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ABSTRACT

CHARACTERIZATION OF LATE BLIGHT (PHYTOPHTHORA INFESTANS) RESISTANCE
OF POTATO BREEDING LINES WITH THE RB GENE FROM SOLANUM
BULBOCASTANUM

By

Saltanat Kurmanbekovna Mambetova

Late blight, caused by Phytophthora infestans (Mont.) de Bary, is the most important
disease of potato (Solanum tuberosum L.) because it affects foliage, tuber yield and storage
ability. Previous work demonstrated that the wild diploid potato species S. bulbocastanum is
highly resistant to all known genotypes of P. infestans. In this study, we transformed and
expressed the RB gene from S. bulbocastanum (Rpi-blbl) into conventionally bred, late blight
resistant breeding lines to evaluate the effect of pyramided late blight resistance genes. All RB
potato transformation events were confirmed by Polymerase Chain Reaction (PCR) and RB
expression was detected by Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR). Foliar
host plant resistance was characterized using detached leaf bioassays (DLB), greenhouse whole
plant bioassays (WPB) and an inoculated field trial. A set of four P. infestans genotypes (US-8,
US-22, US-23 and US-24) were used to evaluate foliar resistance in the DLB and WPB
experiments, whereas only the US-22 genotype was used in the field. The results of the
greenhouse whole-plant bioassays and detached leaf bioassays were varied. However, the highest
level of resistance was demonstrated in conventionally bred, late blight resistant lines, which also
contained the RB gene from S. bulbocastanum. The results from the field trial were more
explanatory and proved that pyramiding resistance genes is an effective strategy to increase the

level of late blight resistance.
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1. LITERATURE REVIEW

History and importance of the potato

The potato (Solanum tuberosum) is native to South America and are the third largest food
crop in the world (based on human consumption) following wheat and rice (CIP, 2010). In 2012,
the total world production of potatoes was 364 Mt, in comparison to rice 719 Mt and wheat 670
Mt (FAO, 2012). The genetic diversity patterns of potato indicate it was grown in the vast central
plateau of the Andes from the ancient city of Cuzco to Lake Titicaca 7,000 to 10,000 years ago
(Zuckerman, 1998). Around 1570, potato was introduced from South America to Europe (most
likely Spain). Cultivation of potatoes were slowly spread throughout Europe, and later in 1700
potatoes were brought and grown in North America (Brown, 1993). The potato was not readily
adopted as a food because European was unfamiliar with how to cultivate and consume it.
However, there are a number of examples where potato became an irreplaceable staple food.
During the war with England in late eighteenth century in France, the potato saved millions lives,
and in Ireland, potatoes led to a population increase between 1790 and 1845 (Salaman, 1970).
Now, in the twenty first century the potato is grown in more than 100 countries. It is cultivated

under temperate, subtropical and tropical conditions (CIP, 2010).

World potato production is increasing more rapidly than the production of other leading
crops (Shekhawat et al., 1999). Production in the Asian region is expanding at approximately 6%
per year. Twenty years ago, only 1/8 of the world potato production was grown in Asia, but
today 1/3 is grown by Asia. India’s goal is to increase production through a “Brown Revolution”

(Shekhawat et al., 1999) which is realistic given the projected annual predicted increase in Indian



potato production at about 2.8% over the next two decades. In 2013, 325 million Mt of potatoes
were cultivated worldwide on approximately 18.6 million hectares. The main producing
countries were China (86 million Mt), India (45 million Mt), the Russian Federation (29 million
Mt), and the United States (23 million Mt) (FAO, 2012). The range of potato consumption varies
from a high of 180 kg per capita in Belarus to a low of 4 kg per capita in Vietnam, with average

world consumption at about 33-35 kg per capita (Stanik, 2012).

Potatoes are the leading vegetable crop in the United States accounting for about 15% of
vegetable sales. In 2013, 428,967 ha of potatoes were planted in the US and 424,920 ha were
harvested with an average yield of 19.8 M t per ha (416 cwt per/acre) (USDA and NASS, 2012).
More than 50% of potatoes are processed, 30% is sold in the fresh market, and the remainders
are used for livestock and as seed. An estimated 5,500 growers produce potatoes commercially in

36 of the 50 states.

There are several seasons for expanding global potato production, including the
nutritional value of the crop, the amount of food produced per land unit, and relative water-use
efficiency. Potatoes contain high levels of starch and vitamin B and C, but do not contain fat,
cholesterol, or sodium (Li, 1985). The nutritive value of potato per unit of land is two to three
times that of cereals (Shekhawat et al., 1999). In addition, one hectare of potato can yield two to
four times the food quantity of grain crops. Finally, potatoes produce more food per unit of water
than any other major crop, with water-use efficiency seven time’s that of cereals (Shekhawat et

al., 1999).

The potato belongs to the Solanaceae family, which includes about 3,000 species

including tomato (Solanum lycopersicum), pepper (Capsicum annuum), eggplant (Solanum
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melongena), and tobacco (Nicotiana tabacum). It is a cross-pollinated, vegetatively-propagated
crop with a recently sequenced a diploid genome size of 840 MB (Potato Genome Sequencing
Consortium, 2011). Wild and cultivated potato species include diploids (2n=2x=24), triploids
(2n=2x=36), tetraploids (2n=4x=48) and pentaploids (2x=5x=60), but hexaploids (2n-6x=72)
only exist amongst wild species. Cultivated potatoes are autopolyploid and can be categorized
into landraces, which include native varieties grown in the Andes of South America as well as

modern varieties developed by breeders since the 19" century.

According to the 1990 morphological taxonomic system of (Hawkes, 1990) potatoes are
divided into seven cultivated species: Solanum ajanhuiri (2x), S. chaucha (2x), S. curtilobum
(5x), S. juzepczurii (3x), S. phureja (2x), S. curtilobum (5x), S. stenotomum (2x), and S.
tuberosum (4x). Recent taxonomy work using simple sequence repeat (SSR) markers recognize
only four species: Solanum tuberosum, S. ajanhuiri, S. curtilobum, and S. juzepczurii. The most
commonly grown species is S. tuberosum, and the cultivated species are grown in the Andean

region.

Potato late blight (Phytophthora infestans de Bary)

There are many limiting factors to potato production: fungal and bacterial diseases,
viruses, nematodes, insects, and abiotic stresses. Among these constraints, potato late blight is
the one of the most devastating diseases. Potato late blight, caused by the oomycete
Phytophthora infestans (Mont. de Bary), is a fungus/like organism referred to as a water mold
(Lozoya-Saldana et al., 2006). The oomycetes differ from true fungi in several ways. The cell
wall composition of oomycetes includes cellulose and beta glucans, but does not include chitin.

Oomycetes also produce nonseptate hyphae and are diploid, whereas true fungi are haploid or



dikaryotic (Link et al., 2002). Asexual reproduction of P. infestans occurs with the formation of
lemon-shaped spores called sporangia born on sporangiophores. In wet and humid conditions,
the sporangia germinate to produce zoospores, which are asexual spores with two flagella (one
whiplash, one tinsel). Zoospores are motile in water films on the host plant surface and infect the
plant by penetrating the leaf surface either directly through stomata, or through the epidermal
cell wall (indirect penetration). In warmer temperatures, the sporangia produce a germ tube a
single spore and also infect the plant (direct penetration) (Kirk et al., 2004). The
zoospores/sporangia can also be washed down into the soil by irrigation or rain, and can directly

infect tubers (Kirk et al., 2004).

Phytophthora infestans is one of the most destructive pathogens of potato worldwide and
it has left its mark on history. During the Irish potato famine of the 1840s, late blight destroyed
the potato crop, resulting in hundreds of thousands of deaths and triggering mass migration of
people from Ireland to America and other parts of the world (Salaman, 1985). The disease was
introduced to the US, specifically around New York and Philadelphia, in 1843 and then spread

quickly across the continent (Ristaino, 2006).

The first symptoms of the disease are usually small black/brown lesions, first on the
leaves and later on the stems. The lesions appear water-soaked and may bare white mycelium,
and then quickly enlarge and become necrotic. Infected leaves fall off and infected stems become
weak and eventually break down, causing the death of the plant (Henfling, 1987). A
temperatures below 15°C with humid and wet conditions, P. infestans produces numerous mobile
zoospores on infected leaf surface, which can lead to the destruction of an entire field within an

about 21 days (Fry et al., 1993).



The systemic fungicide metalaxyl was a main chemical control for late blight prior to the
1980’s. As a systemic fungicide, metalaxyl was absorbed into plant leaves and stems, eliminating
the need for repeated applications and rendering tubers less likely to be infected also. However,
new genotypes of P. infestans flourished in the US during the 1980’s; these were a new mating

type A2 resistant to metalaxyl (Lacy and Hammerschmidt, 1995).

Until the 1980’s, only the Al mating type of P. infestans has reported outside of Mexico.
However, in 1984 the A2 mating type of P. infestans was identified in Europe in Switzerland. It
then spread around the world. This spread coincided with an increase in trade among Mexico,
Europe, America and other countries (Fry, 2008), and it is likely that the new strains of P.
infestans were spread by exporting infected tubers from Mexico to different countries (Fry and
Goodwin, 1997). When Al and A2 mating types grow together, they produce oospores from
sexual recombination, leading to new strains of P. infestans (Henfling, 1987). In addition,
oospores, unlike zoospores, can survive in soil from one season to the next in the absence of a
host. (Singh et al., 2004) reported that oospores survived in the summer when temperature
reached up to 44°C. Oospores also overwinter in infected tubers, volunteer potatoes, and cull

piles (Andrivon, 1995; Lacy and Hammerschmidt, 1995).

Phytophthora infestans causes significant annual losses around the world, and reaching
epidemic proportions. Globally, the current yield loss caused by late blight is a much as 6.7
billion US dollars per year. Management practices used to control late blight, include the use of
healthy, disease-free seeds produced by tissue culture, aeroponic and hydroponic seed
multiplication systems, elimination of volunteer potatoes, removal of cull piles, planting resistant

cultivars, and application of contact fungicides (Zwankhuizen et al., 1998). Also is very
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important prior to harvesting to check if all vines are completely dead. During the harvest avoid
collecting wet tubers and minimize skinning, cuts and shatter bruise. Proper storage can also
reduce the risk of spreading the infected tubers. Monitoring, sorting and removing decayed
tubers are good practices in the storage. To be effective contact fungicides must be applied
before infection, and applications repeated at regular intervals as the plants grow. During a
typical growing season in the developed countries, 10-15 fungicide applications are required
which is costly and also could be harmful for the environment and humans (Jones et al., 2014).
In developing countries, the control of late blights via fungicides can be financially prohibitive.
Reductions in the cost of crop protection and decreased the use of fungicides can be achieved by

growing resistant varieties.

Breeding for late blight resistance

After the historic loss of potatoes due to late blight in Ireland, many potato breeders
started screening for late blight resistance. However, intensive efforts to develop late blight
resistant cultivars began in the early 1990’s after the dispersal of the new A2 genotypes of P.
infestans (Colon et al., 1995). The first identification of a late blight resistance source occurred at
the Edinburgh Botanical Garden, Scotland, UK in 1910. Where the entire potato collection was
affected by late blight except a Mexican accession known as Solanum demissum (Brown, 1993).
Solanum demissum was then introduced to cultivated potato by interspecific crosses and
backcrosses with selection for late blight resistance (Haverkort et al., 2008). Eleven resistance
(R) genes were characterized from S. demissum and mapped to a many chromosomes (El-
Kharbotly et al., 1994; Leonards-Shippers et al., 1992; Li et al., 1998; Malcolmson and Black,
1966). The 11 R genes are pathogen race-specific, effective against a limited number of P.

infestans genotypes. The resistance genes also stimulate the hypersensitive reaction (HR) instead
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of preventing the pressure of the pathogen. Over time, all of these genes were overcome by
P.infestans genotypes (Jo et al., 2011). Recently, more than 20 R-genes were found and mapped
for foliage resistance to late blight in other wild species, including the following: the Rpi-bstl
from S. brachistotrichum; Rpi-ednl.1from S. edinense; Rpi-mcdl from S. microdontum; Rpi-
snkl.1 and Rpi-snk1.2 from S. schenckii; Rpi-verl from S. verrucosum; Rpi-pntl from S.
pinnatisectum; Rpi-stol and Rpi-sto2 from S. stoloniferum; Rpi-ptal from S. papita; Rpi-pltl
from S. polytrichon; Rpi-mcgl from S. mochiquense; Rpi-phul from S. phureja, RB/Rpi- blbl,
Rpi-blb2, Rpi-blb3, Rpi-btl and Rpi-abpt from S. bulbocastanum and et al, and are promising to
be useful for resistance against late blight (Ballvora et al., 2002; Lokossou et al., 2009; Huang et
al., 2005; Paal et al., 2004; Bendahmane et al., 1999; Tiwari et al., 2013; Song et al., 2003; van
der Vossen et al., 2003a; Park et al., 2005). The S. bulbocastanum-derived R gene was of most
interest because this Solanum species was native to the central and southern part of Mexico, the
center of diversity center for P. infestans (Lokossou et al., 2010). It is likely that S.
bulbocastanum and P. infestans have a common history, which could explain why S.
bulbocastanum has broader and stronger resistance then other species. S. bulbocastanum is
sexually incompatible with cultivated potato due to the different endosperm balance number
(EBN), therefore ploidy manipulations and somatic fusion were used to introduce late blight
resistance into S. tuberosum from S. bulbocastanum (Helgeson et al., 1998). However, because
these methods for introducing resistance from S. bulbocastanum were difficult, breeders are now

using gene transfer methods to accomplish this task (Naess et al., 2000).

Three late blight resistance genes have been found from S. bulbocastanum: RB (also
known as Rpi-blbl) (van der Vossen et al., 2003a), Rpi-blb2 (van der Vossen et al., 2003a), and

Rpi-blb3 (Park et al., 2005). Rpi-blbl was mapped on chromosome 8 (van der Vossen et al.,
7



2003b). These genes confer broad resistance and differ from the S. demissum resistance
phenotype, showing long-term durability, and delayed development and spread of the pathogen.
The resistance phenotype of S. demissum usually produces necrotic lesions, indicating a
hypersensitive response, whereas the RB phenotype does not (Halterman et al., 2008). The RB
gene belongs to the largest class of R genes, which encode cytoplasmic proteins with coiled-caoil,
nucleotide binding sites and leucine-rich repeats (CC-NB-LRR) (Song et al. 2003; van der
Vossen et al. 2003). A long-range polymerase chain reaction (PCR) product including the gene-
coding region of RB, as well as approximately 5 kb of upstream regulatory sequences, was stably
integrated into S. tuberosum wusing Agrobacterium tumefaciens-mediated transformation
(Halterman et al., 2008). According to Song et al., (2003) and Kuhl et al., (2007), the insertion of
the RB gene into susceptible cultivars such Katahdin and MSE149-5Y resulted in high resistance
to at least three genotypes of P. infestans. (Halterman et al., 2008) showed that the RB gene-
transformed Dark Red Norland, Katahdin, Russet Burbank and Superior were resistant to the
US-8 genotype of P. infestans. Knowing that the RB gene enhances late blight resistance in
susceptible cultivars encourages the gene stacking or pyramiding approach for the development

of late blight resistant potato cultivars.

Genetically Modified Potato

Genetically modified (GM) crops were first introduced in 1994 (Kramer and
Redenbaugh, 1994) and currently several GM crops are commercially grown around the world
(Clive, 2013). The most widely grown GM crops worldwide are corn, canola, soybean, cotton
and sugarbeet containing transgenes for disease, insect and herbicide resistance. In 2012, GM
crops were planted on 175 million ha and in 28 countries (Clive, 2013). An increasing proportion

of the GM crops are planted in developing countries. The advantages conferred by GM crops are
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herbicide-tolerant and pest-resistant plants, improved yield and reduced environmental impacts.
One study in India showed that Bacillus thuringiensis (Bt) cotton gave a yield boost of up to
60% and decreased use of insecticide to a minimum (Bennett et al., 2004). It is important to note
that before introducing Bt cotton to India, farmers were using large amounts of pesticides to
protect their crops (Qaim and Zilberman, 2003). Worldwide, GMO production since 1996
produced a reduction of 18.3% in the environmental impacts and a reduction of 8.9% in pesticide

usage (Brookes and Barfoot, 2013).

During the early 1990’s, a GM potato variety called NewLeaf was released by Monsanto
and grown in North America (Thornton, 2003). The NewLeaf variety contained a Btcry3A gene
conferring resistance to the Colorado potato beetle (Alyokhin et al., 2008). This variety was
commercially grown to reduce insecticide use, but the popularity was short-lived. After several
years of growing these GM potatoes, public concern regarding the safety of GM foods for human
consumption and potentially undesirable environmental impacts lead to the removal of GM

potatoes from commercial production (Zhu et al., 2012a).

The most common concern of consumers about GM crops is that the gene inserted into
the crop (transgene) is from a different organism, such as bacteria, viruses, animal and non-
crossable crops. To address these concerns, the plant biotechnology world developed new types
of genetic modification referred to as intragenics and cisgenics. A transgenic plant is one that is
transformed with a foreign gene that can come from any source such as bacteria, virus, insects
etc. Intragenic plants are transformed with a gene from the same plant genus, but the promoter
and/or terminator can be from a different organism. The plant, which has a modified promoter

and/or terminator, could result in variability for gene expression. A cisgenic plant is one that has



been transformed with a gene containing a native promoter and terminator in a sense orientation,
that has been isolated from the same plant species (Holme et al., 2013). For this definition, “same
plant species” refers to any sexually compatible species that can be used in traditional breeding.
However, in contrast to traditional breeding, cisgenic plants contain only the gene of interest and
avoid linkage drag (Schouten et al., 2006). The RB gene falls into the cisgenic group, where
gene, promoter and terminator come from the wild potato species Solanum bulbocastanum. This
type of transformation event may improve public approval of GMO crops and bypass the need

for the same safety regulations required for transgenic and intragenic crops.

Previous studies with the RB gene demonstrated that late blight-susceptible lines
containing the RB gene were resistant to late blight under optimal conditions for disease. Based
on this information, we transformed three late blight resistant potato cultivars with the RB gene
to determine if stacking of late blight resistance mechanisms increased and broadened the
resistance in the resistant lines. This thesis reports on the development of the RB-potato lines,
and lab, greenhouse and field bioassays conducted to characterize the combined late blight

resistance genes for foliar resistance to four P. infestans genotypes.
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2. FOLIAR SCREENING FOR RESISTANCE TO PHYTOPHTHORA INFESTANS
USING FOUR GENOTYPES OF THE PATHOGEN

Introduction

Late blight of potato, one of the most economically important diseases in the US and
worldwide, is caused by the oomycete Phytophthora infestans (Mont.) de Bary (de Bary, 1876).
This devastating disease caused the Irish potato famine, hundreds of thousands of deaths, and
mass migration of people out of Ireland in the 1840s (Large, 1940). The initial symptoms of the
disease are black/brown lesions on leaves and stems, which might be small at first but then will
rapidly grow and become water-soaked and necrotic (Henfling, 1987). Under favorable
conditions, P.infestans produces sporangia and sporangiophores on the surfaces of infected plant
leaves and stems. The sporulation results in a white growth on the underside of the leaves
containing a large amount of spores. The spores are dispersed by wind or water. The pathogen
can destroy extensive areas field in a few days without chemical intervention. The spores can
also reach the soil and infect tubers (Cooke et al., 2011). The primary sources of inoculum are
generally infected tubers (seeds), volunteer potatoes from the previous growing season, and cull
piles of tubers from infected fields. The management strategies against late blight involve
protectant fungicides, resistant varieties, crop rotation, disease-free seeds, and removal of

infected volunteer plants and cull piles (Kirk et al., 2004; Kirk, 2003).

Prior to 1991, late blight was controlled by the systematic fungicide metalaxyl. But in
1991, after the introduction of the new metalaxyl resistant A2 mating type, the systemic
fungicide failed (Goodwin et al., 1998). Phytophthora infestans has two mating types, Al and
A2 (Kirk et al., 2004). Before the 1990s, only the A1 mating type was present throughout the

world, with the exception of Mexico, both Al and A2 mating types were present (Lozoya-
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Saldana et al., 2006). In 1991, the A2 mating type was reported in North America, Europe and
the Middle East (Deahl et al., 1991). The presence of both mating types allows for sexual
reproduction resulting in oospores and the production of new genotypes of the pathogen and
increased genetic diversity (Kuhl et al., 2001). Oospores can also survive in extreme
temperatures and can overwinter in infected tubers (Kirk et al., 2004). According to Hu et al.
(2012) and Fry et al. (2012) there were seven genotypes of P. infestans in the US: US-8, US-11,
US-20, US- 21, US-22, US-23 and US-24. US-8, US-20, US-21 and US-22 are A2 mating type
and US-8, US-20 and US-21 are resistant to metalaxyl, whereas US-22 is sensitive to metalaxyl.
US-11, US-23 and US-24 are A1 mating type and US-11 are resistant and US-23 and US-24 are
sensitive to metalaxyl, respectively (Hu et al., 2012; Gevens and Seidl, 2012b, a). Although
contact fungicides control late blight if applied correctly, the most cost-effective way to control
the disease is to grow potato cultivars with broad-spectrum resistance conferred by a multiple R

genes.

Breeding for late blight resistance and other diseases and insect resistance are major goals
of many potato breeding programs. Wild Solanum germplasm has a diverse R-gene pool that can
be accessed by breeding programs to develop lines that have late blight resistance. The initial R-
genes from wild species were from S. demissum. These R-genes have been introduced to
different potato cultivars to confer late blight resistance. However, R-genes from S. demissum
failed to provide durable resistance because the new genotypes of P. infestans quickly overcame
lines/cultivars that contained one or more R-genes (van der Vossen et al., 2003a). Since then,
several novel resistance genes were discovered and have been mapped in different chromosomes
of potato from other wild potato species (Ballvora et al., 2002; Lokossou et al., 2009; Huang et

al., 2005; Bendahmane et al., 1999; Paal et al., 2004; van der Vossen et al., 2003a; van der
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Vossen et al., 2005; Song et al., 2003). Among the resistance sources from wild species,
S.bulbocastanum was considered to be a highly and effective resistant source against all known

genotypes of P. infestans.

The late blight resistance gene, RB, was isolated from the wild potato species Solanum
bulbocastanum and belongs to the largest class of R-genes that encode proteins with a nucleotide
binding site and leucine-rich repeats (van der VVossen et al., 2003a; Song et al., 2003). A long-
range PCR product including the promoter gene coding region of RB, as well as approximately 5
kb of upstream regulatory sequences, was stably integrated into S. tuberosum using

Agrobacterium-mediated transformation (Kuhl et al., 2007; Halterman et al., 2008).

There are three main research objectives of this study. First, is to create transgenic lines
using three late blight resistant advanced breeding lines from the MSU Potato Breeding and
Genetics Program. Then, characterize RB presence and expression in the generated lines. Lastly,
using three different methods to screen the RB-lines and their parent lines using four major (US-

8, US-22, US-23 and US-24) North American genotypes of P. infestans.

Materials and Methods

Plant transformation and Plant Materials

Four advanced breeding lines from the MSU Potato Breeding and Genetics Program were
transformed with the RB gene for this experiment. These breeding lines included, MSE149-5Y, a
susceptible control with no known R genes (Kuhl et al., 2007), and MSM171-A, MSI152-A and

MSRO061-01 which have different sources of foliar late blight resistance as described in Table 1.
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Putative RB-transformants were named using the MSU protocols, i.e., the name of the parental
line (M171, E149, RO61 etc.) followed by the construct number (.69 or .82) and a consecutive

line number (ex. M171.69.01; R061.69.01 etc.).

Table 1. R genes presenting three late blight resistant parental lines (MSI1152-A, MSM171-A and
MSRO061-01) that were transformed with the RB gene from Solanum bulbocastanum. These three
parental lines have different sources of late blight resistance. R1, R2, Rphi-blb3, 2, R3a,
R3b/R10, R8, R9 and chcl are different late blight resistant genes. MSR061-01 did not have any
R genes in this category of genes, but there are additional R genes that were not characterized
here.

Late Blight resistance genes

Line RB Source R1 R2 Rpi-blb3 2 R3a R3b/R10 R8 R9 chcl
MSI152-A B0718 1 1 0 0 0
MSM171-A  Stirling 0 0 0 0 1 0 0 0
MSR061-01 NY121 0 0 0 0 0

Agrobacterium tumefaciens-mediated transformation was used to generate transgenic
RB-potato lines as described by (Douches et al., 1998). For transformation experiments, the
internodes of virus-free, tissue culture plantlets were cut into small pieces and transformed with
the pSPUDG69 construct (Figure 1), which contains the full length (8.6 bp) RB gene, nptll
(neomycin phosphotranferase ) gene for kanamycin resistance, and the native promoter (Kuhl et
al., 2007) and with the pSPUD82 construct, which is a shortened version (5.3 bp) of the
pSPUDG9 (Figure 2). When shoots from callus were 5-7mm, they were cut and put into selection
medium (Murashige and Skoog with 50 mg L™ of kanamycin). Any shoots that rooted in the
selection medium were tested via PCR and RT-PCR analysis to confirm the presence of the RB
gene and its transcription according to (Kuhl et al., 2007). A total of 18 RB-lines and four

parental lines were evaluated. Parental and RB-lines were grown in Magenta boxes with general
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Murashige and Skoog media for 2-3 wk with five plants per box. Plants were then transferred to

the greenhouse into the 10.6 cm pots for late blight assays.

Figure 1. T-DNA region of pSPUDG69. This construct includes the nptll gene for kanamycin
resistance (Kan r) controlled by the ubiquitin (Ubi3) promoter (Pro) and terminator (Term), late
blight resistant RB gene containing native promoter and terminator (8.6 kb) and left (LB) and
right (RB) borders.

LB RB

Ubi3-Pro| nptII (Kan r) | Ubi3-Ter RGA2-PCR 8.6 kb

Figure 2. T-DNA region of the pSPUDB82 construct. The pSPUD 82 construct is a shortened
version of the pSPUDG69 construct. This construct includes the nptll gene for kanamycin
resistance (Kan r) controlled by the ubiquitin (Ubi3) promoter (Pro) and terminator (Term), late
blight resistant RB gene (5.3 kb), left (LB) and right (RB) borders, and non-native terminator on
the 3’ end.

LB RB

V— Ubi3-Pro

Molecular characterization

Ter
nptII (Kan r) | Ubi3-Ter RB-PCR 5.3 kb V

Twenty-seven putative transgenic events were tested for the presence of RB+nptll by
PCR and for the expression of the RB gene by RT-PCR. DNA was extracted from 100 mg leaf
tissue sampled from 3-4 wk old plants. The DNA extractions were conducted using the Qiagen
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Plant Dneasy Kit according to the manufacturer’s instructions (Qiagen, Valencia, CA, USA).
The final volume of DNA was 60 pL. The PCR reaction used 10 pL of Go Tag® Master Mix 2x
(Promega, Madison, WI, USA), 1 uL of RB reverse and RB forward primers (forward, 5-

"CACGAGTGCCCTTTTCTGAC-3’and reverse,

5-ACAATTGAATTTTTAGACTT-3’) (Integrated DNA Technologies, Coralville, 1A, USA)
specific for the resistance allele (Colton et al., 2006), 6 pL of ddH,O and 2 pL of genomic DNA.
The amplified RB gene product was 213 bp in length. The PCR reaction for the selectable
marker nptll was the same as above, except nptll primers (forward, 5’-

CGCAGGTTCTCCGGCCGCTTGGGTGG- 3’and reverse,

5-AGGAGCCAGTCCCTTCCCGCTTCA-3’) were substituted for RB primers, and the
resulting nptll gene product was a 267-bp fragment. A thermal cycler (PerkinElmer
9600,Wellesley, MA) was programmed for the RB primers for a hot start (95°C, 5 min) and 35
cycles of 95°C for 45 s denaturing, 50°C for 45 s annealing, and 72°C for 45 s extension, with a
final extension of 72°C, 5 min. For nptll, the thermal cycler was programmed for a hot start
(95°C for 5 min) and 35 cycles of 95°C for 30 s denaturing, 60°C for 30 s annealing, and 72°C for

30 s extension, with a final extension of 72°C for 5 min.

The RNA was extracted from 100 mg of leaf tissue with the RNeasy Plant Mini Kit
according to the manufacturer’s guidelines (Qiagen, Valencia, CA, USA). The final volume of
RNA was 30 pL. RT-PCR was done using Super Script One-Step RT-PCR with Platinum Taq
System according to the manufacturer’s directions (Invitrogen, Carlsbad, CA, USA). The RT-
PCR reaction was set up using 10pL of 2X Reaction, 1 pL of each primer (RB primers were the

same as above), 1 yL of Platinum Taqg and 4 pL of ddH,O. The thermal cycle was programmed
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for a 50°C for 30 m then, 94°C for 2 m, and 35 cycles of 94°C for 15 s denaturing, 45°C for 30 s
annealing, and 72°C for 45 s elongation, with a final extension of 72°C for 5 min. Fragments
from PCR and RT-PCR were separated on 1.0% agarose gels in 1 x Tris-borate EDTA, stained
with 10mg/pL ethidium bromide, then visualized and photographed with the Gel Doc-It TS

Imaging System (UVP- Upland, CA, USA) under UV light.
Culturing of Phytophthora infestans

Four genotypes of P. infestans (US-8, US-22, US-23, and US-24) were grown on rye B
medium (components per one L of media: Rye-60g, sucrose-20g, B-sitosterol-0.05g and agar-
15¢) for 14 d in the dark at 18°C, and exposed to light from 24 h to 2 d to encourage sporulation
(Kirk et al., 1999). All P. infestans genotypes were obtained from Dr. Kirk (Plant, Soil and
Microbial Science Department, Michigan State University). Plates with sporangia and mycelia
were harvested by flooding with sterile, distilled water and gently scraping the surface of the
culture using a scalpel (Rojas et al., 2014). The solution containing sporangia and mycelia was
poured into a beaker, and plates were rinsed into the same beaker to obtain as much mycelium as
possible. The suspension was strained through four layers of cheesecloth and the sporangia
concentration was measured with a hemacytometer and adjusted to 10° total sporangia mL™ with
sterile distilled water (Kirk et al., 1999). The sporangial suspension was stored for 4 h at 4°C to
encourage zoospore release. And then was used for inoculation of detached leaves and whole

plants in the greenhouse experiments
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Detached Leaf Bioassays (DLBS)

Detached-leaf bioassays (DLB) were conducted in the fall of 2012 and 2013 years using
four MSE149-5Y-derived RB lines, six MSM171-A-derived RB lines, one MSI152-A-derived
RB line, one MSR06-01-derived RB line, one MSG227-2-derived RB line, and one Spunta-
derived RB line. Lines were challenged separately with each of the 4 P. infestans genotypes (US-
8, US-22, US-23 and US-24). Assays were repeated over a 2-year period with three replications

in the growth chamber.

When the tissue culture plantlets were 6.0 to 7.5 cm tall they were transferred to pots (3.8
L) containing potting mixes (Suremix perlite, Michigan Growers Products, Inc. Galesburg, Ml,
US) in the greenhouse maintained at 16 hr day length. Plants were watered every three days and
were fertilized (20-20-20, Proturf and Peters Professional®, Brantford, ON, Canada) weekly.
After 5 weeks, then, fourth leaf from the growing point (fully expanded) were cut with scissors,
washed with distilled H,0, then dried with Kimwipes®. Six leaves per line were placed in plastic
boxes (17.8 cm x 12.7 cm x 4.5 cm, Uline, Pleasant Prairie, WI, USA) lined with a moist paper
towel to maintain humidity, and with plastic mesh on the bottom to keep leaves from directly
contacting the paper towel. Detached leaves were placed abaxial side up individual boxes and
sprayed with 20 puL of a zoospore suspension, while the control leaves were sprayed with 20 pL
of ddH,0O. After inoculation all boxes were placed in a growth chamber set at 15°Cusing a
completely randomized design (Figure 3). Samples were kept in the dark for the first 24 h, then
switched to a light period of 14 h for 14 days. Once every day the leaves were sprayed with
distilled water to maintain humidity. Disease ratings were taken at 7, 9, 11 and 14 days after

inoculation (DAI) by estimating the percentage of leaf tissue infected according to the method of
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(Forbes and Korva, 1994). The severity of the foliar tissue late blight was expressed as the
Relative Area Under the Disease Progression Curve (RAUDPC). The RAUDPC was calculated

as:

+ D;
S(Tpyy — T)) * (”1 2

TTotal * 100

RAUDPC =

where T; was the i day after emergence when an estimation of percent foliar late blight was
made, D; was the estimated percentage of area with blighted foliage at T; and Trow Was the
number of days after emergence at which the final foliar assessment was recorded (Muhinyuza et

al., 2008).

Figure 3. Detached leaf bioassay experiment in the growth chamber: A) inoculating the leaves
with zoospore suspension of Phytophthora infestans B) inoculated leaves inside of the plastic
boxes in the control growth chamber using completely randomized design.

19



Whole-Plant Bioassays (WPBs)

Whole-plant bioassays (WPB) were conducted using the same lines and P. infestans
genotypes tested in the DLBs. Similarly as in the DLB experiment, potato lines were challenged

separately with each of the 4 P. infestans genotypes (US-8, US-22, US-23 and US-24).

WPBs were conducted in a tent (3 x 1 x 0.9 m) set on greenhouse bench. Six m clear

plastic sheets enclosed the tent from the top to the sides and 3m to enclose the bottom.

Plants for WPBs were grown in the similar standard conditions as DLBs in the
greenhouse. After reaching 5 weeks growth, four plants per line were misted with distilled water,
inoculated with the zoospore suspension using a hand-held sprayer, and then placed in the tent
(Figure 4). Plants in the pots were placed in a randomized complete block design (RCBD) with
four replications. The first 24 h plants were kept in the dark then switched to a light period of 16
h for 18 days. Humidifiers (Holmes HM2610 and Sunbeam SUL2512, Boca Raton, FL, USA)
were used to maintain high humidity inside of the tent continuously until the end of the
experiment. Twice a day for the duration of the experiment, plants were hand-misted with
distilled water and humidifiers were refilled with water. Data were taken on 7, 9, 11, 14, 16 and
18 DAI days after inoculation (DAI) by estimating the percentage of leaf tissue infected
according to the method of (Forbes and Korva, 1994). The severity of the foliar tissue late blight
was expressed as the Relative Area Under the Disease Progression Curve (RAUDPC), and

RAUDPC was calculated, as described above for the DLB study.
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Figure 4.Whole plant bioassay in the greenhouse: A) inoculating the plants with a hand-held
sprayer with zoospore suspension of Phytopthtora infestans, B) whole plants in the greenhouse
inoculation tent. The front plastic sheet has been lifted to reveal the plants and the humidifiers.

Field trial

A field trial was conducted in 2013 at the Michigan State University Clarksville Research
Center (CRC), Clarksville, MI to determine the susceptibility of cultivars and lines under more
natural field conditions. Minitubers of the eighteen lines were produced from tissue culture
plants in the greenhouse from October to March 2012-2013 and were used as seed tubers for the
field disease assessment. Five minitubers per plot were planted by hand June 4, 2013 into 1.5 m
long plots in two-row blocks as 86.3 cm row spacing separated by two fallow rows. The
experimental design for this experiment was a RCBD with three replications. A late blight
susceptible line (Atlantic) planted around the perimeter and between blocks to separate

treatments and enhance the spread of P. infestans inoculum. The trial was inoculated with a
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zoospore suspension (prepared as described above) of the US-22 genotype of P. infestans on July
31, 2013. No fungicides were applied to the field during the season. The field was sprinkler
irrigated as needed. Disease was rated visually based on percentage of foliar area infected by late
blight. Ratings were done from August 8, 2013 (8 DAI) to September 9, 2013 (40 DAI) at
intervals between 3 and 7 days, based on the rate of disease progression. The data was used to

calculate RAUDPC as noted in the DLB and WPB assays.

Statistical analyses

Data were analyzed using analysis of variance (ANOVA). For the DLB and WPB assays,
there were significant differences between years, so data from each year were analyzed
separately. Pairwise correlation tests were done for each P. infestans genotype between years for
DLBs and WPBs (DLB 2012 vs DLB 2013; WBP 2012/13 vs WPB 2013/14) and between the
different greenhouse methods in all possible combinations. For the pairwise comparison of the
field, DLB and WPB experiments, only data from the US-22 genotype was used. All analyses

were done using the JMP v. 9 statistical software (SAS Institute, Cary, NC, USA).

Results

Molecular evaluations

After the transformation experiments, 29 lines were regenerated with nine from the
susceptible MSE149-5Y line, seven from the late blight resistant (LBR) MSM171-A line, five
from the LBR line MSI152-A, two from a third LBR line MSR061-01 and two from the late

blight susceptible lines MSG227-2 and Spunta. Of the 29 regenerated lines, 14 were kanamycin
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resistant, and 13 of those were PCR positive for both the RB and nptll genes. However, the RB

transcript was detected in only 10 lines (Table 2).
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Table 2. Summary of the four parental lines and 29 regenerated RB-lines tested for rooting in
kanamycin selection media, presence/absence of the RB? and npt!1° genes via Polymerase Chain
Reaction (PCR) and presence/absence of RB transcripts via Reverse Transcriptase Polymerase
Chain Reaction (RT-PCR). The order of the lines listed below is the first the parent line followed
by its RB-transformed lines.

Lines Kanamycin (25ppm) rooting RB (PCR) nptll (PCR) RB (RT-PCR)

MSE149-5Y°¢ - - - -
E149.69.03"
E149.69.06"
E149.69.11°
E149.82.01°
E149.89.02° - - - -
E149.89.03° - - - -
E149.89.04° - - - -
E149.82.05° - - - -
E149.82.06° - - - -
MSM171-A° - - - -
M171.A-11f - - - -
M171.69.06° +
M171.69.14° +
M171.69.19° +
M171.69.21° - - - -
M171.82.01° +
M171.82.02° +
MS1152-A° - - - -
1152.69.01° + + + +
1152-A.04 ¢ - - - -
1152.69.02° + - - -
1152.69.03° - - - -
1152.69.04° - - - -
MSR061-01° - - - -
R061.69.01° + + + +
R061-01.02 f - - - -
CG227C4.5° +

CSPAG.13° + + + +

+

+ + + +
+ + + o+
+ + + o+

+ + +
+ + +
+

+
+
+

® RB gene is confer resistance to late blight
® nptll gene neomycin phosphotranferase gene is used in selection of transformed organisms
¢ Parental lines
4nSUD69 construct lines
*pSUD82 construct lines
f . .
Plasmid check lines (no RB gene)
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Foliar late blight development in detached leaf bioassays

Detached leaf bioassay using four different genotypes of Phytophthora infestans showed
significant differences between two years, two main factors (line and genotype) and the two-way

interactions (Table 3).

2012 Detached leaf bioassay

In 2012, four parental and 10 RB-lines were used for detached leaf bioassays to measure
the foliar response to inoculation with different genotypes of P. infestans. Four RB-lines were
missing in this study because they did not grow at the same rate as the other RB lines in the

greenhouse.

Analysis across P. infestans genotypes

The analysis across four P. infestans genotypes (Table 4) showed that the three late blight
resistant (LBR) parental lines had lower RAUDPC values than the late blight susceptible (LBS)
line (MSE149-5Y), but only MSR061-01 (RAUDPC=22.9) was significantly different from
MSE149-5Y (RAUDPC=36.6). The highest mean RAUDPC was for E149.69.11 (38.9) and none
of the MSE149-5Y derived RB-lines were statistically different from their parental line. Only
one of the MSM171-A derived RB lines (M171.69.19, RAUDPC=12.8) had an RAUDPC that
was significantly different from the parental line (MSM171-A, RAUDPC=30.0) The other four
RB-lines derived from MSM171-A (M171.69.06, M171.69.14, M171.A-11 and M171.82.01)
had RAUDPC values ranging from 19.9 to 29.1. RB-derived lines from LBR parental lines

MSI152-A and MSR061-1 were similar to the parental lines.
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Table 3. Summary of the analysis of variance of the main effects of parental and RB-
transformed potato lines inoculated with US-8, US-22, US-23 and US-24 genotypes of
Phytophthora infestans in a detached leaf bioassay conducted in 2012 and 2013.

Source P-Value
Year <.0002
2012 2013
F? df P-vValue F df P-Value
Line 7.7 13 <.0001 19.3 16 <.0001
P.i° Genotype 174.8 3 <.0001 40.9 3 <.0001
Line * P.i Genotype 3.7 39 <0001 5.2 48 <.0001

®F ratio=the model mean square divided by the error mean square and Prob < F lists the p-value
for the test. P-values of 0.05 or less were considered evidence that there was at least one
significant effect in the model.

®P i -Phytophthora infestans
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Table 4. Foliar late blight progression [measured as the Relative Area Under Disease Progress
Curve (RAUDPC)] and Phytophthora infestans aggressiveness in two years of detached leaf
bioassays. Parental potato lines and RB- transformed potato lines were inoculated with the US-8,
US-22, US-23 and US-24 genotypes of P. infestans.

Year Potato lines Mean RAUDPC (%) ? Aggressiveness of Phytophthora infestans
Genotypes Mean RAUDPC (%) ?
2012 MSE149-5Y (SP)® 366 ab® us-8 6.9c¢c
E149.69.03 (T) ° 30.8 abc Us-22 43.3a
E149.69.06 (T) ¢ 30.1 abc us-23 16.6 b
E149.69.11 (T) ° 389 a US-24 39.1a
MSM171-A (RP) ¢ 30.0 abc
M171.A-11 (C) " 20.1 cd
M171.69.06 (T) ¢ 22.7 cd
M171.69.14 (T) ¢ 19.9 cd
M171.69.19 (T) ¢ 128 d
M171.82.01 (T) ¢ 29.1 abc
MSI152-A (RP) ¢ 27.0 abc
1152.69.01 (T) ¢ 235 cd
MSR061-01 (RP) ¢ 229 cd
R061.69.01 (T) ¢ 26.5 bc
2013 MSE149-5Y (SP)° 350 a° us-8 24.4 ab
E149.69.03 (T) ¢ 31.2 ab us-22 9.0c
E149.69.06 (T) ¢ 21.1 bcd us-23 25.7 a
E149.69.11 (T) ° 374 a US-24 21.2b
E149.82.01 (T) ¢ 381 a
CG227C4.5(T)*® 48 f
CSPAG.13(T) " 14.7  def
MSM171-A (RP) ¢ 6.0 ef
M171.A-11 (C) " 13.8  def
M171.69.06 (T) ¢ 15.0 def
M171.69.14 (T) ¢ 14.9 def
M171.69.19 (T) ¢ 49 f
M171.82.01 (T) ¢ 18.2 cde
MSI152-A (RP) ° 21.3 bcd
1152.69.01 (T) ¢ 16.0  def
MSR061-01 (RP) ¢ 29.3 abc
R061.69.01 (T) ¢ 19.8 bcd
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Table 4 (cont’d)

? Resistance/susceptibility score was expressed as RAUDPC (%) = [AUDPC/ last day reading-
First day reading)]*100 ; RAUDPC has a minimum value of zero (no infection) and maximum
value of 100 (completely infected tissue)

® (SP) Susceptible parental line

Values followed by the same letter are not significantly different at p= 0.05 for comparisons of
mean RAUDPC values within a) potato lines and b) different Phytophthora infestans genotypes
using Tukey honestly significant different (HSD) test

4 (T) Transformed with RB gene lines

*RB line from MSG227-2

"RB line from Spunta

9 (RP) Resistant parental line

"Plasmid control check line (no RB gene)
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Based on mean RAUDPC across all potato genotypes, the US-22 and US-24 P. infestans
genotypes were more aggressive (RAUDPC=43.3, 39.1, respectively) than US-23 (16.6) and US-
8 (6.9) (Table 4). US-23 and US-8 were significantly different from each other and from US-22

and US-24.

Analysis for individual P. infestans genotypes

Analysis of each genotype of P. infestans against each potato lines revealed differences in
the response based on P. infestans genotypes (Table 5). The US-8 genotype was the least
aggressive and the RAUDPCs ranged from 0.0 to 39.0. None of the LBR parental lines were
significantly different from the LBS line (MSE149-5Y) and none of the RB lines were
significantly different from their parental line. The US-22 and US-24 P. infestans genotypes
were more aggressive and all lines had high RAUDPC values except for M171.69.19 and
M171.69.19 (RAUDPC=19.3 and 2.1 for US-22 and US-24, respectively) was significantly
different from MSM171-A (RAUDPC=49.3 and 39.7, for US-22 and US-24, respectively) for
both P. infestans genotypes. The highest RAUDPC value for US-22 was on MSE149-5Y (50.7)
and in US-24 RB-line 1152.69.01 (52.4). As with US-8, none of the RB lines were significantly
different from their parental line with the exception of M171.69.19 noted above. For US-23,

none of the lines were significantly different in comparison to their parental lines.
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Table 5. Foliar late blight progression in detached leaf bioassays [measured as the Relative Area
Under Disease Progress Curve (RAUDPC)] on parental potato lines and lines transformed with a
RB gene. Leaves were inoculated with US-8, US-22, US-23 and US-24 genotypes of
Phytophthora infestans in 2012 and 2013

Severity of Phytophthora infestans (RAUDPC ?)

Year Potato lines Us-8 Us-22 Us-23 us-24

2012  MSE149-5Y (SP)° 189 d-I°¢ 50.7 ab 261  al 50.5 ab
E149.69.03 (T) ° 82 il 483 ac 19.1  d-l 476 ad
E149.69.06 (T) ° 17.0 el 435 af 134 gl 46.4  a-d
E149.69.11 (T) ° 244  al 486 ab 311 aj 51.5 ab
MSM171-A (RP) ¢ 194  cl 493 ab 116  h-l 39.7 ah
M171.A-11(C) " 0.1 I 39.3 ah 147 £l 265 al
M171.69.06 (T) ¢ 00 | 40.1 a-h 229 al 278  al
M171.69.14 (T) ¢ 03 | 389 a-h 83 il 319  ai
M171.69.19 (T) ¢ 0.1 I 19.3 ¢l 299 ak 21 jl
M171.82.01 (T) ¢ 1.0 ki 450 a-e 280 al 425 ag
MSI152-A (RP) ¢ 41 il 491 ab 34 il 51.4 ab
1152.69.01 (T) ° 1.1 K 39.8 a-h 06 | 524 ab
MSR061-01 (RP) ¢ 1.8 ki 496 ab 16.2 el 23.8 bl
R061.69.01 (T) ° 07 ki 447 ae 70 il 536 a

2013  MSE149-5Y (SP)° 420 ag°® 112 i-o 430 ag 436  af
E149.69.03 (T) ¢ 457 a<c 221 a0 219 a0 350 ak
E149.69.06 (T) ¢ 32 no 40 no 405  a-i 36.7  aij
E149.69.11 (T) ¢ 453 ad 106 j-o 497 a 440 ae
E149.82.01 (T) ¢ 475 ab 169 c-o 456 a-d 424  ag
CG227C45(T)® 59 ko 35 o 28 n-o 107  j-o
CSPAG.13(T) ' 138 g0 09 o 18.7 b-o 252 a0
MSM171-A (RP) ¢ 08 k-0 1.1 no 111  j-o 50 m-o
M171.A-11 (C) " 219 ao 70 k-0 16.3 d-o 99 j-o
M171.69.06 (T) ¢ 304 an 1.0 o 28.7 a0 11 o
M171.69.14 (T) ¢ 379  aj 121 h-o 1.2 n-o 86 j-0
M171.69.19 (T) ¢ 159 e-0 1.7 n-o 1.5 n-o 05 o
M171.82.01 (T) ¢ 175 c-0 254 a0 25.0 a-o 49 m-o
MSI152-A (RP) ¢ 55 -0 10.6 j-o 41.0 a-h 28.0 a0
1152.69.01 (T) ¢ 1.8 no 145 f-o 280 a0 19.8 b-o
MSR061-01 (RP) ¢ 456 a-d 11.2 i-o0 265 a0 339  am
R061.69.01 (T) ¢ 289 a0 33 no 345 al 123 h-o
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Table 5 (cont’d)

? Resistance/susceptibility score was expressed as RAUDPC (%) = [AUDPC/ last day reading-
First day reading)]*100 ; RAUDPC has a minimum value of zero (no infection) and maximum
value of 100 (completely infected tissue)

¢ (SP) Susceptible parental line

®Values followed by the same letter are not significantly different at p = 0.05 for comparisons of
mean RAUDPC values within a) potato lines and b) different Phytophthora infestans genotypes
using Tukey honestly significant different (HSD) test

(T) Transformed with RB gene lines

*RB line from MSG227-2

" RB line from Spunta

9 (RP) Resistant parental line

" Plasmid control check line (no RB gene)
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2013 Detached leaf bioassays results

In 2013, four parents and 13 RB-lines were used for detached leaf bioassays to measure
the foliar response to inoculation with different genotypes of P. infestans. M171.82.02 did not

emerge well in tissue culture and was not included in the study.

Analysis across all P. infestans genotypes

For the overall analysis in 2013, the three LBR parental lines had significantly lower
RAUDPC values than the LBS line with the exception of MSR061-1 (Table 4). The RAUDPC
values ranged from 4.8 (CG227C4.5) to 38.1 (E149.82.01). There were no significant differences
between parental lines and their corresponding RB lines with the exception of E149.69.06
(RAUDPC=21.1), which was significantly lower than MSE149-5Y (RAUDPC=35.0). Two RB-
lines from susceptible parents (CG227C4.5 and CSPAG.13) also were significantly lower than

the LBS line (MSE149-5Y) with RAUDPC values of 4.8 and 14.7, respectively.

Based on mean RAUDPC values across all potato genotypes, the US-8, and US-23 P.
infestans genotypes were more aggressive and were not statistically different from each other.
Although the US-24 genotype was also aggressive, it was significantly less so than the US-8

genotype. The US-22 genotype was the least aggressive (Table 4).

Analysis for individual P. infestans genotypes

For the US-8 genotype, the RAUDPC values ranged from 0.8 (MSM171-A) to 47.5
(E149.82.01) (Table 5). Among the MSE149-5Y-derived RB lines, only one (E149.69.06,
RAUDPC=3.2) was significantly lower than the parental line (RAUDPC=42.0). None of the
MSM171-A-derived lines were better than the parental line and M171.69.14 had a significantly

higher RAUDPC value (37.9) than MSM171-A (RAUDPC=0.8). For MSI152-A and MSR061-
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01 the derived lines were not significantly different from the parental line. CG227C4.5, (derived
from susceptible parent MSG227-2) had a significantly lower RAUDPC (5.9) than the
susceptible parental line (RAUDPC=42.0). For the US-22 genotype the RAUDPC values ranged
from 0.9 (CSPAG.13) to 25.4 (M171.82.01) and none of the RB-lines were significantly
different from their parents (Table 5). However, E149.69.06, CG227C4.5, CSPAG.13,
M171.69.06, M171.69.19 and R061.69.01 lines had low mean RAUDPCs (4.0, 3.5, 0.9, 1.0, 1.7
and 3.3, respectively). For the US-23 genotype the RAUDPC values ranged from 1.2
(M171.69.14) to 49.7 (E149.69.11) and only one of the LBR parents (MSM171-A,
RAUDPC=11.1) was significantly different than the LBS parent (Table 5). None of the RB lines
were significantly different from their parental lines but two RB lines derived from susceptible
parents (CG227C4.5 and CSPAG.13) were significantly better than the LBS parent. The range in
RAUDPC values for the US-24 genotype was 0.5 (M171.69.19) to 43.6 (MSE149-5Y) (Table 5).
Only one LBR parent (MSM171-A, RAUDPC=5.0) was significantly different from the LBS
parent (MSE149-5Y, RAUDPC=43.6) as was the case for the US-23 genotype as well. The RB-
line (CG227C4.5) was significantly different compared to MSE149-5Ywith RAUDPCs of 10.7
and 43.6, respectively. The rest of the RB-lines were not significantly different from their parent

lines.

Foliar late blight development in whole plant bioassays

Whole plant bioassay using four different genotypes of Phytophthora infestans showed
significant differences between two years, two main factors (line and genotype) and the two-way

interactions (Table 6).
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2013 Whole plant bioassays results

In 2013, one parent line (MSR061-01) and seven RB-lines (E149.82.01, CG227CA4.5,
CSPAG.13, M171.69.14, M171.69.19, M171.A-11, and 1152.69.01) were not tested due to poor

growth in the greenhouse limiting the experiment to three parental and seven RB-lines.

Analysis across all P. infestans genotypes

The RAUDPC values ranged from 5.2 (R061.69.01) to 17.2 (E149.69.11) with all LBR
parental lines significantly different from the LBS parent (MSE149-5Y) (Table 7). Amongst the
RB lines derived from MSE149-5Y only one (E149.69.03, RAUDPC=9.7) was significantly
different from its parental line. MSM171-A and its RB-lines were not statistically significant
from each other, with RAUDPC values ranging from 6.3 to 8.6. MSI152-A had a RAUDPC
value of 7.9, but no RB-lines from this parent were tested in 2013. R061.69.01 had RAUDPC of
5.2, but could not be compared to its parental line (MSR061-01), which was not included in the

experiment as noted above.

Based on mean RAUDPCs across all potato genotypes, the most aggressive P. infestans
genotypes were US-8 (14.1), US-24 (12.8), and they were not significantly different from each
other (Table 7). The least aggressive genotypes were US-22 (6.5), and US-23 (7.0) and they were
not significantly different from each other. However, the US-22 and US-23 were significantly

different from US-8 and US-24 (Table 7).
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Table 6. Summary of the analysis of variance of the main effects of parental and RB-transformed
potato lines inoculated with US-8, US-22, US-23 and US-24 genotypes of Phytophthora
infestans in a whole plant bioassay conducted in 2013 and 2014.

Source P-Value
Year <.0001
2013 2014
F? df P-Value F df P-Value
Line 18.7 9 <. 0001 20.3 17 <.0001
P.i ® Genotype 39.8 3 <. 0001 322.9 3 <.0001
Line * P.i Genotype 2.9 27 <. 0001 3.9 51 <.0001

®F ratio=the model mean square divided by the error mean square and Prob < F lists the P-value
for the test. P-values of 0.05 or less were considered evidence that there was at least one

significant effect in the model.
®P.i — Phytophthora infestans
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Table 7. Foliar late blight progression [measured as the Relative Area Under Disease Progress
Curve (RAUDPC)] and Phytophthora infestans aggressiveness in two years of whole plant
bioassays. Parental potato lines and RB- transformed potato lines were inoculated with the US-8,
US-22, US-23 and US-24 genotypes of P. infestans.

Year Potato lines Mean RAUDPC (%) ®  Aggressiveness of Phytophthora infestans
Genotypes Mean of RAUDPC (%) ®
2013 MSE149-5Y (SP)® 167 a‘ us-8 141 a
E149.69.03 (T) ¢ 9.7 bc Us-22 65 b
E149.69.06 (T) ° 133 ab us-23 70 b
E149.69.11 (T) ¢ 172 a US-24 128 a
MSM171-A (RP) ¢ 6.7 cd
M171.69.06 (T) ¢ 6.3 cd
M171.82.01 (T) ¢ 9.6 bed
M171.82.02 (T) ¢ 8.7 cd
MSI152-A (RP) ¢ 7.9 cd
R061.69.01 (T) ¢ 52 d
2014 MSE149-5Y (SP) ° 28.7 a° us-8 40 ¢
E149.69.03 (T) ¢ 14.7 cdef Us-22 325 a
E149.69.06 (T) ° 22.1 abc us-23 222 b
E149.69.11 (T) ¢ 275 ab US-24 40 ¢
E149.82.01 (T) ¢ 27.7 ab
CG227C4.5 (T)® 27 g
CSPAG.13(T) ' 19.7 bcd
MSM171-A (RP) ¢ 134  def
M171.A-11 (C) " 14.9 cdef
M171.69.06 (T) ¢ 12.8  def
M171.69.14 (T) ¢ 9.7 fg
M171.69.19 (T) ¢ 23 g
M171.82.01 (T) ¢ 15.6 cdef
M171.82.02 (T) ¢ 14.2  cdef
MSI152-A (RP) ¢ 184 cde
1152.69.01 (T) ¢ 10.2 efg
MSR061-01 (RP) ¢ 14.8  cdef
R061.69.01 (T) ¢ 13.3  def

% Resistance/susceptibility score was expressed as RAUDPC (%) = [AUDPC/ last day reading-
First day reading)]*100 ; RAUDPC has a minimum value of zero (no infection) and maximum
value of 100 (completely infected tissue)

® (SP) Susceptible parental line
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Table 7 (cont’d)

Values followed by the same letter are not significantly different at p = 0.05 for comparisons of
mean RAUDPC values within a) potato lines and b) different Phytophthora infestans genotypes
using Tukey honestly significant different (HSD) test

4 (T) Transformed with RB gene lines

¢ RB line from MSG227-2

" RB line from Spunta

9 (RP) Resistant parental line

"Plasmid control check line (no RB gene)
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Analysis for individual P. infestans genotypes

For the US-8 genotype the RAUDPC values ranged from 5.1 (R061.69.01) to 25.0
(MSE149-5Y) (Table 8). Of the two LBR parents in the experiment only MSM171-A
(RAUDPC=12.7) was significantly different from the LBS parent (MSE149-5Y). Of the RB
lines derived from MSE149-5Y only E149.69.03 (RAUDPC=11.1) was significantly different
from the parental line (RAUDPC=25.0). There were no MSM171-A derived lines that were
significantly different from the parental line. The RB lines R061.69.01 (5.1) could not be
compared with its parental line but it was significantly different from the LBS line MSE149-5Y
(25.0). For the US-22 genotype, the RAUDPC ranged from 0.0 (MSI152-A) to 12.0
(E149.69.11) and only one of the two LBR parents (MSI152-A, RAUDPC=0.0) was
significantly different from the LBS parent (MSE149-5Y, RAUDPC=11.2) (Table 8). There
were no significant differences among any of the RB lines and their respective parental lines and
R061.69.01 was not significantly different from the LBS line. For the US-23 genotype, the
RAUDPC values ranged from 2.9 (MSI152-A) to 13.2 (E149.69.11) (Table 8). Neither of the
LBR parental lines were significantly different from the LBS parental line nor none of the RB
lines were significantly different from their respective parental lines. RB line R061.69.01 was
not significantly different from the LBS parental line. For the US-24 genotype, RAUDPC values
ranged from 4.0 (MSM171-A) to 25.2 (E149.69.11) and both LBR parental lines and R061.69.01
were significantly different from the LBS parental line. However, there were no significant

differences among any of the RB lines and their respective parental lines (Table 8).
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Table 8. Foliar late blight progression in two years of whole plant bioassays [measured as the
Relative Area Under Disease Progress Curve (RAUDPC)] on parental potato lines and lines
transformed with the RB gene. Plants were inoculated with US-8, US-22, US-23 and US-24
genotypes of Phytophthora infestans.

Severity of Phytophthora infestans (RAUDPC?)

Year Potato Lines us-8 us-22 us-23 us-24

2013 MSE149-5Y (SP)° 250 & 11.2 c-h 8.2 c-i 224 ab
E149.69.03 (T)* 111 ci 75 d-i 8.7 c-i 114  b-h
E149.69.06 (T) ¢ 182 ad 7.0 e-i 11.6 b-h 166  a-f
E149.69.11 (T) ¢ 186 ac 120 b-g 13.1 b-g 252 a
MSM171-A (RP) ¢ 127 b-g 55 fi 45 g-i 4.0 g-i
M171.69.06 (T) ¢ 106  c-i 4.6 g-i 3.8 g-i 6.3 f-i
M171.82.01 (T) ¢ 114  b-h 108 c-i 5.9 f-i 102 c-i
M171.82.02 (T) ¢ 113 c¢h 6.0 fi 5.6 f-i 118  b-h
MSI152-A (RP) ¢ 176 ae 0.0 i 2.9 g-i 110  cAi
R061.69.01 (T) ¢ 5.1 g-i 0.8 hi 5.9 f-i 9.0 c-i

2014 MSE149-5Y (SP)° 8.5 nt 523 ab 42.5 a-d 115 It
E149.69.03 (T)* 6.0 ot 293 c-m  16.0 i-t 7.3 n-t
E149.69.06 (T) ¢ 108 mt 410 a-e 28.8 c-m 8.0 n-t
E149.69.11 (T) ¢ 1.3 st 54.0 a 37.8 a-f 170  h-t
E149.82.01 (T) ¢ 103 m-t 453 a-c 41.0 a-e 143  jt
CG227C4.5 (T)*® 0.8 st 3.8 p-t 5.8 o-t 0.5 t
CSPAG.13(T) ' 4.0 p-t 45.3 a-c 27.0 c-n 2.5 r-t

- . r-t . a- . -t . st

MSM171-A (RP)¢ 2.0 36.5 h 14.3 j 1.0
M171.69.06 (T) ¢ 2.8 g-t 25.5 c-0 22.5 e-q 05 t
M171.69.14 (T) ¢ 6.0 o-t 21.3 e-r 9.8 m-t 1.3 st
M171.69.19 (T) ¢ 0.3 t 5.0 p-t 4.0 p-t 0.0 t
M171.82.01 (T) ¢ 3.3 g-t 33.8 b-j 235 d-p 1.8 r-t
M171.82.02 (T) ¢ 1.8 r-t 33.0 b-k 185 f-t 35 q-t
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Table 8 (cont’d)

M171.A-11 (C)" 5.0
MSI152-A (RP) ¢ 1.3
1152.69.01 (T) ¢ 0.3
MSR061-01 (RP) ¢ 7.0
R061.69.01 (T) ¢ 0.8

p-t

st

o-t

st

33.3
34.5
27.0
335

313

b-k
a-i
c-n
b-j

c-l

20.5
37.0
13.5
17.8

19.5

f-s
a-g
k-t
g-t
f-t

0.8
1.0
0.0
1.0

1.5

st

st

st

r-t

? Resistance/susceptibility score was expressed as RAUDPC (%) = [AUDPC/ last day reading-
First day reading)]*100 ; RAUDPC has a minimum value of zero (no infection) and maximum

value of 100 (completely infected tissue)

Y (SP) Susceptible parental line

Values followed by the same letter are not significantly different at p = 0.05 for comparisons of
mean RAUDPC values within a) potato lines, b) different Phytophthora infestans genotypes

using Tukey honestly significant different (HSD) test
4 (T) Transformed with RB gene lines

*RB line from MSG227-2
"RB line from Spunta
9 (RP) Resistant parental line

"Plasmid control check line (no RB gene)
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2014 Whole plant bioassays results

Analysis across all P. infestans genotypes

In 2014 all parents and RB-lines were tested and RAUDPC values ranged from 2.3
(M171.69.19) to 28.7 (MSE149-5Y) (Table 7). Both LBR parents were significantly different
from the LBS parent as were the two RB lines CG227C4.5 and CSPAG.13. Amongst the RB-
lines derived from MSM171-A (RAUDPC=13.4), only one (M171.69.19, RAUDPC 2.3) was
significantly different from the parental line. There were no significant differences among the

parental lines and the RB-lines for either MS1152-A or MSR061-1.

The most aggressive P. infestans genotype was US-22 (32.5), and followed by US-23
(22.2), and this difference was significant (Table 7). The US-8 and US-24 genotypes were less
aggressive and had the same RAUDPC value (4.0), which was significantly different from both

US-22 and US-23.

Analysis for individual P. infestans genotypes

The infection level was very low for the US-8 genotype with a range of RAUDPC values
from 0.3 (1152.69.01) to 10.8 (E149.69.06) and no significant difference between the LBR
parental lines and the LBS line (Table 8). In addition, the RB-lines CG227C4.5 and CSPAG.13
were not significantly different from the LBS parental line. For the US-22 genotype, the range of
RAUDPC values was 3.8 (CG227C4.5) to 52.3 (MSE149-5Y) with no significant difference
between the LBR and LBS parental genotypes (Table 8). The RB-line CG227C4.5 (RAUDPC
=3.8) was significantly different from the LBS parental line (MSE149-5Y, RAUDPC=43.3).
Amongst the RB-lines derived from MSE149-5Y, E149.69.03 (RAUDPC=29.3) was

significantly different from the parental line. One line (M171.69.19, RAUDPC=5.0) derived
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from MSM171-A (RAUDPC=36.5) was significantly different from the parental line, but none
of the RB-lines derived from MSI152-A or MSR061-01 were significantly different from their
non-transgenic parental lines. For the US-23 genotype, RAUDPC values ranged from 4.0
(M171.69.19) to 42.5 (MSE149-5Y) and two of the LBR parental lines, MSM171-A and
MSRO061-01 were significantly different from the LBS parent with RAUDPC values of 14.3 and
17.8, respectively (Table 8). RB-line E149.69.03 (RAUDPC=16.0) was the MSE149-5Y-derived
line that was significantly different from the parental line. None of the RB-lines derived from
MSM171-A or MSR061-01 were significantly different from their respective parental lines.
However, 1152.69.01 (RAUDPC=13.5) was significantly different from its parental line
MSI152-A (RAUDPC=37.0). For the US-24 genotype, RAUDPC values ranged from 0.0
(1152.69.01 and M171.69.01) to 17.0 (E149.69.11) and none of the LBR parental lines were
significantly different from the LBS parental line (Table 8). None of the RB-lines were
significantly different from their respective parental lines and neither CG227C4.5 nor CSPAG.13
were significantly different from the LBS parental line. In general, the ability to differentiate
between lines varied with the isolate infection levels. When the disease pressure was high the
RB-lines showed lower RAUDPCs and were significantly different from their respective parental
lines, and when infection was low the parental lines and RB-lines had similar RAUDPCs that

could not be separated.

Field experiment with US-22

The results of the field experiment to evaluate the foliar late blight resistance are shown in Table
9. In the field, the three LBR parent lines MSM171-A, MSI152-A and MSR061-1 all had lower

RAUDPCs (145, 3.1 and 4.1, respectively) than the LBS parent lines (MSE149-5Y,
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RAUDPC=20.5) but the difference between MSM171-A and MSE149-5Y was not significant.
Amongst the RB lines derived from MSE149-5Y all but one (E149.69.11) had lower RAUDPC
values than the parental line and the differences were significant. RAUDPC differences for the
MSM171-A-derived RB-lines were not significant with the exception of M171.69.19
(RAUDPC=1.1). RB-lines derived from MSI152-A and MSR061-01 was not significantly
different from their respective parental lines. CG227C4.5 and CSPAG.13 (from late blight
susceptible parents MSG227-2 and Spunta) had very low RAUDPCs (5.0 and 1.1, respectively)

that were significantly different from the LBS parental line.
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Table 9. Foliar late blight progression in an inoculated field trial [measured as the Relative Area
Under Disease Progress Curve (RAUDPC)] on parental potato lines and lines transformed with
the RB gene. Plants were inoculated with US-22 genotype of Phytophthora infestans at the
Clarksville Research Center at Michigan State University, 2013.

Severity of Phytophthora infestans (RAUDPC?), US-22

Potato line RAUDPC?

MSE149-5Y (SP) ° 20.5 ab°®
E149.69.03 (T) ¢ 8.2 cd
E149.69.06 (T)° 7.8 cd
E149.69.11 (T) ¢ 26.7 a
E149.82.01 (T) ¢ 5.9 cd
CG227C4.5(T)® 5.0 cd
CSPAG.13(T) ' 1.1 d
MSM171-A (RP) ¢ 14.5 bc
M171.A-11 (C) " 75 bed
M171.69.06 (T) ° 9.5 bcd
M171.69.14 (T) ¢ 8.0 cd
M171.69.19 (T) ° 1.1 d
M171.82.01 (T) ¢ 6.7 cd
M171.82.02 (T) ° 8.4 bcd
MSI152-A (RP) ¢ 3.1 d
1152.69.01 (T) ° 0.3 d
MSR061-1 (RP) ¢ 4.1 cd
R061.69.01 (T) ¢ 0.3 d

# Resistance/susceptibility score was expressed as RAUDPC (%) = [AUDPC/ last day reading-
First day reading)]*100 ; RAUDPC has a minimum value of zero (no infection) and maximum
value of 100 (completely infected tissue)

Y (SP) Susceptible parental line

Values followed by the same letter are not significantly different at p = 0.05 for comparisons of
mean RAUDPC values within a) potato lines, b) different Phytophthora infestans genotypes
using Tukey honestly significant different (HSD) test

¢ (T) Transformed with RB gene lines

*RB line from MSG227-2

"RB line from Spunta

9 (RP)Resistant parental line

"Plasmid control check line (no RB gene)
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Correlation tests among DLBs, WPBs and field assays

The correlation between the two years of DLBs was generally low and non-significant for
each of the P. infestans genotypes with the exception of US-24 (r=0.53, p=0.05) (Table 10). For
WPBs the correlations between years for each of the P. infestans genotypes were higher than for
the DLBs, ranging from r=0.43 to 0.91, but only the US-24 correlation was significant (r=0.91,
p<0.01) (Table 10). The correlations between the two greenhouse methods (DLB and WPB)
were variable between years and P. infestans genotypes. Correlations coefficients ranged from
r=0.23 to 0.67 with only three comparisons being significant: DLB2012 vs. WPB 2013 for the
US-8 P. infestans genotype (r=0.67, p=0.05), DLB2013 vs. WPB2013 for the US-23 P. infestans
genotype (r=0.75, p=0.0005) and DLB2013 vs. WPB2013 (r=0.77, p <0.001). When comparing
greenhouse methods (DLB and WPB) with the field trial, the correlations ranged from r=0.08 to
0.44 for DLB/field comparisons and from r=0.42 to 0.75 for WPB/field comparisons (Table 11).

The only significant correlations were between the 2012 WPB and field trial r=0.75, p=0.01.
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Table 10. Correlation coefficient for the relationship between detached leaf bioassays (DLB) and
whole plant bioassays (WPB) for the four (US-8, US-22, US-23 and US-24) P. infestans
genotypes in 2012 and 2013.

DLB 2012 DLB 2013 R P-value

us-8 us-8 0.06 0.83
us-22 us-22 0.33 0.25
USs-23 uUs-23 0.05 0.83
us-24 US-24 0.53 0.05

WPB 2012 WPB 2013

us-8 uUs-8 0.43 0.21
uUs-22 uUs-22 0.6 0.06
uUs-23 Us-23 0.43 0.21
US-24 uUs-24 0.91 <0.001

DLB 2012 WPB 2012/13

us-8 uUs-8 0.67 0.05
uUs-22 uUs-22 0.23 0.56
uUs-23 Us-23 0.48 0.19
uUs-24 uUs-24 0.53 0.12

DLB2013 WPB 2013/14

us-8 uUs-8 0.35 0.17
uUs-22 uUs-22 0.07 0.79
uUs-23 UsS-23 0.75 0.0005
US-24 UsS-24 0.77 <0.001

& Correlation significant at p<0.05

Table 11. Correlation coefficients for the relationship between detached leaf bioassays, whole
plant bioassays and field test for US-22 genotype in 2012 and 2013.

Methods By Methods R P-value

Field DLB 2012 US-22 0.44 0.11
Field DLB 2013 US-22 0.08 0.75
Field WPB 2012 US-22 0.75 0.01
Field WPB 2013 US-22 0.42 0.08

& Correlation significant at P<0.05

46



Discussion
The purpose of this study was to determine if the combination of the RB gene and host-

plant resistance could enhance and broaden resistance to P. infestans.

The Agrobacterium-mediated transformation method was used to generate transgenic
lines containing and expressing the RB gene. In general, the transformation efficiencies were
very low for all four lines with only a total of 25 regenerated lines, of which 14 were rooted
transformation events, and of those, only 13 were PCR positive for the RB gene. Kuhl et al.
(2007) also noted low efficiency in experiments to transform MSE149-5Y with the RB gene.
MSE149-5Y had a high efficiency (75% regeneration rate) when transformed with other genes
(Kuhl et al., 2007) and was used effectively in the Douches lab for transformation experiments
with various genes (Dr. Kim Felcher, personal communication). One explanation for this
discrepancy may be the large size of the RB construct T-DNA region (8.6 kb). Another factor
influencing transformation efficiency can be the protocol. For this study, transformations were
accomplished using a Douches et al. (1998) protocol. Additional attempts to transform
MSM171-A with the RB gene using modified protocols yielded higher transformation
efficiencies (150 rooted events, 60 PCR positive for the RB gene). However, the same modified
protocol used with other LBR lines (MSI152-A, MSR061-01, Jacqueline Lee, MSL268-A and
Missaukee) resulted in low transformation frequencies (data not shown), indicating that
transformation efficiency depends not only on the size of the insert and the transformation
protocol, but on the genotype of the potato variety as well. (Heeres et al., 2002) found that
transformation of potato is a genotype-dependent process and also different procedures and

protocols needs to be adjusted for individual genotype. (Chakravarty et al., 2007) reviewed that
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there are several problems affects the transformation efficiency in the potato and one of them is a

genotype dependently.

Three different screening methods were used to test four genotypes of P. infestans:
detached leaf bioassay (DLB), whole plant bioassay (WPB) and inoculated field trials. The DLB
and WPB methods are very quick, inexpensive and labor/space saving, where the environment
can be controlled to improve the disease pressure and to reduce the effects of biotic and abiotic
factors. Another advantage of both screening methods is that they allow for testing of genotypes
of the pathogen that cannot be tested in the field. For example, the US-24 genotype of P.
infestans does not exist in Michigan, and no studies can be done with this genotype in the field.
However, we were able to test the RB-transgenic lines against the US-24 genotype using both
DLB and WPB. Field evaluations for late blight response are very valuable as they allow
breeders to the assess plants under the conditions in which they will eventually be grown and
allow for longer interactions between the host and pathogen. As a result, the classification of

resistant and susceptible lines should be more accurate.

Although all three screening methods are important and have their advantages, many
studies found correlations and similarities between laboratory, greenhouse and field assays
(Dorrance and Inglis, 1997; Sharma et al., 2013; Vleeshouwers et al., 1999). (Vleeshouwers et
al., 1999) found that assays between field and laboratory were significantly correlated; however
the field lesion growth rate (LGR) was lower compared to the detached leaf and intact plants in
the laboratory. Another study by (Douches et al., 2002) reported a moderate correlation between
field and greenhouse studies and in another year no correlation between the two methods. The

different results was obtained might be due to the high disease severity in the greenhouse in one
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year and not in another. However, no close relationship between laboratory and field assays was
documented by (Lal et al., 2013). The reason may be that the ideal temperature, fixed amount of
inoculum and humidity was maintained in the laboratory, while in the field, the weather and
amount of inoculum could be variable. A study by (Ali et al., 2012) found that the stem,
meristem and roots play an important role in strengthening the physical barriers to pathogen
invasion. Their study showed that leaves with meristem vs. no meristem and stem vs. no stem
had different responses to the disease. Leaves with meristems and stems, displayed a
hypersensitive response (HR), which contributed to resistance against P. infestans, whereas,
leaves lacking meristems and stems did not exhibit HR. (Haverkort et al., 2008) reported that the
agro-infiltration method using avirulence proteins could be used additionally for detached leaf

assay in the laboratory to detect the R-gene based resistance.

In the current study, results from DLB and WPB experiments were variable between
years and among P. infestans genotypes. Correlations between years for each method and with
the other screening methods were generally low to moderate (with some exceptions) and often
non-significant (Tables 10 and 11). In general, WPB results were more strongly correlated with

the field results than DLB results.

The low correlation between years for the DLB experiments may be attributed to the
isolates used, environmental conditions and protocol used. Overall, in our experiment we noticed
that using different genotypes of Phytophthora infestans resulted in a different level of virulence
of the pathogen. Studies by (Danies et al., 2013) and Johnson et al. (2014) confirmed that the
US-8 and US-24 were mainly pathogenic on potatoes and were not very aggressive on tomatoes,

whereas the US-22 and US-23 primarily showed a preference on tomatoes and they also showed
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pathogenicity on potatoes. Finding by (Rojas et al., 2014) in potato late blight tuber assays was
that the US-8 genotype was more aggressive than US-22 genotype, but the US-22 genotype
collected on potatoes tissue was more aggressive on potatoes rather than on tomatoes, which
could explain the host specificity. This might also explain in our study the less virulence of the
US-23 genotype in some years, because this genotype was collected from tomato plants (W.
Kirk, personal communication). According to the disease triangle concept, three factors
(environment, pathogen and temperature) need to be optimized for disease progression. In the
DLB experiments, steps were taken to ensure the optimization of the pathogen (i.e. healthy
cultures and high inoculum concentration) and temperature, but it was not possible to optimize
the humidity of the growth room. This may have had an impact on the aggressiveness of the
pathogen. Other protocols have been used for DLB assays in an attempt to more closely mimic
whole plants. Physiological changes in detached leaves may also account for the poor correlation

between DLB and WPB as well as DLB and field results (Ali et al., 2012).

The WPB experiments were set up in the greenhouse in the late fall of 2012 and
continued through the early spring of 2014. In order to achieve good disease pressure the
temperature and humidity of the growth chamber must be optimized and maintained (22-25°C;
humidity 70-80 %). The growth chambers were inside the greenhouse and the temperature inside
the chamber was affected by the temperature of the greenhouse and ultimately by the outside
temperature.  For  example during the warmer weather of winter 2013
(http://www.agweather.geo.msu.edu(Michigan State Univeristy and Agriculture Weather Office,
2014), the chamber temperature was as high as 32°C. These higher temperatures could have
inhibited pathogen aggressiveness and disease progress, whereas we found during the 2014

winter the high aggressiveness in two genotypes (Table 8). Despite successful bioassays, we
50


http://www.agweather.geo.msu.edu/

were not able to use mist and humidity control in the growth chamber for our experiments.
According to (Ali et al., 2012) they found that prior inoculation the plants needs to be kept in the
humidity and mist chamber for 2 h and after inoculation they need to kept in the controlled
humidity growth chamber to obtain a good infection. This would contribute to lower year-to-year
correlations as well as poor correlation with DLB and field results. In addition, poor disease
progress added to high variability between replications making it difficult to detect differences
between potato genotypes for response to P. infestans. This is particularly notable in 2013/14

within with P. infestans genotypes US-8 and US-24 (Table 7,8).

Although the DLB and WPB have advantages in comparing P. infestans genotypes vs.
plant genotypes, field assessment can be the most valuable method for screening late blight
resistance. The significant correlation found among field and WPB 2012 with US-22 genotypes.
All other interactions with the US-22 genotype between field, DLB and WPB were not
significantly correlated. In 2012 the field study did not occur because non-dormant tubers were
not available for planting. Due to the fact that there were no data for 2012 field season it was
impossible to compare to result of 2013. Nevertheless, the field results from 2013 reveals that
RB-lines had equal or less RAUDPCs than the parental lines. Similar research was done by
(Jones et al., 2014), but using Desiree variety, a late blight susceptible line with an R-gene from
S. venturii (Phi-vntl1.1). They have noted due to the weather conditions in three field seasons the
P. infestans infection was variable, but lines with Rpi-vntl.1 genes showed consistent high

resistance in the less infection years as well as under high pressure of the disease.

The following conclusions can be drawn from this research. First, the important factors

for a good infection for late blight are moderate temperature, high humidity, moist conditions
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and good concentration of the inoculum. The DLB experiments were not consistent and similar
infection did not occur among all four genotypes and among the years because the combination
of factors for good infection was difficult to control simultaneously. Secondly, the WPB result
was more correlated to the field results. Also, screening the whole plant it gives more
comparison to the field because the intact plant tested instead of the detached leaf. This statement
could supported by (Orlowska et al., 2012), where they reported that the roots played significant
role for the Sarpo Mira late blight resistant potato variety for defense from the foliar late blight.
Last, the field test is a crucial and since the potato lines eventually will grow in the field it is very

important test them in the same environment.

Potato late blight has been, and remains to this day, the most destructive disease
impacting potato production leading to economic losses upwards of 6 US billion dollars
worldwide (Haverkort et al., 2008; Fry, 2008). Breeders have been breeding for resistance to this
disease for more than 120 years, and still there are few, if any commercial potato varieties with
resistance to many different genotypes of P. infestans (Li et al., 2011). Breeding programs
throughout the world have developed potato varieties with resistance to a sub-set of P. infestans
genotypes, but traditional breeding approaches have not yielded broadly resistant varieties
(Douches et al., 2001; Douches et al., 2010; Novy et al., 2006; Thurston et al., 1985). The
naturally resistant lines could or could not be a solution for a good resistance, and it also can be
time-consuming process. The conventional breeding for a late blight resistance using accessions
from the wild potato S. bulbocastanum, took 46 years to finally release two resistant cultivars
(Toluca and Bionica) (Haverkort et al., 2009). Because late blight control is economically

important and host-plant resistance could save millions of dollars and reduce environment
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impacts, it a crucial to pursue alternative breeding strategies while continuing traditional

breeding approaches.

In this study we pyramided RB with the resistance genes conventionally bred into the
breeding lines, to increase the resistant level. However, the researchers have been studying
stacking two or three genes in one vector, and insert into the potato line (Storck et al., 2011; Zhu
et al., 2012b; Kim et al., 2012). (Storck et al., 2011) reported that over the five years of testing
against to late blight the resistant variety “Fortuna” that is expressing the combination of the Rpi-
blbl and Rpi-blb2 genes from S. bulbocastanum was never infected with late blight. Pyramiding
and stacking genes approaches to enhance the resistance it seems promising strategy to apply

against late blight (Jo et al., 2014; Zhu et al., 2012a).

The other examples of gene stacking to enhance and broadened the resistance for one or
multiple traits were used for other crops such as: pea (Pisum sativum), walnut (Juglans regia),
canola (Brassica napus), corn (Zea mays) and cotton (Gossypium hirsutum) (Chan et al., 2005;
Que et al., 2010; Walawage et al., 2013). The knowledge about genomics is continuing to expand
and more R-genes from the wild species or relatives will be revealed and the stacking and

multiple gene approaches will be more commonly used.

The future work with these lines can be constructing RB and other resistant genes from
wild potatoes in one vector and introducing the marker free transformation method into LBR
lines. The additional value of the using the RB gene that it creates a cisgenic event using the
indigenous promoter and terminator and it makes for a greater possibility of public approval.
Cisgenesis strategy provides us to keep the old and popular varieties in the market but

introducing to them a new and important trait such as a late blight resistance (Haverkort et al.,

53



2009). The other future work can be done by planting LBR+RB lines and combining with the

fungicide studies to achieve good late blight control for commercial growers (Kirk et al., 2005).

54



REFERENCES

54



REFERENCES

Ali A, Moushib LI, Lenman M, Levander F, Olsson K, Carlson-Nilson U, Zoteyeva N, Liljeroth
E, Andreasson E (2012) Paranoid potato: Phytophthora-resistant genotype shows
constitutively activated defense. Plant Signal Behav 7 (3):400-408.

Alyokhin A, Baker M, Mota-Sanchez D, Dively G, Grafius E (2008) Colorado potato beetle
resistance to insecticides. Am J Potato Res 85 (6):395-413.

Andrivon D (1995) Biology, ecology, and epidemiology of the potato late blight pathogen
Phytophthora infestans in soil. Phytopathology 85 (10):1053-1056.

Ballvora A, Ercolano MR, Weiss J, Meksem K, Bormann CA, Oberhagemann P, Salamini F,
Gebhardt C (2002) The R1 gene for potato resistance to late blight (Phytophthora
infestans) belongs to the leucine zipper/NBS/LRR class of plant resistance genes. Plant J
30 (3):361-371.

Bendahmane A, Kanyuka K, Baulcombe DC (1999) The Rx gene from potato controls separate
virus resistance and cell death responses. The Plant Cell Online 11 (5):781-791.

Bennett RM, Ismael Y, Kambhampati U, Morse S (2004) Economic impact of genetically
modified cotton in India. The Journal of Agrobiotechnology Management and Economics
7 (3):96-100.

Brookes G, Barfoot P (2013) Key environmental impacts of global genetically modified (GM)
crop use 1996-2011. GM Crops and Food: Biotechnology in Agriculture and the Food
Chain 4 (2):109-119.

Brown CR (1993) Origin and history of the potato. American Potato Journal 70 (5):363-373.

Chakravarty B, Wang-Pruski G, Flinn B, Gustafson V, Regan S (2007) Genetic transformation in
potato: approaches and strategies. Am J Potato Res 84 (4):301-311.

Chan YL, Lin KH, Sanjaya, Liao LJ, Chen WH, Chan MT (2005) Gene stacking in Phalaenopsis
orchid enhances dual tolerance to pathogen attack. Transgenic Res 14 (3):279-288.

55



CIP (2010) The International Potato Center Annual Report: facts and figures about potato.
International Potato Center, Lima, Peru. cipotato.org/potato.

Clive J (2013) Highlights global status of commercialized biotech/GM crops: 2012. vol 44.
ISAAA Brief, ISAAA Ithaca, NY

Colon LT, Turkensteen LJ, Prummel W, Budding DJ, Hoogendoorn J (1995) Durable resistance
to late blight (Phytophthora infestans) in old potato cultivars. Eur J Plant Pathol 101
(4):387-397.

Cooke LR, Schepers HTAM, Hermansen A, Bain RA, Bradshaw NJ, Ritchie F, Shaw DS,
Evenhuis A, Kessel GJT, Wander JGN, Andersson B, Hansen JG, Hannukkala A,
Nerstad R, Nielsen BJ (2011) Epidemiology and Integrated Control of Potato Late Blight
in Europe. Potato Res 54 (2):183-222.

Danies G, Small IM, Myers K, Childers R, Fry WE (2013) Phenotypic characterization of recent
clonal lineages of Phytophthora infestans in the United States. Plant Disease 97 (7):873-
881.

de Bary A (1876) Researches into the nature of the potato fungus, Phytophthora infestans. J R
Agric Soc Engl Series 2 (12):239-269.

Deahl KL, Goth RW, Young R, Sinden SL, Gallegly ME (1991) Occurrence of the A2 mating
type of Phytophthora infestans in potato fields in the United States and Canada.
American Potato Journal 68 (11):717-725.

Dorrance AE, Inglis DA (1997) Assessment of greenhouse and laboratory screening methods for
evaluating potato foliage for resistance to late blight. Plant Disease 81:1206-1213.

Douches DS, Coombs J, Felcher K, Kirk WW, Long C, Bird G (2010) Missaukee: A round white
potato variety combining chip-processing with resistance to late blight, verticillium wilt
and golden cyst nematode. Am J Potato Res 87 (1):10-10.

Douches DS, Jastrzebski K, Coombs J, Kirk WW, Felcher K, Hammerschmidt R, Chase RW
(2001) Jacqueline Lee: A late-blight-resistant tablestock variety. Am J Potato Res 78
(6):413-419.

56



Douches DS, Kirk WW, Bertram MA, Coombs J, Niemira BA (2002) Foliar and tuber
assessment of late blight (Phytophthora infestans (Mont.) de Bary) reaction in cultivated
potato (Solanum tuberosum L.). Potato Res 45 (2-4):215-224.

Douches DS, Westedt AL, Zarka K, Grafius EJ (1998) Transformation of CryV-Bt transgene
combined with natural resistance mechanisms for resistance to tuber moth in potato
(Solanum tuberosum L.). HortScience 33 (6):1053-1056.

El-Kharbotly A, Leonards-Schippers C, Huigen DJ, Jacobsen E, Pereira A, Stiekema WJ,
Salamini F, Gebhardt C (1994) Segregation analysis and RFLP mapping of the R1 and
R3 alleles conferring race-specific resistance to Phytophthora infestans in progeny of
dihaploid potato parents. Molecular and General Genetics 242 (6):749-754.

FAO (2012) World potato production. FAOSTAT, Food and agriculture organizations of the
United Nations faostat.fao.org.

Forbes GA, Korva JT (1994) The effect of using a Horsfall-Barratt scale on precision and
accuracy of visual estimation of potato late blight severity in the field. Plant Pathology
43:675-682.

Fry WE (2008) Phytophthora infestans: the plant (and R gene) destroyer. Molecular Plant
Pathology 9 (3):385-402.

Fry WE, Goodwin SB (1997) Re-emergence of potato and tomato in the United States. Plant
Disease 81 (12):1349-1357.

Fry WE, Goodwin SB, Matuszak JM, Drenth A, Tooley PW, Sujkowski LS, Koh YJ, Cohen BA,
Spielman LJ, Deahl KL, Inglis DA, Sandlan KP (1993) Historical and recent migrations
of Phytophthora infestans: Chronology, pathways, and implications. Plant Disease 77 (7).

Gevens AJ, Seidl AC (2012a) First Report of Late Blight Caused by Phytophthora infestans
Clonal Lineage US-22 on Tomato and Potato in Wisconsin. Plant Disease 97 (3):423-
423.

Gevens AJ, Seidl AC (2012b) First Report of Late Blight Caused by Phytophthora infestans
Clonal Lineage US-24 on Potato (Solanum tuberosum) in Wisconsin. Plant Disease 97
(1):152-152.

57



Goodwin SB, Smart CD, Sandrock RW, Deahl KL, Punja ZK, Fry WE (1998) Genetic Change
Within Populations of Phytophthora infestans in the United States and Canada During
1994 to 1996: Role of Migration and Recombination. Phytopathology 88 (9):939-949.

Halterman DA, Colton L, Wielgus S, Jiang J (2008) Performance of transgenic potato containing
the late blight resistance gene RB. Plant Disease 92 (3):339-343.

Haverkort AJ, Boonekamp PM, Hutten R, Jacobsen E, Lotz LAP, Kessel GJT, Visser RGF, Van
der Vossen E (2008) Societal costs of late blight in potato and prospects of durable
resistance through cisgenic modification. Potato Res 51 (1):47-57.

Haverkort AJ, Struik PC, Visser RGF, Jacobsen E (2009) Applied biotechnology to combat late
blight in potato caused by Phytophthora infestans. Potato Res 52 (3):249-264.

Hawkes JG (1990) The potato evolution, biodiversity, and genetic resources. Smithsonian
Institution Press, Washington, D. C.

Heeres P, Schippers-Rozenboom M, Jacobsen E, Visser RGF (2002) Transformation of a large
number of potato varieties: genotype-dependent variation in efficiency and somaclonal
variability. Euphytica 124:13 - 22.

Helgeson JP, Pohlman JD, Austin S, Haberlach GT, Wielgus SM, Ronis D, Zambolim L, Tooley
P, McGrath JM, James RV, Stevenson WR (1998) Somatic hybrids between Solanum
bulbocastanum and potato: a new source of resistance to late blight. Theoret Appl
Genetics 96 (6-7):738-742.

Henfling JW (1987) Late blight of potato Phytophthora infestans. Technical information bulletin
4. International potato center, Lima, Peru. cipotato.org.

Holme IB, Wendt T, Holm PB (2013) Intragenesis and cisgenesis as alternatives to transgenic
crop development. Plant Biotechnology Journal 11 (4):395-407.

Hu CH, Perez FG, Donahoo R, McLeod A, Myers K, Ivors K, Secor G, Roberts PD, Deahl KL,
Fry WE, Ristaino JB (2012) Recent genotypes of Phytophthora infestans in the eastern
United States reveal clonal populations and reappearance of mefenoxam sensitivity. Plant
Disease 96 (9):1323-1330.

58



Huang S, van der Vossen EAG, Kuang H, Vleeshouwers VGAA, Zhang N, Borm TJA, van Eck
HJ, Baker B, Jacobsen E, Visser RGF (2005) Comparative genomics enabled the
isolation of the R3a late blight resistance gene in potato. Plant J 42:251 - 261.

Jo KR, Arens M, Kim TY, Jongsma MA, Visser RG, Jacobsen E, Vossen JH (2011) Mapping of
the S. demissum late blight resistance gene R8 to a new locus on chromosome IX.
Theoret Appl Genetics 123 (8):1331-1340.

Jo KR, Kim CJ, Kim SJ, Kim TY, Bergervoet M, Jongsma M, Visser R, Jacobsen E, VVossen J
(2014) Development of late blight resistant potatoes by cisgene stacking. BMC
Biotechnology 14 (1):50.

Jones JDG, Witek K, Verweij W, Jupe F, Cooke D, Dorling S, Tomlinson L, Smoker M, Perkins
S, Foster S (2014) Elevating crop disease resistance with cloned genes. Philosophical
Transactions of the Royal Society B: Biological Sciences 369 (1639).

Kim HJ, Lee HR, Jo KR, Mortazavian SM, Huigen DJ, Evenhuis B, Kessel G, Visser RG,
Jacobsen E, Vossen JH (2012) Broad spectrum late blight resistance in potato differential
set plants MaR8 and MaR?9 is conferred by multiple stacked R genes. Theoret Appl
Genetics 124 (5):923-935.

Kirk WW (2003) Thermal properties of overwintered piles of cull potatoes. Am J Potato Res 80
(2):145-149.

Kirk WW, AbuElSamen FM, Muhinyuza JB, Hammerschmidt R, Douches DS, Thill CA, Groza
H, Thompson AT (2005) Evaluation of potato late blight management utilizing host plant
resistance and reduced rates and frequencies of fungicide applications. Crop Protection
24 (11):961-970.

Kirk WW, Niemira BA, Stein JM, Hammerschmidt R (1999) Late blight (Phytophthora infestans
(Mont) De Bary) development from potato seed-pieces treated with fungicides. Pesticide
Science 55 (12):1151-1158.

Kirk WW, Wharton P, Hammerschmidt R, AbuEISamen FM, Douches DS (2004) Late blight.
Michigan State University Extension Bulletin. http://www.lateblight.org. Accessed E-
2945

Kramer M, Redenbaugh K (1994) Commercialization of a tomato with an antisense
polygalacturonase gene: The FLAVR SAVR™ tomato story. Euphytica 79 (3):293-297.

59


http://www.lateblight.org/

Kuhl JC, Hanneman RE, Havey MJ (2001) Characterization and mapping of Rpil, a late-blight
resistance locus from diploid (LEBN) Mexican Solanum pinnatisectum. Molecular
Genetics and Genomics 265 (6):977-985.

Kuhl JC, Zarka K, Coombs J, Kirk WW, Douches DS (2007) Late blight resistance of RB
transgenic potato lines. HortScience 132 (6):783-7809.

Lacy ML, Hammerschmidt R (1995) Best management practices for potato. Diseases of potato:
late blight. Michigan State University Extension Bulletin E-1802.,

Lal M, Luthra S, Singh B, Yadav S (2013) Screening of genotype against potato late blight
Potato Journal 40 (1):80-83.

Large EC (1940) The advance of the fungi. In. Dover Publications Inc., New York, p 488

Leonards-Shippers C, Gieffers W, Salamini F, Gebhardt C (1992) The R1 gene conferring race-
specific resistance to Phytophthora infestans in potato is located on potato chromosome
V. Molecular and General Genetics 233:278-283.

Li C, Wang J, Chien D, Chujoy E, Song B, VanderZaag P (2011) Cooperation-88: A high
yielding, multi-purpose, late blight resistant cultivar growing in southwest China. Am J
Potato Res 88 (2):190-194.

Li HP (1985) Potato Physiology. American Press inc, Orlando Florida

Li X, van Eck HJ, Rouppe van der Voort JNAM, Huigen DJ, Stam P, Jacobsen E (1998)
Autotetraploids and genetic mapping using common AFLP markers: the R2 allele
conferring resistance to Phytophthora infestans mapped on potato chromosome 4.
Theoret Appl Genetics 96 (8):1121-1128.

Link VH, Powelson ML, Johnson KB (2002) Oomycetes. http://www.apsnet.org.

Lokossou A, Park T, Van Arkel G, Arens M, Ruyter-Spira C, Morales J, Whisson S, Birch P,
Visser R, Jacobsen E, van der Vossen E (2009) Exploiting knowledge of R/Avr genes to
rapidly clone a new LZ-NBS-LRR family of late blight resistance genes from potato
linkage group 1V. Molecular Plant-Microbe Interactions 22:630 - 641.

60


http://www.apsnet.org/

Lokossou AA, Rietman H, Wang M, Krenek P, van der Schoot H, Henken B, Hoekstra R,
Vleeshouwers VG, van der Vossen EA, Visser RG, Jacobsen E, Vosman B (2010)
Diversity, distribution, and evolution of Solanum bulbocastanum late blight resistance
genes. Molecular Plant-Microbe Interactions 23 (9):1206-1216.

Lozoya-Saldana H, Coyote-Palma M, Ferrera-Cerrato R, ME L-H (2006) Microbial antagonism
against Phytophthora infestans (Mont) de Bary. Agrociencia (Montecillo) 40.

Malcolmson J, Black W (1966) New R genes in Solanum demissum lindl. And their
complementary races of Phytophthora infestans (Mont.) de bary. Euphytica 15 (2):199-
203.

Michigan State Univeristy, Agriculture Weather Office (2014) Weather for winter period of
2012, 2013, 2014 in East Lansing, MI USA. Michigan State University.
http://www.agweather.geo.msu.edu.

Muhinyuza J, Nyiransengiyumva S, Nshimiyimana J, Kirk W (2008) The effect of the
application frequency and dose of Mancozeb on the management of potato late blight in
Rwanda. Journal of Applied Biosciences 3:76-81.

Naess SK, Bradeen JM, Wielgus SM, Haberlach GT, McGrath JM, Helgeson JP (2000)
Resistance to late blight in Solanum bulbocastanum is mapped to chromosome 8. Theoret
Appl Genetics 101 (5-6):697-704.

Novy RG, Love SL, Corsini DL, Pavek JJ, Whitworth JL, Mosley AR, James SR, Hane DC,
Shock CC, Rykbost KA, Brown CR, Thornton RE, Knowles NR, Pavek MJ, Olsen N,
Inglis DA (2006) Defender: A high-yielding, processing potato cultivar with foliar and
tuber resistance to late blight. Am J Potato Res 83 (1):9-19.

Orlowska E, Basile A, Kandzia I, Llorente B, Kirk HG, Cvitanich C (2012) Revealing the
importance of meristems and roots for the development of hypersensitive responses and
full foliar resistance to Phytophthora infestans in the resistant potato cultivar Sarpo Mira.
Journal of Experimental Botany 63 (13):4765-4779.

Paal J, Henselewski H, Muth J, Meksem K, Menendez CM, Salamini F, Ballvora A, Gebhardt C
(2004) Molecular cloning of the potato Grol-4 gene conferring resistance to pathotype
Rol of the root cyst nematode Globodera rostochiensis, based on a candidate gene
approach. Plant J 38 (2):285-297.

61


http://www.agweather.geo.msu.edu/

Park TH, Gros J, Sikkema A, Vleeshouwers VG, Muskens M, Allefs S, Jacobsen E, Visser RG,
van der Vossen EA (2005) The late blight resistance locus Rpi-bib3 from Solanum
bulbocastanum belongs to a major late blight R gene cluster on chromosome 4 of potato.
Molecular Plant-Microbe Interactactions 18 (7):722-729.

Potato Genome Sequencing Consortium (2011) Genome sequence and analysis of the tuber crop
potato. Nature 475 (7355):189-195.

Qaim M, Zilberman D (2003) Yield effects of genetically modified crops in developing
countries. Science 299 (5608):900-902.

Que Q, Chilton M, Fontes CM D, He C, Nuccio M, Zhu T, Wu Y, Chen J, Shi L (2010) Trait
stacking in transgenic crops: the challenges and opportunities. GM Crops 1:220 - 229.

Ristaino JB (2006) Tracking the evolutionary history of the potato late blight pathogen with
historical collections. Outlook on Pest Management 17: 228-231.

Rojas JA, Kirk WW, Gachango E, Douches DS, Hanson LE (2014) Tuber blight development in
potato cultivars in response to different genotypes of Phytophthora infestans. Journal of
Phytopathology 162 (1):33-42.

Salaman RN (1970) The history and social influence of the potato. Cambridge University press

Salaman RN (1985) The Potato Famine: its causes and consequences. The History and Social
Influence of the Potato, Revised Impression (Hawkes J.G.). Cambridge University Press

Schouten HJ, Krens FA, Jacobsen E (2006) Cisgenic plants are similar to traditionally bred
plants: international regulations for genetically modified organisms should be altered to
exempt cisgenesis. EMBO reports 7 (8):750-753.

Sharma BP, Forbes GA, Manandhar HK, Shrestha SM, Thapa RB (2013) Determination of
resistance to Phytophthora infestans on potato plants in field, laboratory and greenhouse
conditions. Journal of Agricultural Science 5:148.

Shekhawat G, Sharma A, Uppal S (1999). vol 24. Central Potato Research Institute Malhotra
Publishing, New Delhi, India

62



Singh BP, Gupta J, Roy S, Rana DK (2004) Production of Phytophthora infestans oospores in
planta and inoculum potential of in vitro produced oospores under temperate highlands
and subtropical plains of India. Annals of Applied Biology 144 (3):363-370.

Song J, Bradeen J, Naess S, Raasch J, Wielgus S, Haberlach G, Liu J, Kuang H, Austin-Phillips
S, Buell C, Helgeson J, Jiang J (2003) Gene RB cloned from Solanum bulbocastanum
confers broad spectrum resistance to potato late blight. Proc Natl Acad Sci USA
100:9128 - 9133.

Stanik J (2012) Potato consumption per capita. http://helgilibrary.com/potato

Storck T, Bohme T, Schultheiss H (2011) Fortuna et al. status and perspectives of GM
approaches to fight late blight.
http://130.226.173.223/euroblight/Workshop/2011StPetersburg/Proceedings/Page45-

48 ThorstenStorck_web.pdf.

Thornton M (2003) The rise and fall of NewLeaf potatoes. Biotechnology: science and society at
crossroad

Thurston HD, Plaisted RL, Brodie BB, Jones ED, Loria R, Halseth D, Sieczka JB (1985) Elba: A
late maturing, blight resistant potato variety. American Potato Journal 62 (12):653-656.

Tiwari JK, Siddappa S, Singh BP, Kaushik SK, Chakrabarti SK, Bhardwaj V, Chandel P (2013)
Molecular markers for late blight resistance breeding of potato: an update. Plant Breeding
132 (3):237-245.

USDA, NASS (2012) Potato National agricultural statistic service. http://www.nass.usda.gov.

van der VVossen E, Gros J, Sikkema A, Muskens M, Wouters D, Wolters P, Pereira A, Allefs S
(2005) The Rpi-blb2 gene from Solanum bulbocastanum is an Mi-1 gene homolog
conferring broad-spectrum late blight resistance in potato. Plant J 44:208 - 222.

van der VVossen E, Sikkema A, Hekkert B, Gros J, Stevens P, Muskens M, Wouters D, Pereira A,
Stiekema W, Allefs S (2003a) An ancient R gene from the wild potato species Solanum
bulbocastanum confers broad-spectrum resistance to Phytophthora infestans in cultivated
potato and tomato. Plant J 36 (6):867-882.

63


http://helgilibrary.com/potato
http://130.226.173.223/euroblight/Workshop/2011StPetersburg/Proceedings/Page45-48_ThorstenStorck_web.pdf
http://130.226.173.223/euroblight/Workshop/2011StPetersburg/Proceedings/Page45-48_ThorstenStorck_web.pdf
http://www.nass.usda.gov/

van der Vossen E, Sikkema A, te Lintel H, Gros J, Stevens P, Muskens M, Wouters D, Pereira A,
Stiekema W, Allefs S (2003b) An ancient R gene from the wild potato species Solanum
bulbocastanum confers broad-spectrum resistance to Phytophthora infestans in cultivated
potato and tomato. Plant J 36:867 - 882.

Vleeshouwers V, Van D, Keizer LC P, Sijpkes L, Govers F, Colon L (1999) A laboratory assay
for Phytophthora infestans resistance in various Solanum species reflects the field
situation. Eur J Plant Pathol 105:241 - 250.

Walawage S, Britton M, Leslie C, Uratsu S, Li Y, Dandekar A (2013) Stacking resistance to
crown gall and nematodes in walnut rootstocks. BMC Genomics 14 (1):668.

Zhu S, Li Y, Vossen J, Visser R, Jacobsen E (2012a) Functional stacking of three resistance
genes against Phytophthora infestans in potato. Transgenic Res 21:89 - 99.

Zhu S, Li Y, Vossen JH, Visser RG, Jacobsen E (2012b) Functional stacking of three resistance
genes against Phytophthora infestans in potato. Transgenic Res 21 (1):89-99.

Zuckerman L (1998) The Potato: How the humble spud rescued the western world. Boston:
Faber and Faber

Zwankhuizen MJ, Govers F, Zadoks JC (1998) Development of potato late blight epidemics:
disease foci, disease gradients, and infection sources. Phytopathology 88 (8):754-763.

64



	LIST OF TABLES
	LIST OF FIGURES
	1. LITERATURE REVIEW
	History and importance of the potato
	Potato late blight (Phytophthora infestans de Bary)
	Breeding for late blight resistance
	Genetically Modified Potato

	2. FOLIAR SCREENING FOR RESISTANCE TO PHYTOPHTHORA INFESTANS USING FOUR GENOTYPES OF THE PATHOGEN
	Introduction
	Materials and Methods
	Plant transformation and Plant Materials
	Molecular characterization
	Culturing of Phytophthora infestans
	Detached Leaf Bioassays (DLBs)
	Whole-Plant Bioassays (WPBs)
	Field trial
	Statistical analyses

	Results
	Molecular evaluations
	Foliar late blight development in detached leaf bioassays
	2012 Detached leaf bioassay
	Analysis across P. infestans genotypes
	Analysis for individual P. infestans genotypes

	2013 Detached leaf bioassays results
	Analysis across all P. infestans genotypes
	Analysis for individual P. infestans genotypes


	Foliar late blight development in whole plant bioassays
	2013 Whole plant bioassays results
	Analysis across all P. infestans genotypes
	Analysis for individual P. infestans genotypes

	2014 Whole plant bioassays results
	Analysis across all P. infestans genotypes
	Analysis for individual P. infestans genotypes


	Field experiment with US-22
	Correlation tests among DLBs, WPBs and field assays

	Discussion

	REFERENCES

