2
0
-2

HIGH INOCULUM(AVERAGE DISEASE SCORE)

VP-B-7
VP-B-6
VP-B-21
VP-B-3
VP-B-17
C2(P-49-38)…
VP-B-12
VP-B-24
VP-B-42
VP-B-32
VP-B-20
VP-B-16
S1(VP-B-1)…
VP-B-45
VP-B-39
JV-18 (INNOVATOR)
VP-B-37
VP-B-40
VP-B-35
VP-B-33
VP-B-34
VP-B-9
VP-B-19
VP-B-46
VP-B-23
VP-B-25
VP-B-26
VP-B-28
VP-B-48
S1(VP-B-…
C1(PREMIERE)(SU…

AVERAGE DISEASE SCORE

LOW INOCULUM(AVERAGE DISEASE SCORE)

SECOND BATCH PHENOTYPING POPULATION B
LOW INOCULUM (AVERAGE DISEASE SCORE)

HIGH INOCULUM (AVERAGE DISEASE SCORE)

16
14
12
10
8
6
4
2
0
-2
-4

GENOTYPES

Figure 10 Second batch DLA result of population B

The first and second batch phenotyping of both populations indicates that even though there is
presence of R gene in the plants, many genotypes showed lower resistance levels. The disease
score ranged from completely resistant to susceptible F1 plants (Figure 9 & 10) . Few genotypes
were consistently resistant and susceptible under low as well as high inoculum dosage in both
populations. At the same time, the patterns included lowered resistance under high dosage and
vice-versa. The detailed list of the plants containing resistance genes and the average disease score
under both first and the repeat experiment with low and high dosage respectively is given in the
appendix 1 and 2. In the DLA of both the batches of population A, the observed pattern of
phenotype was different in both batches. There were more resistant plants observed in first batch
whereas, there was more susceptible ones in second batch. The first batch phenotyping resulted in
only 2 susceptible genotypes but in second batch there was 16 susceptible genotypes with
34

conflicting phenotypes. In population B, the phenotype observed in both the batches did not differ
much (Figure 11). To know whether there is any significant difference between the first and second
experiment disease score for each genotype of both populations, statistical analysis (paired t test)
was done. This showed there was no reproducibility in the first batch of population A since there
was a significant difference between the disease scores under low and high inoculum dosages.
(Table 10). Reproducibility in case of Population B was quite promising because in both the
batches there was no significant difference between the repeats (Table 10).
Table 10 Paired T test results of repeats in first and second batch of Population A and B.

Population sample
First batch population A
Second batch population A
First batch population B
Second batch population B

P value (Paired t test)
0.002
0.583
0.132
0.067

To know whether there are any significant differences between the two batches of the same
population under low and high inoculum dosages, independent sample t test was performed and
the results for population A and B are given in figure 11. The results show that there are significant
differences between the batches in case of population A and no difference in case of population B
for both inoculum dosages. Hence, it is not possible to bulk the genotypes of population A
combining both the batches.
POPULATION A

P value 0.000

P value 0.000

LOW INOCULUM

HIGH INOCULUM

POPULATION B

P value 0.755

P value 0.330

HIGH INOCULUM

LOW INOCULUM

Figure11 Histograms showing the independent sample t test result which was done on the DLA resullts
between the batches of the same population for the same inoculum dosage.
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3.4 Phenotype grouping of population B
The first and second batch of both populations could be combined and bulked for bulk
segregant analysis only if the both batches doesn’t differ significantly both under low and high
inoculum dosages. In case of population B, there was no significant differences between batches
for both the inoculum dosages and between repeats as shown in paired t test results. This indicates
that there is consistency of the pattern of observed phenotypes among the genotypes of both the
batches of population B and better reproducibility. Therefore, both the batches of population B can
very well be combined for making bulks. According to the detached leaf assay scores observed,
the genotypes containing the R genes of both the batches of population B were divided into several
groups as shown in the appendix 3 and 4. Based upon the consistency, the genotypes which were
falling under the same category (average disease score group) at low as well as high inoculum
dosages were retained under the same group (Table 11). The genotypes that performed differently
under low and high dosages of inoculum (i.e. differed by one or more disease score category )
were separated as inconsistent performers. The various bulks obtained for population is as shown
below in table 11.
Table 11 Bulks of genotypes of population b.
Consistent performance
Categories
Score

Genotypes

Highly
resistant
0 to 2
VP-B-7
VP-B-6
VP-B-21
VP-B-63
VP-B-75
VP-B-56
VP-B-80
VP-B-82

Resistant
2 to 4
VP-B-12
VP-B-24
VP-B-42
VP-B-32
VP-B-20
VP-B-16
VP-B-68
VP-B-78

Intermediate
4 to 6
VP-B-45

Susceptible
6 to 8
VP-B-64

Highly
susceptible
8 to 10
VP-B-19
VP-B-46
VP-B-23
VP-B-25
VP-B-26
VP-B-28
VP-B-48
VP-B-61
VP-B-71
VP-B-85
VP-B-89
VP-B-92
VP-B-93
VP-B-98

Inconsistent
performers
VP-B-3
VP-B-17
VP-B-79
VP-B-73
VP-B-66
VP-B-76
VP-B-60
VP-B-84
VP-B-39
VP-B-37
VP-B-40
VP-B-96
VP-B-35
VP-B-33
VP-B-34
VP-B-9

Bulking with the criteria of consistency of performance under both dosages, eight highly resistant
and thirteen highly susceptible bulks were obtained which would be further used for bulk segregant
analysis. The DLA images of the leaves representing each disease score group is shown in the
figure 12. It depicts the clear difference between the phenotypes as observed in the DLA, being
genotypes from the same population containing R genes. The genotypes clearly showcase a great
variation in the functional expression of resistance which made it advantageous to make bulks as
compared to the resistant transgenic parent and the other susceptible parent. This difference seen
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between the bulks after phenotyping could be hypothesized to be seen at the genotypic level after
the bulk segregant analysis in future research.

P1 P-49-38

VP-B-21

(TRANSGENIC
PARENT CONTAINING
Rpi-chc GENE)

HIGHLY
RESISTANT
(0 -2)

VP-B-42
RESISTANT
(2-4)

VP-B-64

VP-B-28

SUSCEPTIBLE
(6-8)

HIGHLY
SUSCEPTIBLE
(8-10)

VP-B-45
INTERMEDIATE
(4-6)

PREMIERE
(SUSCEPTIBLE
PARENT)

Figure 12 Detached leaf assay images of population B and each figure represent the respective disease
score category

3.5 Differentiating R8 alleles from r8 alleles
R8 allele is known to have a feature of three
restriction sites (AGCT) which when cut with the
enzyme Alu1 gives four bands of 376, 156, 96 and 53
bp respectively on gel (Figure 13). The gel image for
the entire screening of all the clones of both genotypes
is given in the supplementary material 6 and 7
respectively. In order to identify the different
susceptible alleles, present in the amplicons, the ones
which gave a different restriction enzyme digestion
pattern bands on gel was chosen and sequenced.
Among the 100 clones chosen from amplicons of
A.74.8.24 and P.74.8.14 genotypes, 74% and 83% of
them respectively showed the R8 restriction pattern. In
case of A.74.8.24, there were 18% of the total clones
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Figure 13: Various restriction patterns
seen on gel. R8 allele shows four
bands differentiating it from other
patterns 1,2 and 3.

sequenced had a SNP pattern that deviated from the R8 and in case the genotype P.74.8.14, 14%
of the total clones deviated from the R8 SNP pattern (Table 12). Allele mining results in Desiree
and Innovator are shown in Table 13 and raw data in the appendix 5 and 6 respectively.
Table 12 Screening results of different alleles using restriction enzyme
GENOTYPE
TOTAL PCR
AMPLICONS WITH R8 AMPLICONS WITH
AMPLICONS
RESTRICTION
UNEXPECTED
ANALYSED
PATTERN ON GEL
PATTERN ON GEL
A.74.8.24

100

74

24

FREQUENCY OF
OTHER ALLELES
BEING AMPLIFIED
IN PCR
18%

100

83

20

14%

(DESIREE WITH R8)

P.74.8.14
(INNOVATOR WITH R8)

Table 13 SNP pattern of different alleles obtained after sanger sequencing
SNP PATTERN OF DIFFERENT
FREQUENCY OF
SNP PATTERN OF
ALLELES IN P.74.8.14
OCCURRENCE
DIFFERENT ALLELES IN
A.74.8.24

FREQUENCY OF
OCCURRENCE

6/20

AAAACCCTAT (R8)

6/24

AATTAATCTTCTACTTTCATTTCC
(R8)
TTTTACTATTTTATCTTCTCTCTT
AATTAATTTTCTACTCTCATTTCC
TTTTACTATTTTATCTTCTCTTCC
AATCAATCTTCTACTTCCATTTCC
AATTAATATTCTACTTTTATTTGC

5/20
1/20
1/20
2/20
1/20

TTACATTCTC
TAACATTCTC
TAGCATTCTC
TGGCATCTAT
TAGCATCTAT

8/24
2/24
5/24
1/24
1/24

AATTAATCTTCTACTTTCATCTCC
TATTGCCATTTTATCTTCTCTCTT
TTCTACTATCTTATCTTCTCTCTT
TTTTACTATTTTATCTTCCCTCTT

1/20
1/20
1/20
1/20

TTACATCTAT

1/24

SNP pattern indicates the genotype sequence of clones excluding the background sequence and retaining
only single nucleotides differences

Hence, the sequence of clones which occurred more than three times could only be considered as
a new allele different from R8. So, the SNP pattern of the clones with frequency 1 was excluded
and allele which occurred with high frequency was taken into consideration for designing primers.

3.6 Primer design for q-PCR
The forward and reverse primers used for this amplicon have been selected in such a way that
the inactive paralogs are not amplified. In order to exploit the newly identified SNPs to distinguish
between the active and inactive alleles, the same selective primer must be used for amplification.
It was considered to design Taq man assay or KASP assay for allele specific quantification of
transcript utilizing single SNP that distinguished R8 from other frequently occurring active alleles
in the amplicons. The amplicon size was more than 300 bp long which was a disadvantage for both
assays. Probe designing for Taq man assay was also attempted but the criteria for designing probe
was not met in this case as the probe need be as close as possible without overlapping to the 3’ end
of the primer which in this case of R8 was not possible. Moreover, designing a probe that is
covering one distinguishing SNP was also doubtful regarding specificity in quantification of the
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desired allele. Hence, KASP was a better choice in this study. The KASP primers and the designed
q-PCR modified protocol for KASP are shown in the table 14 (A) and (B) respectively.
Table 14 (A) KASP primers designed for transcript analysis
PRIMER
Kasp R8 F
(FAM)
Kasp r8 F
(HEX)
Common reverse
(G)

SEQUENCE
GAAGGTGACCAAGTTCATGCTCTGTTATCCCATAGAAAAACTTGCAATACAG
GAAGGTCGGAGTCAACGGATTGTCCTGTTATCCCATAGAAAAACTTACAATACAT
AGTAAACTTTGACACCTTTAGTTCACCAT

(B) q-PCR program
KASP Master mix for one reaction
Reaction Mix (2*) 5µl
Forward Primer R8 FAM (1µM) 1µl
Forward Primer r8 Hex (1µM) 1µl
Common reverse (1µM) 1µl
DNA 1µl
MQ 1µl
Total volume 10µl

q-PCR Profile using KASP assay

KASP Extra protocol

1. 94.0 C for 15:00
2. 94.0 C for 0:20
3. 61.0 C for 1:00
Decrement temperature by -0.6 C per
cycle
4. GOTO 2. 9 more times
5. 94.0 C for 0: 20
6. 59.0 C for 1:00
7. 25.0 C for 0:10
Plate read
8. GOTO 5. 39 more times
END

1. 94.0 C for 0: 20
2. 57.0 C for 1: 00
3. GOTO 2. 2 more times
4. 37.0 C for 1:00
Plate read
End

3.7 PCR product analysis for primer specificity testing
PCR analysis was performed with the culture of various clones to examine the specificity of
the designed allele specific primers to produce the expected products. Different combinations of
primers (10µM) were tested on the plasmid DNA obtained from the selected Resistant (R8) clones
and susceptible (r8) clones at different concentrations (5pg/µl, 500fg/ µl and 50fg/ µl). The
products were checked in the gel and the representative images of the products from 5pg/µl
samples are shown in the figure 14.

Figure 14 Gel image of the different PCR products of clones tested using different combination of primers.
(A)Water control (B) Genomic DNA from A.74.8.14 (Desiree containing R8) (C-E) R8 clones (F-H) r8
clones (1) Primer combination (R8 + common reverse) (2) Primer combination (r8 + common reverse) (3)
Primer combination (R8 + r8 + common reverse).
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The results showed that the primer combination 2 on both the R8 and r8 clones gave the expected
product of 400bp fragment on gel. In case of primer combination 1, there was difference in the
obtained products visible on gel resulting in additional band as shown in Figure 15 F1.
Additionally, with primer combination 3, there was no extra bands observed in the gel. This
confirms and proves that due to competitive binding between the two forward primers, there is
high specificity during amplification resulting in only R8 allele specific PCR product. This
specificity of primers was also cross checked by observing the real-time PCR products obtained
after KASP assay on the gel. All the plasmid DNA from both R8 and r8 clones at all concentrations
using the primer combination 3 resulted only in 400bp fragment on gel. The accuracy in the allele
discrimination using these primers and sensitivity for quantification was later checked using the
KASP assay in real-time PCR.

3.7 Real-time PCR aided Allele specific quantification (KASP assay)
Pilot experiment was performed to validate the designed KASP primers in q-PCR for R8
allele-specific quantification. For this pilot study, the two cloned R8 alleles (A8 and D2) and the
other r8 alleles (D4 and B4) were used. The mixture of the two clones in different proportions
(3R8:1r8, 1R8:3r8 and 2R8:2r8) and concentrations (5ng/µl, 500pg/µl, 50pg/µl, 5pg/µl, 500fg/µl,
50fg/µl) were also tested for the ensuring the specificity of the designed primers to differentiate
the alleles when present at different ratios and concentrations. The study proved the efficiency for
allele specific quantification with KASP assay using real-time PCR. The distinction between the
peaks of FAM and HEX fluorophores were also clearly visible at concentrations of plasmid DNA
samples 5ng/µl, 500pg/µl, 50pg/µl and 5pg/µl at all ratios. In case of all the concentrations except
the 500fg/µl and 50fg/µl the peak was visible before 40cycles. Those samples need more number
of cycles to pass the threshold. The observed increase in the ct values for the FAM and HEX
channels for each of the pure clones respectively for every ten-fold diluted samples once more
proved the efficiency of this method in allele-specific quantification (Figure 15).
QUANTIFICATION GRAPH WITH AVERAGE Cq VALUES
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Figure 15 The observed increase in Cq values under different dilutions of R8 and r8 clones

The allele discrimination was also validated for both the pure clones and for the mixture of clones
based on the appearance of two different clouds of two different fluorescence (FAM and HEX)
after running the KASP extra protocol for measuring the end point (Figure 16). This signifies the
specificity and the efficiency with which the alleles were differentiated with the two fluorophores
in the assay. These results enable to prove that allele specific quantification by KASP assay is
possible using real-time PCR at different concentrations and even differentiate them in a mix as
present in the plant samples. Although the result obtained when tested with plasmid DNA isolated
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from the clones was quite promising, but the specificity and sensitivity of this technique should be
proven in case of testing with cDNA for analyzing the real samples.

PURE r8 CLONES
MIX (2R8:2r8)

PURE R8 CLONES

Figure 16 Allele discrimination graph by KASP assay

3.8 Background and environmental conditions affecting R8 functional expression
Whole plant assay and detached leaf assays were conducted to collect samples for transcript
analysis. The same experiment was conducted twice with three biological replicates per sample
for ensuring reproducibility and the average disease score observed was the same. In whole plant
assay, Desiree containing R8, didn’t show any visible symptoms indicating complete resistance
which was expected as per previous studies (Figure 17 B). Interestingly, the detached leaf assay
samples showed disease symptoms but not complete susceptibility which was contradictory to
what was observed in the previously conducted experiments (Figure 17 D).

B

A

C

D

E

Figure 17 Symptoms observed in Whole plant assay and detached leaf assay 72hrs after inoculation with
IPO-C isolate of Phytophthora infestans. (A) WPA (Desiree) (B) WPA (A-74-8-24) (C) DLA (P-74-8-14)
(D) DLA (A-74-8-24) (E) DLA (Desiree).
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The average disease scores observed after every 0 hrs, 24 hrs, 48 hrs and 72 hrs after inoculation
is shown in Figure 18. It was observed that in whole plant assay for A-74-8-24 and DLA for P-748-14, the disease score remained zero until the sixth day after inoculation with the pathogen. In
contrast to that, in the detached leaf assay, the early development of symptom was observed in A74-8-14 even before there was an appearance of symptoms in the control Desiree plants. After 24
hrs, the disease score remained same until sixth day after inoculation in A-74-8-14 whereas the
control Desiree plants showed complete susceptibility with sporulation.

AVERAGE DISEASE SCORE

A 12.0
10.0
8.0
6.0
4.0
2.0
0.0
WHOLE PLANT ASSAY WHOLE PLANT ASSAY
(Desiree:R8)
(DESIREE)

DETACHED LEAF
ASSAY (Desiree:R8)

DETACHED LEAF
ASSAY (DESIREE)

EXPERIMENT TYPE

Oh

24 h

48 h

72 h

Sixth day of inoculation

AVERAGE DISEASE SCORE

B 10.0
DETACHED LEAF ASSAY (Desiree:R8)
DETACHED LEAF ASSAY (Innovator:R8)
DETACHED LEAF ASSAY (DESIREE)

9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0
Oh

24 h

48 h

72 h

Sixth day of
inoculation

INTERVALS OF OBSERVATON

Figure 18 (A) The comparison of average disease score observed between the whole plant assay and
detached leaf assay for Desiree containing R8 and Innovator containing R8 with untransformed Desiree as
control. (B) The comparison of average disease score observed in detached leaf assay between the Desiree
and Innovator transformed with R8 and with Desiree as control.

As per the previously observed experimental results of complete susceptibility of Desiree
containing R8 in detached leaf assay, the disease was scored under low humidity and high humidity
set up. It was found that there was not much difference between the disease scores observed
visually under the two humidity conditions (Figure 19).
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AVERAGE DISEASE SCORE

PERFORMANCE OF A-74-8-14 UNDER LOW AND HIGH HUMIDITY
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10
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FIRST

REPEAT
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GENOTYPE
DISEASE SCORE (LOW HUMIDITY)

DISEASE SCORE (HIGH HUMIDITY)

Figure 19 The observed disease score in DLA under low and high humidity for A-74-8-24 after sixth of
inoculation with IPO-C with untransformed Desiree as control

3.9 Allele specific quantification on cDNA
The allele specific quantification of the R8 was tested on the cDNA using the same set of
primers designed. The technique had worked quite well with plasmid DNA but was not sensitive
enough when tested with cDNA. The untransformed Desiree plants in some samples gave signal
in the FAM channel whereas the innovator plants containing R8 had problems in detection. All the
cDNA samples were tested with EF1 primers which gave a ct value around 20 cycles which
showed that the quality of cDNA was good. The Desiree plants when tested with sybergreen master
mix using the same primers, the Desiree plants containing R8 and the control plants could not be
differentiated in their ct values. Most of the control Desiree plants as well as the R8 containing
Desiree samples gave a signal ranging from 30-38 cycles. Innovator containing R8 gave a signal
much before than the Desiree containing R8 when tested with sybergreen protocol which clearly
shows there are difference in the expression level of R8 in both backgrounds. In case of innovator
plants, the quantification using sybergreen cannot be relied upon since sampling was not done
from the untransformed innovator. In Desiree samples using sybergreen, the transformed and
untransformed Desiree samples couldn’t be distinguished with ct values, which made it difficult
to give a reliable result for quantification.
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4.0 Discussions
4.1 In-vitro screening for R genes
The F1 seeds were sown in-vitro for all the three populations A, B and C due to several
advantages as previously discussed in the above sections. The germination percentage varied
between the different populations. This could be due to several reasons like lack of viability of the
seeds or due to the dormancy conditions. It could have been also due to the influence of genetics
(Beyaz et al., 2013) on germination of seeds at different ploidy level. In this case, there was a good
percentage of germination observed in the non-transgenic diploid cross population A whereas in
the other tetraploid population B and C the observed germination percentage was quite low. The
observed high rate of fungal infection was caused due to the mites spread in the in-vitro chambers.
The PCR analysis was done with the DNA collected from the in-vitro plants since there was no
requisite for a very high-quality DNA as from greenhouse plants for the PCR screening for R
genes. Moreover, simultaneously screening the plants with R genes and proceeding only with the
selected plants to the greenhouse for detached leaf assay could save time to large extent and the
non-selected could be discarded at a further earlier stage to speed up the research.

4.2 PCR based genotyping for segregation study
All the genes Rpi-chc, Rpi-ber and R8 were found to be stably inherited in the F1 generation
which was confirmed by PCR based genotyping. The Rpi-chc and Rpi-ber were found to be
segregating in 1:1 ratio which indicates that the gene is present in simplex form in population A
and B. These F1 genotypes of population A and B can be proceeded further for the bulk segregant
analysis. The reason being, when the gene is present in simplex form, the unique SNPs can be
easily analysed after sequencing. More than one copy of the gene would complicate the genetics
of the crop to work with to find distinguishing SNPs between resistant and susceptible bulks in
potato. Moreover, the transformants with one copy number of the gene will have less vector
backbone and border integration (Zhu et al., 2012).
Population C screening showed that there was significant difference from the 1:1 ratio of
segregation (P value = 0.0008) but no significant difference from 3:1 ratio (P value = 0.513) as
statistically tested. The results in case of population C could be due to more than one copy number
of the gene in the plants. The copy number of a gene and its inheritance can influence the
segregation ratio (Zhu et al., 2012). This distortion of segregation ratio could have happened due
to more than one place of integration of gene in the genome during agrobacterium transformation
of the R8 in the innovator plants which is in this case is the resistant transgenic parent. Secondly,
another possibility being, during crossing the resistant transgenic plant with susceptible plant, the
emasculation of the female plant, in this case the P-74-8-14 which contained the R gene, was not
done properly. Thus, resulting in some amount of self-pollination leading to more number of
resistant plants in the next generation deviating from 1:1 segregation ratio. Due to the deviation
from the expected ratio of segregation in the first batch screening, the population C was exempted
from screening further because more copy number of gene would further complicate the genetics
in Potato. As the A and B population segregated in the expected pattern, these populations were
further proceeded for one more round of screening to get more number plants with R genes. It was
uncertain that how many plants containing R genes would differ in their phenotype after disease
testing to obtain a minimum number of fifteen plants in the highly resistant and susceptible bulks
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for bulk segregant analysis. Within the constricted time frame and loss of several plants in-vitro
due to mite infections, screening could be performed only in 100 F1 plants in each population
resulting in obtaining 45 and 49 plants containing R genes respectively in each population A and
B.

4.3 Detached leaf assay and Phenotype grouping of Population A and B
Disease testing of the F1 genotypes containing R genes in population A and B by detached
leaf assay was done to know whether there would be a difference in the phenotypes in the plants
containing R genes. The results clearly showed differences in the phenotypes ranging from highly
resistant to complete susceptibility. This would have happened due to the difference in the genetic
background in which the genes are present resulting in different levels of functional expression
(Shandil et al., 2017, Quenouille et al., 2016). When the resistant parents containing transformed
R genes were crossed with susceptible parents, it results in varying levels of recombination.
Moreover, in Potato being a tetraploid each F1 progeny will be a unique genotype with varying
genetic backgrounds. The background dependency of R genes could be further proved only with
bulk segregant analysis distinguishing the difference genetically between the resistant and
susceptible progenies of the same cross. From the 1:1 segregation of phenotypes we could make a
guess that there could be influence of one downstream gene but could be confirmed only after bulk
segregant analysis.
The phenotyping was done in two batches in each population A and B. In case of population
B, the two batches did not show differences in the disease symptoms scored in DLA whereas in
the population A differences between the batches were observed and statistically proved. The only
difference between the two batches of the populations were the difference in the season in which
the DLA was performed. Hence, the reason behind the differences observed in case of population
A could be due to the differences in the seasons in which the DLA was done. Detached leaf assay
of the first batch of both populations was done during the summer and the second batch was done
during the start of winter. The stability of the resistance levels and phenotype could be influenced
by the changes in the environmental conditions (Lindqvist-Kreuze et al., 2014). Another possibility
being the spray that was given in the greenhouse against the spread of powdery mildew during
autumn would have influenced the genotypes resulting in reduced resistance levels against late
blight pathogen in second batch. The possibility of interaction of different genotypes of population
A with environment could only be proved statistically only when the DLA will be performed with
the both batch genotypes in both seasons and combined phenotyping should be done in the same
season. In the first batch phenotyping of population A there was no reproducibility between the
repeats but not so in the second batch which was proved by paired t test. The lack of reproducibility
in the first batch could be due to experimental errors during inoculation preparation or could be
due to technical errors during inoculation.
The two batches of population A significantly differed from each other in the phenotypes
observed in detached leaf assay. Hence, the phenotypes could not be combined for grouping
according to disease categories. This can give false conclusions in the bulk segregant analysis if
there will be an interaction of the genotypes with the environment. In case, of population B, the
batches could be very well combined for grouping of phenotypes since there was no significant
difference between the phenotypes of the batches. The genotypes which was falling under different
disease score categories under low and high inoculation dosages were excluded from final
grouping since there was no reproducibility in the observed phenotypes. Most of the inconsistent
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genotypes differed by one group and only two genotypes namely VP-B-35 and VP-B-33 differed
by two groups. Only the consistent performers were grouped together to make resistant and
susceptible bulks to get a good reliable result for the future research.

4.4 Result of q-PCR primer design
CAPS markers will not give much information regarding the allele dosages. Allele frequency
is of great importance as far as transcript analysis for allele-specific quantification is concerned.
Hence, the restriction pattern when digested with Alu 1 enzyme were utilized to distinguish it from
other alleles which were amplified in the PCR. This was one easy way to find out the other active
alleles amplified instead of sequencing hundreds of clones. In this way, expenditure for sequencing
many clones could be reduced to large extent and the additional advantage being it was less time
consuming for analyzing sequences. The cloning of the various PCR amplicons of the genotypes
A.74.8.24 and P.74.8.14 to know which other active alleles were also amplified and sanger
sequencing result showed that major percentage of the products amplified was R8 allele specific.
A very small percentage of the amplicon sequence in both genotypes deviated from the R8 SNP
pattern. This could have been obtained due to several reasons. The enzyme used for obtaining the
various amplicons in PCR was the normal Taq polymerase which doesn’t have a proof reading
activity. Hence, the sequence of clones which occurred more than three times could only be
considered as a new allele different from R8. So, the SNP pattern of the clones differing from R8
or differing from other frequently amplified alleles, which occurred only once and only differed
from them for single SNP was not taken into consideration. This was done because it could have
occurred due to the error during the PCR artefacts or due to a mutation event.
The PCR product specificity testing showed the designed KASP primers (R8 + r8+ CR
combination) were efficient in obtaining the R8 allele specific product. Remarkably, R8 allele
specific primer and common reverse (CR) combination of primers in a r8 clones also amplified
other templates resulting in extra products which is clearly seen on gel Figure 15 F1. This can
happen in the leaf samples since it contains mixture of alleles in turn giving falsified results. This
unnecessary product could be avoided only with the competitive binding of the primers with the
DNA there by amplifying only the R8 allele specific product (https://www.lgcgroup.com/kasp/).
This will avoid the error during quantification in real time PCR using the same set of primers.
According to Verdegaal et al., 2016 Kompetitive allele specific expression analysis (KASP
assay) can be successfully used to quantify the RNA using q-PCR. Validating the designed KASP
primers in real-time PCR proved the specificity of the primers in allele specific quantification. The
discrimination of the resistant and susceptible alleles using q-PCR using the two fluorophores were
reproducible at different concentration of the tested clones and at different combination of the
clones as mentioned before in the results. This was attempted to check whether this technique
could accurately quantify the desired allele specific product even from a mixture of alleles. The
validation of the KASP assay aided allele-specific quantification was done using the plasmid DNA
isolated from the clones. The sensitivity of this technique in cDNA isolated from the samples still
needs to be proved. The quality of cDNA was checked using EF1 primers with sybergreen standard
protocol which showed almost all samples crossing the threshold around 20 cycles. The cDNA of
the samples isolated from the Desiree containing R8 and untransformed R8 did not show much
difference in their ct values which indicates that the expression of R8 in Desiree background is
low. This could also be the reason for detection issues of Desiree using KASP assay. In case of
innovator containing R8, KASP assay was the only option since sampling was not done from
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untransformed Innovator. The KASP assay was not sensitive enough to detect cDNA and needed
further optimization of the technique.

4.5 Performance of R8 under different backgrounds in WPA and DLA
As per the observed average disease symptoms in whole plant assay and DLA in the genotypes
R8 transformed Desiree and Innovator with untransformed Desiree as control, the results were
quite similar to the previous studies done except in the DLA of Desiree containing R8. The early
lesion development seen in the DLA even before control Desiree plants shows there is early
detection of the pathogen within 24 hrs after inoculation in the Desiree background containing R8
but there was no further development of the disease symptoms. This clearly shows that it is the
HR response since there was no further enlargement of the lesion and the pathogen could not
invade the host. This could be supported by the study done Song et al., 2003 on foliar resistance
to late bight pathogen whereby resistance was observed by HR response which triggered delayed
invasion of host by the pathogen. This conflicting result observed needs to be considered since
level of resistance in phenotype to late blight pathogen cannot be explained only by the expression
level of genes (Shandil et al., 2017). There could be different external factors that would have
influenced the functional expression of R8 in Desiree background which needs to be further
studied.
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5.0 Conclusions
To study the factors affecting the R genes which alter the levels of resistance is of high
relevance to obtain durable and stable resistance against Phytophthora infestans in Potato. Here,
in this research, the background dependency of the R genes and the factors affecting the functional
expression was studied. The F1 progenies of the three population A (RH89-039-16 × 94-2031),
B (Premiere × P49-38) and C (P74.8-14 × Desiree) were screened for the presence of R genes. It
was found that the R genes were stably inherited in the next generation, but the segregation ratio
differed between the population. In case of population A and B there was no significant difference
from the 1:1 segregation ratio (p value - 0.37 for population A and p value - 0.38 for population
B). Population C significantly deviated from 1:1 segregation ratio (p value - 0.0008) and hence
exempted from further screening. Phenotyping of the genotypes containing R genes by detached
leaf assay proved that there are differences in the level of resistance among the different genotypes
containing R genes. The two batches of genotypes in population A significantly differed among
each other in the observed phenotypes (p value - 0.000) whereas the two batches of genotypes of
population B did not show significant difference in the phenotypes observed (p value - 0.330 under
low inoculum dosage and p value- 0.755 under high inoculum dosage). The two batches of
population A could not be combined for phenotyping grouping. Phenotype grouping in case of
population B gave 8 plants in extremely resistant and 14 plants under extremely susceptible bulk
which can be used for bulk segregant analysis in future. Under the second objective to study the
factors effecting the R gene expression, KASP primers were designed to do transcript analysis of
R8 under Desiree and Innovator backgrounds. The primers were validated by testing the product
specificity. The allele specific quantification (KASP) in real-time PCR using the plasmid DNA
isolated from different clones of resistant and susceptible alleles were also tested and proven for
its specificity for quantification and allele discrimination. To know the factors affecting R8
transcript levels, whole plant and detached leaf assays were performed using Desiree and innovator
genotypes containing R8. Innovator containing R8 was found to be completely resistant in DLA
and Desiree containing R8 in whole plant assay which were also the results observed in previous
studies. Remarkably, in Desiree containing R8 in DLA, the symptom started appearing even before
the control plants 24 hrs after inoculation which was contradictory to the results previously
obtained. The primers were tested on the cDNA obtained from the samples but the sensitivity of
this technique to detect cDNA is yet to be validated and tested.
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6.0 Recommendations
Here are the recommendations made as a trajectory for the future research.
In-case of the in-vitro propagation of plants, the major problem encountered was the fungal
infections due to mites. The genotypes of the population need to be maintained in-vitro for further
studies. Even though the infections are reduced to large extent, but there are high chances for the
infections to come back again due to resurgence of the mite population. Hence, I would
recommend following the washing step with hypochlorite and miconazole nitrate for every new
cutting. Additionally, the medium with PPM and antibiotics could be used but I do not recommend
adding miconazole nitrate in the medium since the roots of plants of my population were found to
come out of the medium. The plants maintained in rectangular boxes were also found to be
infected. So, the boxes need to be tightly covered with polythene and sealed. Following all these
measures I could maintain my plants without much infection due to mites.
For DNA isolation for PCR analysis, I would recommend using eppendorf instead of clustered
tubes. There are high chances of breakage of tubes when grinded using the RETCH machine after
dipping it in liquid nitrogen resulting in loss of samples whereas the eppendorf tubes doesn’t break
so easily. The concentration of the extracted DNA could be better checked in the gel than nanodrop since the nano-drop value in ng/µl could be an over-estimation along with the RNA content.
In case of the segregation ratio analysis of the population C, to find out the reason behind the
deviation from 1:1 segregation ratio, the copy number of the cisgene need to be determined. This
could be done either done by southern hybridization or Q-PCR assay. There are reports showing
that the southern blot had failed many times to determine copy number (Jo et al., 2016). This was
due to hybridization of many non-specific targets by the probe DNA because potato genome
contains many homolog sequences. Hence, the best way is to use Q-PCR after validating it for the
background sequences. Once, the copy number is determined the clear reason can be obtained and
if copy number is one then the most probable reason would be due to improper emasculation of
the female parent. In that case the crossing need to be repeated.
The population A both batch genotypes in detached leaf need to be tested in two different seasons
(summer and winter) to find the environmental effect on the functional expression of R gene.
Testing together in both season would enable to statistically prove the genotype interaction with
environment of population A genotypes. Population B phenotype grouping resulted in highly
resistant and highly susceptible consistent F1 genotype. One more screening of around 50 plants
of population B will give enough plants in the resistant and susceptible bulks to proceed to bulk
segregant analysis. The reason being minimum of fifteen plants are needed for the analysis in both
bulks and more than fifteen plants would give more strength and reliability for the analysis.
The designed KASP markers for allele-specific quantification need to be further optimized enough
to detect cDNA and to give a reliable result. In case of innovator samples, for using the syber green
protocol, the phenotyping needs to be repeated with untransformed innovator as control. Due to
the constricted time frame, only the first hypothesis under the second objective of this research
could be proven and the remaining hypothesis framed could be taken up as a trajectory for
continuing this research.
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5.0 APPENDIX
Appendix 1 (A) List of first batch plants containing Rpi-ber gene in Population A with the average
disease scoring in detached leaf assay. Experiment was done two times with low inoculum dosage
and the second time repeat with a high inoculum dosage. In the following table shades of green
colour shows the degree of resistance of the F1 genotypes in detached leaf assay; and shades of
red indicates the degree of susceptibility.

GENOTYPE
VP-A-34
C2(94-2031)
(RESISTANT PARENT)
VP-A-36
VP-A-49
VP-A-1
VP-A-10
VP-A-6
VP-A-3
VP-A-43
VP-A-29
VP-A-12
VP-A-44
VP-A-28
VP-A-16
VP-A-52
VP-A-22
VP-A-4
VP-A-42
VP-A-2
VP-A-45
VP-A-47
S1(VP-A-5)
(SUSCEPTIBLE CONTROL 1)
VP-A-17
VP-A-27
C1(RH-89-039-16)
(SUSCEPTIBLE PARENT)
S2(VP-A-7)
(SUSCEPTIBLE CONTROL 2)

LOW INOCULUM
(AVERAGE DISEASE SCORE)
0.55

HIGH INOCULUM (REPEAT)
(AVERAGE DISEASE SCORE)
0.45

0.8
0.5
1
0.8
0.6
0.6
0.7
1.055555556
1.222222222
3.25
0.65
2.35
2.2
1.55
0.6
0.2
1.05
0.7
3.571428571
1.3

0.5
0.538461538
0.85
0.9
1
1.1
1.2
1.7
1.9
2.05
2.4
2.5
2.65
2.8
3.1
3.95
4.3
4.4
4.5
5.3

6.470588235
0.5
7

5.5
5.8
9.55

10

10

10

10
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Appendix 1 (B) List of second batch plants containing Rpi-ber gene in Population A with the
average disease scoring in detached leaf assay.

GENOTYPE
VP-A-94
C2(94-2031)
(RESISTANT PARENT)
VP-A-77
VP-A-90
VP-A-84
S1(VP-A-5)
(SUSCEPTIBLE CONTROL 1)
VP-A-72
VP-A-71
VP-A-81
VP-A-63
VP-A-74
VP-A-85
VP-A-56
VP-A-67
VP-A-65
VP-A-68
VP-A-62
VP-A-70
VP-A-75
VP-A-80
VP-A-87
VP-A-96
VP-A-97
C1(RH-89-039-16)
(SUSCEPTIBLE PARENT)
S2(VP-A-7)
(SUSCEPTIBLE PARENT 2)

LOW INOCULUM
(AVERAGE DISEASE SCORE)
0.4

HIGH INOCULUM
(AVERAGE DISEASE SCORE)
0.3

0.8
4.85
4.85
6.2

0.5
4.8
4.8
1.1

6.470588235
6.55
7.3
7.45
7.6
8.3
8.5
8.6
9.076923077
9.2
9.6
10
10
10
10
10
10
10

5.5
7.9
7.2
8.4
10
10
10
4.9
10
6.8
10
10
10
10
10
10
10
9.1

10

10

10

10
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Appendix 2 (A) List of first batch plants containing Rpi-chc gene in Population B with the average
disease scoring in detached leaf assay.

GENOTYPE
VP-B-7
VP-B-21
VP-B-6
VP-B-12
VP-B-3
VP-B-24
VP-B-32
VP-B-17
VP-B-42
C2(P-49-38)
(RESISTANT PARAENT)
VP-B-39
VP-B-20
VP-B-16
S1(VP-B-1)
(SUSCEPTIBLE CONTROL 1)
JV-18 (INNOVATOR)
VP-B-45
VP-B-35
VP-B-37
VP-B-33
VP-B-34
VP-B-9
VP-B-19
VP-B-40
VP-B-46
VP-B-23
VP-B-25
VP-B-26
VP-B-28
VP-B-48
S1(VP-B-2)
(SUSCEPTIBLE CONTROL 2)
C1(PREMIERE)
(SUSCEPTIBLE PARENT)

LOW INOCULUM
(AVERAGE DISEASE SCORE)
0.416666667
1
0.416666667
2.75
1
2.833333333
3.583333333
2
3.166666667

HIGH INOCULUM(REPEAT)
(AVERAGE DISEASE SCORE)
1.1
1.3
1.9
2.2
2.5
2.8
3
3.15
3.2

2.181818182
4.666666667
3.583333333
4

3.25
3.3
3.5
4

4
6
4.25
10
7.5
10
10
10
10
7.5
10
10
10
10
10
10

4.7
5.2
5.25
5.4
5.5
5.6
6.65
7.2
8.25
9
9.2
10
10
10
10
10

10

10

10

10
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Appendix 2 (B) List of second batch plants containing Rpi-chc gene in Population B with the
average disease scoring in detached leaf assay.

GENOTYPE
VP-B-63
VP-B-75
VP-B-56
VP-B-79
VP-B-80
VP-B-73
VP-B-82
VP-B-66
VP-B-76
VP-B-60
C2(P-49-38)
(RESISTANT PARENT)
VP-B-84
VP-B-68
VP-B-78
S1(VP-B-1)
(SUSCEPTIBLE CONTROL1)
JV-18 (INNOVATOR)
VP-B-64
VP-B-96
VP-B-61
VP-B-71
VP-B-85
VP-B-89
VP-B-92
VP-B-93
VP-B-98
S1(VP-B-2)
(SUSCEPTIBLE CONTROL 2)
C1(PREMIERE)
(SUSCEPTIBLE PARENT)

LOW INOCULUM (AVERAGE
DISEASE SCORE)
0
0
1
1
1
1.5
1.666666667
1.75
1.95
2

HIGH INOCULUM
(AVERAGE DISEASE SCORE)
0
1.4
2
2.333333333
1
2.4
1.6
2.75
3.8
2.916666667

2.181818182
3.15
3.2
3.833333333

3.25
1.8
3.05
3.833333333

4
6
7.333333333
7.9
10
10
10
10
10
10
10

4.7
5.2
6.166666667
8.8
10
10
10
10
10
10
10

10

10

10

10
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Appendix 3 Categorization of genotypes of population B under low inoculum dosage. The
different colours indicate the genotypes consistently falling under the same category in both
batches. The genotypes that are not coloured showed an inconsistency in the phenotypes under the
low and high inoculum dosages and were separately grouped as inconsistent performers during
grouping together of both batches.
Low Inoculum Dose (Population B)
Categories

Highly
resistant

Resistant

Intermediate

Susceptible

Highly
susceptible

Score

0 to 2

2 to 4

4 to 6

6 to 8

8 to 10

VP-B-7

VP-B-12

VP-B-45

VP-B-37

VP-B-35

VP-B-6

VP-B-24

VP-B-39

VP-B-40

VP-B-33

VP-B-21

VP-B-42

VP-B-64

VP-B-34

VP-B-3

VP-B-32

VP-B-96

VP-B-9

VP-B-17

VP-B-20

VP-B-19

VP-B-63

VP-B-16

VP-B-46

VP-B-75

VP-B-84

VP-B-23

VP-B-56

VP-B-68

VP-B-25

VP-B-79

VP-B-78

VP-B-26

Genotypes

VP-B-80

VP-B-28

VP-B-73

VP-B-48

VP-B-82

VP-B-61

VP-B-66

VP-B-71

VP-B-76

VP-B-85

VP-B-60

VP-B-89
VP-B-92
VP-B-93
VP-B-98
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Appendix 4 Categorization of genotypes of population B for high inoculum dosage
High Inoculum Dose (Population B)
Categories
Score

Genotypes

Highly
resistant
0 to 2
VP-B-7
VP-B-21
VP-B-6
VP-B-63
VP-B-80
VP-B-75
VP-B-82
VP-B-84
VP-B-56

Resistant

Intermediate

Susceptible

2 to 4
VP-B-12
VP-B-3
VP-B-24
VP-B-32
VP-B-17
VP-B-42
VP-B-39
VP-B-20
VP-B-16
VP-B-79
VP-B-73
VP-B-66
VP-B-60
VP-B-68
VP-B-76

4 to 6
VP-B-45
VP-B-35
VP-B-37
VP-B-33

6 to 8
VP-B-34
VP-B-9
VP-B-64

VP-B-78

Highly
susceptible
8 to 10
VP-B-19
VP-B-40
VP-B-46
VP-B-23
VP-B-25
VP-B-26
VP-B-28
VP-B-48
VP-B-96
VP-B-61
VP-B-71
VP-B-85
VP-B-89
VP-B-92
VP-B-93
VP-B-98
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Appendix 5 Allele mining of different cloned PCR amplicons of genotype (P.74.8.14) as observed
in Seq-man program after sequencing.

A
T
T
A
A
T
A
T
A
T
A
T
A
T
T
T

A
T
T
A
A
T
A
T
A
T
A
T
A
A
T
T

T
T
T
T
T
T
T
T
T
T
T
T
T
T
C
T

T
T
T
T
C
T
T
T
C
T
T
T
T
T
T
T

A
A
A
A
A
A
A
A
A
A
A
A
A
G
A
A

SNP PATTERN OF DIFFERENT ALLELES IN P.74.8.14
A T C T T C T A C T T T C A T
C T A T T T T A T C T T C T C
C T A T T T T A T C T T C T C
A T T T T C T A C T C T C A T
A T C T T C T A C T T C C A T
C T A T T T T A T C T T C T C
A T C T T C A G C T T T C A T
C T A T T T T A T C T T C T C
A T C T T C T A C T T C C A T
C T A T T T T A T C T T C T C
A T A T T C T A C T T T T A T
C T A T T T T A T C T T C T C
A T C T T C T A C T T T C A T
C C A T T T T A T C T T C T C
C T A T C T T A T C T T C T C
C T A T T T T A T C T T C C C

T
T
T
T
T
T
T
T
T
T
T
T
C
T
T
T

T
C
C
T
T
T
T
C
T
C
T
C
T
C
C
C

C
T
T
C
C
C
C
T
C
T
G
T
C
T
T
T

COUNT
FREQUENCY OF OCCURRENCE SEQUENCE NAME
C
R8
T
1
5
A4
T
1
H12
C
2 (R8 mutant)
1
A9
C
3
2
A6
C 4(allele 1 mutant)
1
H9
C
5
1
A12
T
1
A5
C
3
A7
T
1
A2
C
6
1
A8
T
1
H10
C
7(R8 mutant)
1
A3
T
8
1
H8
T
9
1
H11
T 10(allele 1 mutant)
1
A1

Appendix 6 Allele mining of different cloned PCR amplicons of the genotype (A.74.8.14) as
observed in Seq-man program after sequencing
SNP PATTERN IN A.74.8.24 COUNT
A A A A C C C T A T
R8
T T A C A T T C T C
1
T A A C A T T C T C
3
T T A C A T T C T C
1
T A G C A T T C T C
4
T T A C A T T C T C
1
T T A C A T T C T C
1
T T A C A T T C T C
1
T T A C A T T C T C
1
T G G C A T C T A T
2
T A A C A T T C T C
3
T A G C A T T C T C
4
T A G C A T T C T C
4
T A G C A T C T A T
5
A A A A C C C T A T
R8
T T A C A T C T A T
6
T A G C A T T C T C
4
A A A A C C C T A T
R8
A A A A C C C T A T
R8
A A A A C C C T A T
R8
T T A C A T T C T C
1
T T A C A T T C T C
1
A A A A C C C T A T
R8
T A G C A T T C T C
2
A A A A C C C T A T
R8

FREQUENCY OF OCCURRENCE SEQUENCE NAME
6
R8
8
G5
2
G11
G9
5
H2
H6
G3
F6
H7
1
G7
G8
F11
G6
1
F10
H4
1
F9
H3
F8
G2
G12
G1
H1
F12
G10
F7
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Appendix 7

RNeasy® Plant Mini Kit protocol for RNA isolation
Things to do before start
10 µl of ᵝ Mercaptoethanol was added to 1ml of buffer RLT before use. Additionally, before using
of buffer RPE, four volumes of 96%-100% ethanol was added to that to get a working sample.
The process of isolation of RNA is as follows.
•
•
•
•
•
•
•
•

450 µl of buffer RLT was added to the already ground tissue without defreezing the tissue
and vortexed immediately.
The lysate was transferred to the QIA shredder column and centrifuged at full speed for
2minutes. Without disturbing the cell debris at the bottom of 2 ml collection tube, the
supernatant was transferred to new centrifuge tubes.
After that, 0.5 volume of 96%-100% ethanol was added to the supernatant in the
microcentrifuge tube and it was mixed by pipetting gently. Immediately the samples were
transferred to the RNeasy spin column and centrifuged for 15seconds for 8000rpm.
The flow-through was discarded and then 750 µl of buffer RW1 was added to the column
and centrifuged for 15seconds for 8000rpm. The flow-through was discarded.
500 µl of buffer RPE was next added to spin column and centrifuged for 15seconds for
8000rpm. The flow through was again discarded and the previous step was repeated at
same speed for 2 minutes.
To remove all the carryover of ethanol, the spin column was kept on a new 2ml collection
tube and then centrifuged at full speed for 1minute.
Then the spin column was placed in new 1.5ml collection tubes and 50 µl of RNase free
water added to it to elute RNA. The column was centrifuged at 8000 rpm for 1minute.
All the samples obtained were adjusted to the concentration of 500ng by adding Rnase
free water to make final volume of 8 µl.

Dnase treatment
The master mix used for Dnase treatment is as follows

Constituent
RNA 500ng
10x Dnase1 reaction buffer
Dnase1
Total volume

volume
8 µl
1 µl
1 µl
10 µl
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iScript cDNA Synthesis kit protocol
The master mix for cDNA Synthesis and the PCR profile is as follows.
Constituent
RNA (Dnase treated)
5x iScript reaction mix
iScript reverse transcriptase
Rnase free water
Total volume

Volume
5 µl
4 µl
1 µl
4 µl
20 µl

PCR profile
5 minutes 20ºc
20 minutes 46ºc
1 minute 95 ºc
Hold at 4ºc
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6.0 SUPPLEMENTARY MATERIALS

A1

A2

Figure 1 A1 and A2 are the gel electrophoresis images of the Population A first batch screening
for the presence of Rpi-ber gene by PCR based genotyping. A1 is the internal control gel in which
R8 gene markers were used to know whether there was any kind of contamination in the isolated
DNA. A2 image is the gel image using gene specific SCAR markers MN586 & MN587.The red
arrow indicates the presence of gene in the respective F1 genotype of the population A mentioned
above at the top and blue arrow indicate the contaminated samples.

A3

A4

Figure 2 Gel image of the population A second batch screening (A3 internal control gel).
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B1

B2

Figure 3 Gel image of the population B first batch screening (B1- internal control gel) for the
presence of Rpi-chc gene by PCR based genotyping. B is the internal control gel in which R8 gene
markers were used to know whether there was any kind of contamination in the isolated DNA. B2
image is the gel image using gene specific SCAR markers MN586 & MN587.

B3

B4

Figure 4 Gel image of the population B second batch screening (B3- internal control gel)
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C1

C2

C3

Figure 5 Gel image of the population C first batch screening for the presence of R8 gene by PCR
based genotyping. CAPS enzyme digestion is used to distinguish the R8 allele from the rest. The
red arrow in the ladder DNA corresponding to the bands present in the other genotypes indicate
the presence of the allele linked to resistance. The red arrow downward indicates the respective
genotype of population C containing the functional R8 allele.
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Figure 6 Restriction enzyme (Alu1 CAPS enzyme) digestion patterns of the various cloned PCR
amplicons of the genotype A.74-8-24 (Desiree containing R8). The yellow arrow represents the
clones that were sequenced which showed different pattern of digestion compared to that of R8
functional allele.

Figure 7 Restriction enzyme (Alu1 CAPS enzyme) digestion patterns of the various cloned PCR
amplicons of the genotype P.74-8-14 (Innovator containing R8).
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