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Chapter 1

The history of Late Blight resistance breeding

Chapter 1

Introduction
This thesis explores Phytophthora infestans – Solanum interactions. P. infestans, the causal agent of Late Blight, remains
rd

the main threat to potato production worldwide. Potato, ranking 3 of the world’s most important food crops, is
annually hampered with a loss of $3-5 billion that is totally dedicated to Late Blight (Fouts, Bade et al. 2003; Wu, Wood
et al. 2003; Haverkort, Struik et al. 2009). Additionally, estimates predict that fungicide sprays on itself contribute to a
$1 billion investment each year and Dutch farmers, for example, invest on average €330 per hectare annually
(Haverkort, Struik et al. 2009). Therefore, Late Blight not only threatens food security, but also harms the environment.
The studies presented in this thesis investigate and highlight some of the current enigmas that follow from an
integrated genomics approach and a summary of all studies will be given at the end of this introduction. First, a short
introduction on P. infestans and Solanum is provided here and more extensively handled in Chapter 2. Subsequently, a
literature study on potato breeding and its encounter with Late Blight in the past centuries is presented, to frame the
necessity of the current research. Finally an outline of this thesis is presented.
On Solanum
The genus Solanum consists of numerous crop species including potato, tomato, pepper, eggplant and tomatillo.
Solanum species occur in diverse regions and some of its subgenera have extreme adaptive powers that enable them to
grow in diverse climates and Solanum section Petota is among such subgenera.
In recent estimates it was predicted that the Solanum section Petota consists of 203 often closely related species
(Spooner and Hijmans 2001), including S. tuberosum, the cultivated potato. The section Petota consists of five different
sub-genomes designated A, B, C, D and E (Matsubayashi 1991). Hybridizations and poly-ploidizations occur frequently in
Petota and as a result, our cultivated potato is a highly heterozygous crop.
Resistance against Late Bight is mediated by so-called resistance (Rpi-) genes that induce a local cell death
(hypersensitive response, HR) once triggered by secreted components of P. infestans (Chapter 2).
On Phytophthora infestans
Phytophthora infestans is a highly adaptive pathogen and co-evolved with several Central and South American Solanum
species. Recently its genome was sequenced and uncovered unexpected highlights: over 500 effector candidates of the
RxLR class were identified in a gene sparse region and include all currently known avirulence (Avr) genes that trigger
Rpi-gene products to initiate cell death (Chapter 2).
Late Blight resistance breeding- past and present
The origin of the cultivated potato
Potato originates from the Andes of South America. One of the first books that handles on the ancient uses of potato in
South America, Peru, was written by José de Acosta. De Acosta, a Jesuit from Spain, was author of the book “Historia
natural y moral de las Indias (1590)”. In his book many subjects of the New World are handled briefly and among them
is the potato. During his presence, de Acosta noted that native Indians, living in cold and harsh climates, grow potatoes,
which they preserved through usage of freezing winds (de Acosta, Mangan et al. 2002). Frosts are by far the biggest
threat to altiplano cultivation and often only one out of 3-5 cultivations were successful (Salaman, Burton et al. 1985).
Besides that, Late Blight is a good candidate for such threats too.
2
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P. infestans could have an origin in South America as (Gomez-Alpizar, Carbone et al. 2007) showed that its oldest
mutations can be traced in South American P. infestans strains. This suggests a long history of Late Blight in the Andean
region. Therefore, it is likely that Indians must have made tremendous selections for Late Blight resistance in their
potato crops as is nicely illustrated by their cultivation practices. In Chapter 7, a description will be given on potato
cultivation practices utilized by Andean Indians.
Potato was originally brought to Europe in the sixteenth century, following the Spanish conquest. Although the Spanish
th

conquest of Peru started at the beginning of the 16 century, the importance of potato was only recognized decades
later. Its first literature account stems from 1550, based on a soldiers description from 1538 (Salaman, Burton et al.
th

1985), and first descriptions of plant material stem from the seventh decade of the 16 century (Hawkes and FranciscoOrtega 1993). Potato might well have been introduced to the European mainland through the Canary Islands from
which it was estimated to be present from 1562 onwards (Hawkes and Francisco-Ortega 1993). Besides the Canary
Islands introductions, potatoes were imported from what is now known as the USA to Ireland and the United Kingdom
as various sources point out a potato introduction from Carolina and Virginia in 1586 and 1623, respectively (Gabbema
1687; Anonymous 1767; anonymous 1860). Besides importing the potato into Europe, potatoes were also introduced
not only to North America, but also to Central America, a center of origin for wild potatoes. A Central American
introduction is stated in various literature resources and strengthened by the fact that Mexicans call their potatoes
‘papas’, an original South American name for potato. Also Mexicans have similar cultivation practices as Andean Indians
(e.g. (Ugent 1968; Salaman, Burton et al. 1985)).
th

Wild potato introductions into Europe in the 19 century
th

It was only in the first half of the 19 century that various scientific expeditions towards Central and South America
were undertaken, to study and collect plant and animal specimens. Well known is the Beagle journey that resulted in
the important common descent theory “the origin of species” by Charles Darwin. Other less known expeditions took
place in Mexico and investigated botanical curiosities. Especially Germans have played a major role in importing
Mexican wild potatoes into Europe; e.g. C. A. Uhde (A consul of Germany in Mexico) (Anonymous 1848; Anonymous
1849), von Humboldt (Macgillivray 1835), Schiede and Deppe (Papavero and Ibáñez-Bernal 2001) have investigated and
did sent various wild potato samples to Europe.
th

Late Blight resistance in the 19 century
th

Various descriptions of Late Blight resistant potatoes are known from the 19 century and mainly include introductions
from Mexico. John Lindley, curator of the London Horticultural Society, received potatoes collected from Michuacan
and the Valley of Tolluca in 1846 and 1847 (Anonymous 1848), just after Late Blight stroke Europe. Late Blight was one
of the causes of the Great Famine and destructed both potato and tomato from 1844 onwards (Anonymous 1848;
Zadoks 2008; Lindeboom, Portrait et al. 2010). Lindley planted the received potatoes and observed that they were not
affected by Late Blight. The potatoes itself were suspected to be a S. tuberosum variety, although it barely produced
tubers and had more hoary leaves, compared with the cultivated potato. From a literature study and visual
comparisons with other wild species, Lindley concluded that it very well could be a potato that was identified by
Schiede and Deppe and locally known as ‘Papa cimarron’ in Mexico (Anonymous 1833). Although Schiede and Deppe
called it S. stoloniferum (and according Lindley it resembles S. verrucosum), it could very well have been an occurrence
3
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of S. x edinense, a natural hybrid of wild S. demissum and cultivated S. tuberosum as ‘cimarron’ means ‘returning to a
wild state’ in the Spanish language. This suggests that the native Indians only saw it appearing after the introduction of
potato cultivation by the Spanish conquest.
Other reports on resistant potatoes come from Switzerland where some farmers grew potatoes that were collected by
Indians and sent from Mexico. These genotypes, probably S. verrucosum, stopped Late Blight for two years (1850 en
1851), while surrounding potatoes were heavily affected (Anonymous 1853). Unfortunately, from 1852 onwards, it was
reported susceptible in some tests (Candolle 1855). The main reason for its failure in European agriculture, however,
were its unadapted characters, for it was late maturing and had small tubers.
Lindley also reports on potatoes that Uhde sent to him from Mexico, probably landraces from Peru, that were all
slightly affected by the disease (Anonymous 1848), suggesting that they contain partial resistance. We will elaborate on
such resistance features in Chapter 7.
th

Potato breeding for Late Blight resistance in the 19 century.
th

Not many potato varieties were known until the 18 century, where after it changed as the practice of raising seedlings
became known (Glendinning 1983). However, the genetic basis of potato was very limited (Kingsbury 2009).
Breeding methods were developed already in the early 1800’s, when T. A. Knight developed a method to lift potato
tubers, thus preventing tuber setting and promoting flowering. However, the method of cross-pollination was not
adopted. It was only after 1850 that potato breeding made progresses as fresh genetic material was imported from
South America. All this fresh genetic material made breeders anxious for sharing their sources and it resulted in many
mysterious origins for crossing parents.
Someone willing to share his sources was the American reverend Chauncey Goodrich of Utica (Kingsbury 2009). He
recognized the value of seed regeneration and suggested to introduce potatoes from the countries of origin to combat
Late Blight. Goodrich obtained potatoes from both Colombia and Panama, the last being referred as Chilean potatoes.
The potatoes from Colombia grew well and could resist Late Blight, however they were late maturing, yielding small
tubers and became affected by other pests. The Chilean potato was more successful, although not for Late Blight
resistance, and became one of the foundational parents for most of our current potato cultivars and was called ‘Rough
Purple Chili’ (Anonymous 1853; Meehan 1865) (see Figure 1).
Others that attempted Late Blight resistance breeding are e.g. James Torbitt (fully supported by Charles Darwin in the
1870s and onwards) in the 1850s but without significant long term progress (Stevenson, Schultz et al. 1936; Dearce
2008). Despite the fact that S. x edinense (see next paragraph) and other wild potato species were known and present
th

in Europe, no crosses were made with cultivars until the 20 century.
th

Breeding for Late Blight resistance in the 20 century
It was until 1910 that Late Blight resistance breeding became part of a national research program (Stevenson, Schultz et
al. 1936) and at that time it became evident that different races of P. infestans exist, just as for other plant pathogens
(Reddick and Crosier 1933).
In 1906, Salaman observed that potatoes obtained from Kew, supposed to be S. maglia, were in fact another unknown
species. As his friend Arthur Sutton obtained a similar misclassified potato in 1886 as S. etuberosum from Edinburgh
Botanical Gardens, it was designated S. x edinense. (Salaman, Burton et al. 1985). This potato proved to be nearly
4

The history of Late Blight resistance breeding

immune to Late Blight in the seasons of 1906-10 and in that period self-fertilized seeds resulted in a segregating
population skewed towards susceptibility. Only 7 out of 40 were fully immune against Late Blight. This work showed
that hybridizations with wild potatoes can transfer resistance to the cultivated potato. Presuming that full immunity
could only be found outside cultivated potatoes, Salaman started a breeding program with S. demissum in 1910 and by
the year 1926, various lines having both immunity and good economic characteristics were obtained (Salaman, Burton
et al. 1985).

Figure 1. Advertisement from “The New England Farmer”, Volume V, Number IV, April 1853 (Anonymous 1853). Here one of Goodrich’s
advertisements on the potato Rough Purple Chili can be seen. It was this potato that was spread around the world and used a foundational parent in
many breeding programs.

5
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Just as in the beginning of the 19 century, in the early decades of the 20 century new collections of wild potatoes
were gained from Central and South America. Now under the supervision of Russian scientists. Bukasov, a Russian
agronomist headed a potato collection in South America in 1925 that was continued by Jusepczuk and terminated by
Vavilov in 1932. The latter two collected potatoes from both Central and South America to boost potato breeding in
Russia. While potato resistance breeding became successful during the 1930s, it faced a huge blow back in the next
decades; due to World War II (WWII) and the communism (that imprisoned many Russian scientists, including Vavilov)
and as a result many programs became dormant or aborted in Eastern Europe (Graham 1993; Kingsbury 2009). After
WWII, the Vavilov potato collection was utilized for resistance breeding by the Sárvári family (Kingsbury 2009) and their
efforts resulted in various pathogen resistant cultivars, like Sarpo Mira, a potato cultivar that is extensively investigated
(see Chapter 9).
Other resistant varieties resulted from UK breeding programs and were released to the market. However, soon after
the introductions, susceptibility was observed and even combining three different resistance (Rpi-)genes (R1, R2, and
R3) did not definitively halt Late Blight as cultivar Pentland Dell became succumbed in 1967 (Malcolmson 1969). Despite
the defeat by virulent P. infestans strains, Pentland Dell was denoted as highly resistant for 6 years before becoming
susceptible. By the end of the 1960s, 11 different resistance spectra were recognized (also known as the Mastenbroek
differential set (Black, Mastenbroek et al. 1953; Malcolmson and Black 1966), all derived from the wild species S.
demissum, and used for the classification of P. infestans strains (Nimchuk, Rohmer et al. 2001). However, more recently
we discovered that multiple Rpi-genes are present in some of these plants (see Chapter 6) (Huang, Vleeshouwers et al.
2004; Trognitz and Trognitz 2007).
Great disappointment on the failure of Rpi-gene breeding resulted in a shift towards breeding with more quantitative
resistance characters (QTLs), i.e. introgression of genes that apparently do not show race specificity (Noel, Thieme et al.
2001). A more elaborate summary on QTLs in Late Blight resistance breeding can be found in Chapter 2 and is discussed
in Chapters 7 and 10.
st

nd

rd

Despite the great disappointment of Late Blight resistance breeding in 1 world countries, 2 and 3 world countries
were successful in developing moderate, to high, resistant potato strains: judging the occurrence of Sarpo varieties in
Hungary, Cooperation 88 and its breeding lines in Asian countries (Li, Wang et al.) and e.g. Amarilis in Southern America
(Salazar, Winters et al. 2009).
st

Breeding for Late Blight resistance in the 21 century.
st

In the 21 century new attempts are undertaken to identify Rpi-genes. More modern strategies resulted in the cloning
of Rpi-genes from sexually (less) compatible potato species. Gene cloning can be favorable as it enables circumvention
of sexual crosses and linkage drag. The first resistance genes were cloned from the diploid potato species S.
bulbocastanum and S. demissum and insertion of these genes into susceptible potato and tomato cultivars resulted in
resistant plants (van der Vossen, Sikkema et al. 2003; Faino, Carli et al. 2010). Nowadays, more resistance genes have
been cloned and an arsenal of nine functionally diverse Rpi-genes is available and transferred into susceptible cultivars.
R1 (Ballvora, Ercolano et al. 2002), Rpi-blb1 (and the homologues Rpi-sto1 and Rpi-pta1) (Sanchez, Doke et al. 1993;
Lewis and Kernodle 2009; Lokossou, Rietman et al. 2010), Rpi-blb2 (van der Vossen, Gros et al. 2005), Rpi-blb3 (with
various homologues including R2) (Van der Lee, De Witte et al. 1997), R3a (Huang, van der Vossen et al. 2005), R3b (Li,
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Huang et al. Submitted), Rpi-vnt1 (Pel, Foster et al. 2009), Rpi-bt1 (Oosumi, Rockhold et al. 2009), Rpi-mcq1 (Smilde,
Brigneti et al. 2005) and Rpi-chc1 (Karimi, Inzé et al. 2002). Besides these cloned Rpi-genes, many more have been
mapped to the potato genetic map and some are in an advanced stage of cloning (J. H. Vossen, personal
communication).
All these cloned resistance (Rpi-) genes belong to the class of NBS-LRR (Nucleotide Binding Site-Leucine Rich Repeat)
genes, and are so-called vertical genes, which operate through the mode of the hypersensitive response (HR). This
defense system, known for its interspecies dependency as avirulence (AVR-) proteins from the pathogen have to
interact with plant proteins, so called Rpi-genes (Flor 1971), and was therefore hypothesized in a gene-for-gene
interaction model (Flor 1971).
Besides Rpi-genes, QTL clusters also can entail NBS-LRR like genes, as was shown by Lokossou and associates who
cloned a QTL from S. microdontum designated Rpi-mcd1 (Lokossou 2010).
st

In the first decade of the 21 century, conventional breeding techniques resulted in the release of the Rpi-blb2
containing cultivars Toluca and Bionica. Currently the genetic modified potato Fortuna is tested in Europe for its Late
Blight resistant properties. Fortuna is modified with the Rpi-genes Rpi-blb1 and Rpi-blb2 (Anonymous 2011).

Scope of the Thesis
This thesis is divided in three parts. First, we performed a literature study on interaction between oomycetes and their
host plants, in particular Phytophthora infestans – potato. We conclude that studying effector candidates and smart
usage of Rpi-genes could result in more durable agricultural practices (Chapter 2). Secondly, we performed inventory
studies of our material using various methods. We characterized our Solanum plant inventory for resistance to a panel
of P. infestans isolates and for suitability to transient expression of effector candidates (Chapters 3 and 4).
Subsequently we made a selection of effector candidates based on various genomic resources, and subjected them to a
large functional screening on selected plant material. This resulted in a set of candidate R-Avr pairs (Chapter 5). Thirdly,
we performed various in depth studies for promising avirulence candidates (Chapters 6, 7, 8 and 9).
Inventory studies and effector candidate selection
As P. infestans manipulates its host towards susceptibility through usage of effectors, a lot of research focuses
nowadays on this area of biology, called effectoromics (Kamoun and Goodwin 2007). In Chapter 3, we utilized an
7
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effector candidate set that was based on algorithms selective for signal peptides and RxLRdEER domains, known as the
PexRD set (Oh, Young et al. 2009). The effector candidates were tested on a diverse set of Solanum species using
agroinfection (Vleeshouwers and Rietman 2009). To dissect whether effector candidates respond different among
species that did not co-evolve with P. infestans, also some Eurasian and Australian Solanum species were included in
the screen. Various cell death responses could be detected and some were further characterized. Despite the high
throughput mode of agroinfection screens, the method appeared to be too sensitive for showing some R-Avr pairs
(Chapter 3).
To investigate whether Agrobacterium Transient Transformation Assay (ATTA) is suitable for effector candidate cell
death screens in Petota, 124 Petota genotypes were tested for ATTA feasibility. ATTA appeared to be more accurate
than agroinfection and was thus used throughout the rest of this thesis. Besides testing for ATTA, Petota genotypes
were also challenged with multiple P. infestans strains to identify their resistance spectrum (Chapter 4).
In the meanwhile, the P. infestans genome was sequenced at the BROAD institute and approximately 563 RxLR effector
candidates were predicted from the genome (Haas, Kamoun et al. 2009). Using this information along with data from
expression studies and EST libraries, a new set consisting of 270 effector candidates was assembled. Thereafter, these
effector candidates were tested on a variety of diverse Petota species that were resistant to the sequenced P. infestans
strain T30-4. As a result, many new effector candidates were identified that initiate cell death (Chapter 5).
Avirulence candidate identification
To study whether cell death inducing effector candidates identified in Chapter 5 are linked to resistance, we tested
offspring populations, segregating for Late Blight resistance, for co-segregation with candidate effectors.
In Chapter 6, the first screenings with the new effector candidate set focused on the identification of Avr3b. Effector
candidates were co-expressed with the recently cloned Rpi-gene R3b in the Solanaceous model species Nicotiana
benthamiana and PBHR_490 was identified as Avr3b. Another focus was the potato differential R10 and PBHR_490 was
found to dictate resistance in this genotype too. Besides, another avirulence candidate was identified for potato
differential R10 and we speculate that potato differential R10 has two Rpi-genes.
In Chapter 7, we focus on S. piurae 206-1, and identify an effector candidate that co-segregates with resistance located
at potato chromosome 11 (near marker CT182), and find a similar occasion for S. venturii 283-1. Another effector
candidate cell death response from an S. piurae 206-1 derived population was mapped near marker TG602 on
chromosome 12, a Late Blight QTL region known from literature.
In Chapter 8 another effector candidate-Late Blight resistance co-segregation study is presented for the South
American potato species S. capsicibaccatum. Here we identified two, distinct, avirulence candidates that interacted
with Rpi-cap1 designated resistance.
To better understand the resistance found in potato cultivar Sarpo Mira, a thorough co-segregation study was
performed that included detached leaf assays with a diverse set of P. infestans isolates, but also a field assay. Several of
the tested isolates correlated with effector candidates responding in Sarpo Mira (Chapter 9).
In Chapter 10, the observations of the research are reflected and a rationale for Late Blight management is discussed.
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Chapter 2

Summary
Plants face continuous attacks from a broad range of pathogens and have evolved effective defence mechanisms that
are initiated upon pathogen attack. Invading oomycete pathogens secrete effectors, molecules that manipulate host
cell defence and thereby enable colonization. However, plant species evolved resistance (R) genes to most specialized
pathogen species. The R proteins can detect effectors, then termed avirulence (AVR) proteins, and thus confer
immunity to pathogens. Effectors and their interacting genes in the plant play a central role in the co-evolution of
pathogens with their hosts. In this review, we discuss the role that effectors play in the pathogenesis and lifestyles of
oomycetes. Particularly intriguing features emerge for (hemi-)biotrophic oomycetes, which establish an intimate
contact with the host by forming haustoria. At this interface, effectors with an RXLR motif are translocated into the
cytoplasm, where they reprogram the host towards susceptibility. Such interactions between effectors and host targets
are highly specific and are considered a result of tight co-evolution. In addition, we elaborate on the Phytophthora
infestans- Solanum pathosystem, from which various R and Avr genes were cloned recently. We discuss a rationale for
exploiting molecular insights into R-Avr interactions for developing more durable resistance strategies to control Late
Blight in agriculture.
Introduction
Plants respond to pathogen infection using a multi-layer defence of the innate immune system (Jones and Dangl 2006).
Receptors in the plant cell membrane can detect the widely conserved pathogen-associated molecular patterns
(PAMPs), and orchestrate defence responses that protect against colonization. This so-called PAMP-Triggered Immunity
(PTI) is recognized as a first inducible defence layer against a broad range of microbes and a predominant explanation
for non-host resistance. Adapted pathogenic microbes are able to suppress PTI in their hosts by secreting effectors that
interfere with PTI. Due to this Effector-Triggered Suppression (ETS), infection can proceed. As a second defence layer,
plants utilize resistance (R) genes to activate Effector Triggered Immunity (ETI) upon detection of effectors, now termed
avirulence (AVR) protein. ETI is often characterized by the hypersensitive response (HR) that results in localized
programmed cell death. This sequential process of interactions has been described as a Zig-Zag model (Jones and Dangl
2006).
Since the introduction of the gene-for-gene model (Flor 1971), many R-Avr interactions have been characterised for
bacterial, fungal, viral and oomycete pathogens (Dangl and Jones 2001). Direct interaction between R and Avr genes is
wonderfully illustrated in the flax – flax rust interaction. Here both R and AVR proteins have signatures of diversifying
selection, which suggests the existence of a co-evolutionary arms race between pathogen and host (Dodds, Lawrence et
al. 2006; Ellis, Dodds et al. 2007). However, physical interactions between R and AVR proteins have only been
demonstrated to occur for a limited number of R-AVR pairs. Instead most interactions have been postulated to be
indirect and the resulting guard model predicts that R proteins act by guarding specific effector targets (van der Biezen
and Jones 1998). From an evolutionary point of view, guarded effector targets might be subjected to opposing forces,
namely to evade manipulation by effectors (weaker interaction to decrease ETS) and to improve perception of effectors
by R proteins (stronger interaction to boost ETI). The decoy model predicts that evolution of a target mimic could relax
these evolutionary constrains and result in a decoy that would solely be involved in effector perception, while under
surveillance by R proteins (Block, Li et al. 2008; van der Hoorn and Kamoun 2008).
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Oomycetes are a major group of eukaryotic microorganisms that includes some of the most notorious pathogens of
plants. In recent years, tremendous progress has been made in understanding the biology of oomycete effectors,
mainly due to sequencing efforts and secretomics as well as expression studies. Although the molecular knowledge of
plant-oomycete interactions is still relatively rudimentary, preliminary insights into co-evolutionary relationships
between oomycete effectors and plant resistance genes are being disclosed.
Oomycetes
In the phylogenetic tree of life, oomycetes form a distinct lineage of the stramenopiles comprising brown algae and
diatoms. Despite their fungus-like appearance, oomycetes are not related to fungi. In the past, some oomycetes were
already known as notorious pathogens because of their devastating nature, being the determinants of various
economically important crop and plant diseases (Table 1). Examples include the potato Late Blight pathogen
Phytophthora infestans that resulted in the Irish famine in the 1840s and still is the major constraint for potato
production worldwide (Fry and Goodwin 1997; Zadoks 2008). Other examples are the sudden oak death pathogen
Phytophthora ramorum that recently surfaced in epidemics in California (Rizzo and Garbelotto 2003), Phytophthora
sojae causing disease in soybeans (Dorrance, McClure et al. 2003), Phytophthora kernoviae infecting trees and shrubs
(Brasier, Beales et al. 2005) or downy mildews, such as Bremia lactucae that is a detrimental pathogen of lettuce
(Lebeda, Sedlarova et al. 2008). Recent oomycete sequencing efforts and genomic approaches have yielded important
information that is currently put into context with the biology of the pathogens. Genome sequences have been made
publicly available for Hyaloperonospora arabidopsidis, P. infestans, P. sojae, P. ramorum, P. capsici and Pythium
ultimum (Tyler, Tripathy et al. 2006; Cheung, Win et al. 2008; Haas, Kamoun et al. 2009; VBI_Microbial_Database
website) (see also table 1). In addition, publicly available EST and other genomic data sets for various oomycete species
have been generated (Good resources are (Madoui, Gaulin et al. 2007; CPGR website; VBI_Microbial_Database
website)) and common and distinctive processes in pathogenesis of oomycetes relative to other pathogens are being
elucidated (Torto, Li et al. 2003; Soanes, Richards et al. 2007; Gaulin, Madoui et al. 2008; Meng, Torto-Alalibo et al.
2009; Torto-Alalibo, Collmer et al. 2009; Torto-Alalibo, Collmer et al. 2009).
Lifestyle and host range
The lifestyles of the different plant pathogenic oomycetes vary considerably and range from biotrophy to necrotrophy.
For a biotrophic interaction, pathogens establish intimate associations with the plant, and require living host cells to
complete their infection cycle (Panstruga 2003; Grenville-Briggs, Avrova et al. 2005). Biotrophic oomycetes such as the
Peronosporaceae (downy mildews) and Albuginaceae (white rusts) typically have a narrow host range, which seems to
be linked to obligate biotrophy (Göker, Voglmayr et al. 2007). Closely related to downy mildews are the Phytophthora
species and also some rare grass parasites that display intermediate characteristics between Phytophthora and downy
mildews (Thines 2009). Phytophthora species mostly start the infection cycle as biotrophs but switch to a more
necrotrophic lifestyle at later stages (Tyler 2009). In contrast to absolute biotrophs, which need a host to reproduce,
these hemi-biotrophic pathogens can be cultured on artificial media (Göker, Voglmayr et al. 2007). Pythium species are
almost exclusively necrotrophic, representing mainly soil-born pathogens that infect the root system, resulting in
damping off diseases of seedlings. They have generally a broad host range (Hendrix and Campbell 1973). Aphanomyces
species have broad infection capabilities. Three independent Aphanomyces lineages have been described and include
11
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plant parasitic species that cause seedling and root rot diseases in dicots and monocots as well as animal parasitic and
saprotrophic or opportunistic lineages (Gaulin, Jacquet et al. 2007; Gaulin, Madoui et al. 2008; Dieguez-Uribeondo,
Garcia et al. 2009). Many other oomycetes including Lagenidium spp and Saprolegnia spp are also known to infect
aquatic animals (Kiesecker, Blaustein et al. 2001), insects (Golkar, LeBrun et al. 1993) and other organisms. The diversity
of representative oomycete species and their hosts is illustrated in table 1.
(Hemi-)biotrophic oomycetes have evolved a fascinating ability to form sophisticated infection structures called
haustoria, which develop in invaginations of the plant cell plasma membrane and thus establish an intimate contact
with the host. These haustoria are thought to serve for acquiring nutrients (Hardham 2007) and recent studies show
that haustoria do officiate as a delivery portal for effectors (Whisson, Boevink et al. 2007). Therefore, haustoria are
considered essential for establishing a biotrophic interaction with the host (Avrova, Boevink et al. 2008). Similar to
oomycetes, many biotrophic plant pathogenic fungi also form haustoria (Catanzariti, Dodds et al. 2007). Nematodes, in
contrast, inject effectors through their stylet (Williamson and Gleason 2003). Bacteria utilize the Type Three Secretion
System (TTSS) for effector delivery inside host cells (Greenberg and Vinatzer 2003) and TTSS deletion mutants are
notably impaired in their virulence on plants (Van Gijsegem, Vasse et al. 2002; He, Nomura et al. 2004). Apparently, all
types of biotrophic plant pathogens have evolved and maintained a mode to deliver effectors inside host cells, which
points to a high significance of haustoria for pathogenic activities.
Differences in host ranges of oomycetes can presumably be attributed to the effector repertoire (also see below, RXLR
effectors). For example, H. arabidopsidis belongs to a monophyletic lineage of pathogens that causes downy mildew
almost exclusively on plants of the Brassicaceae family. H. arabidopsidis was suggested to have maintained only the
specialized effectors targeted to A. thaliana and shed the unutilized effector genes according to the “use-it-or-lose-it”
rule of evolution (Carroll 2006; Göker, Voglmayr et al. 2007; Win, Morgan et al. 2007). Some Phytophthora species are
less stringent in their host range (Erwin and Ribiero 1996) and P. ramorum, for example, infects various woody plant
species (Rizzo, Garbelotto et al. 2005). P. ramorum and other Phytophthora species have a broader arsenal of effector
genes than the obligate H. arabidopsidis (Tyler, Tripathy et al. 2006; Win, Morgan et al. 2007; Haas, Kamoun et al.
2009). This could reflect the ability to infect various plant species but recent data suggest that effectors can also restrict
the pathogen from infecting other plant species. An example for an effector negatively influencing the host range was
found for the P. infestans AVR3a homologue from Phytophthora capsici which was shown to induce an HR in nonhost
Nicotiana edwardsonii plants (Vega-Arreguin, Jalloh et al. 2009). Association between host range and effector
repertoire has also been suggested for other pathosystems. For example, Pseudomonas syringae pv tomato DC3000,
which infects Arabidopsis thaliana and tomato and P. syringae pv tomato T1, which is not able to infect A. thaliana
produce different but overlapping repertoires of effectors. This indicates that for suppression of defence in the two
plant species different sets of effectors are required (Almeida, Yan et al. 2009).
Host shifts can occur after hybridisations between related oomycete species (Brasier, Cooke et al. 1999; Man in 't
Veld, de Cock et al. 2007; Ersek and Nagy 2008). Hybridization events are likely to adjust the effector toolbox,
allowing well-equipped pathogens to conquer new hosts or broaden their host range. For such hybridizations, closely
related oomycetes need to be able to reproduce and exchange genetic material on a shared host species (GomezAlpizar, Hu et al. 2008). Alternatively, in the absence of a common host, susceptibility can be induced. For example, a
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Table 1. Diversity of oomycetes and their hosts. A phylogenetic illustration based on COX2 for a representative selection of oomycetes, including all
species for which genome sequencing efforts have been made. COX2 protein sequences were derived from (NCBI website), and reference numbers
are presented in front of each species. The phylogenetic tree was acquired using Minimal Evolution (ME) with standard options in MEGA4 and
bootstrap values exceeding 95 are presented at the nodes (Kumar, Nei et al. 2008). For presented oomycete pathogens, primary host species of
agriculturally important hosts it is indicated whether genome sequences are available (+), absent (-) or in progress (O). Refferences are presented
in Appendix 1.
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non-adapted pathogen might infect a non-host plant which is already infected by an adapted pathogen that
suppresses PTI. This has been observed for virulent Albugo candida which suppressed PTI on A. thaliana, thereby
allowing B. lactucae, to grow (Cooper, Latunde-Dada et al. 2008). Such observations suggest that non-adapted
pathogens lack essential effectors for PTI suppression and may benefit from the prior suppression by effectors
delivered by the adapted pathogen.
Effectors
Oomycete molecules can trigger defence responses upon detection by the host, which can result in incompatible
interactions. The main classes of oomycete effectors have been reviewed extensively (Hein, Gilroy et al. 2009), and we
briefly summarize some of these below.
Apoplastic effectors
Apoplastic effectors include e.g. elicitins, a family of small extracellular proteins of Phytophthora and Pythium species.
Elicitins are thought to act as oomycete PAMPs and elicit the basal PTI defence response in Nicotiana, Raphanus and
some Solanum species (Kamoun, van West et al. 1998; Becktell, Smart et al. 2006; Vleeshouwers, Driesprong et al.
2006). Elicitin expression is down-regulated during the biotrophic infection stages, perhaps to evade recognition, and
up-regulated at necrotrophic stages (Kamoun, van West et al. 1997). Opposing expression patterns were found in
another class of apoplastic effectors that includes the Small Cysteine-Rich (SCR) protein SCR74 from P. infestans and the
phytotoxin-like protein from Phytophthora cactorum-Fragaria (PCF) (Orsomando, Lorenzi et al. 2001; Liu, Bos et al.
2005). The upregulation during biotrophic infection suggests that these proteins do not have a phytotoxic function.
Indeed, a recent study involving approximately 100 Solanum section Petota genotypes showed that cell death
responses to two Scr74 members were only observed in a few genotypes (Rietman, unpublished results). This suggests
that SCR74 is perceived by specific receptors in a limited subset of Solanum species. Another class of apoplastic
effectors are the Necrosis- and ethylene-inducing peptides (Nep1-like, NLPs), and these are not unique to oomycetes.
NLPs are widely spread in plant pathogenic bacteria and fungi and have the ability to induce cell death in many dicot
plant species (Pemberton and Salmond 2004; Gijzen and Nurnberger 2006; Torto-Alalibo, Collmer et al. 2009). In the
hemi-biotrophic P. infestans and P. sojae (Qutob, Kamoun et al. 2002; Kanneganti, Huitema et al. 2006), NLP genes are
expressed at relatively late infection stages and they might function in triggering tissue necrosis and enable
necrotrophic colonization at later infection stages. In addition to these classes of small secreted elicitors, pathogens
evolved various effector proteins with inhibitory activities for protection against host hydrolytic enzymes. Co-evolution
of various host hydrolytic enzymes with the cognate pathogen enzyme inhibitors has been suggested and include, for
example, extracellular endo-β-1,3-glucanases (EGases) that interact with Phytophthora glucanase inhibitor proteins
(PiGIP) (Damasceno, Bishop et al. 2008).
Cytoplasmic effectors
Cytoplasmic effectors enter plant cells to interact with intracellular targets and, amongst others, are involved in PTI
(Hogenhout, Van der Hoorn et al. 2009). However, these proteins also play a role as avirulence factors upon recognition
by host R genes. Eminent examples are RXLR proteins, a major class of cytoplasmic effectors to which all thus far
identified oomycete Avr proteins belong, i.e. Atr1 and Atr13, from H. arabidopsidis, Avr1 (Govers et al., unpublished),
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Avr2 (Lokossou, Park et al. 2009), Avr3a (Armstrong, Whisson et al. 2005), Avr4 (van Poppel, Guo et al. 2008), Avrblb1
(Vleeshouwers, Rietman et al. 2008) and Avrblb2 (Oh, Young et al. 2009) from P. infestans (Table 2) as well as Avr1a
(Qutob, Tedman-Jones et al. 2009), Avr1b (Shan, Cao et al. 2004), Avr3a (Qutob, Tedman-Jones et al. 2009) and Avr3c
(Dong, Qutob et al. 2009) from P. sojae. RXLR proteins are modular proteins characterized by a signal peptide for
secretion into the extrahaustorial matrix and an RXLR motif which is often followed by a high frequency of D/E residues
(DEER motif) in the mature N-terminus. The conserved RXLR-motif is functionally equivalent to a host-targeting signal
(RxLxQ/D/E) of Plasmodium falciparum (Bhattacharjee, Hiller et al. 2006; Grouffaud, van West et al. 2008), the
pathogen causing malaria, and was demonstrated to be required for translocation of the effector molecules into host
cells (Whisson, Boevink et al. 2007; Dou, Kale et al. 2008). The C-terminal domain of RXLR proteins is thought to be
dedicated to effector activity and modulating host defence responses inside the host cell (Win, Morgan et al. 2007). For
example, the C-terminal half of AVR3a (P. infestans) suppresses INF1-elicited cell death (Armstrong, Whisson et al.
2005), by stabilization of the plant E3 ligase CMPG1(Bos, Armstrong et al. 2010). The C-terminal domain from AVR3a is
also responsible for avirulence function in R gene-mediated resistance, as has been shown for the avirulence proteins
ATR13 (Allen, Meitz et al. 2008), AVR4 (van Poppel, Guo et al. 2008), AVRblb1(Champouret, Bouwmeester et al. 2009),
AVRblb2 (Oh, Young et al. 2009) and AVR1b (Dou, Kale et al. 2008).
RXLR effectors are expected to be direct targets of evolutionary forces that drive the antagonistic interplay between
oomycete pathogen and host plant (Win, Morgan et al. 2007; Jiang, Tripathy et al. 2008). Interestingly, in the genome
of P. infestans RXLR genes occupy gene-poor regions with many repetitive sequences (Haas, Kamoun et al. 2009), which
could promote recombination and thus fast evolution. Tight co-evolution of Avr and R genes has been demonstrated
for H. arabidopsidis Atr1 and Atr13 interacting with A. thaliana RPP1 and RPP13, respectively, and differential
recognition between these proteins has been reported (Rehmany, Gordon et al. 2005; Hall, Allen et al. 2009).
So far, RXLR proteins are particularly abundant in the (hemi-)biotrophic oomycetes (see also above). For example, at
present 563 RXLR proteins are predicted in P. infestans (Haas, Kamoun et al. 2009). In contrast to (hemi-)biotrophic
oomycetes that form haustoria, the secretome of the non-haustoria-forming Pythium ultimum contains no putative
RXLR sequences (Levesque, Brouwer et al. 2010), and in Aphanomyces euteiches only three putative RXLR proteins were
discovered (Gaulin, Madoui et al. 2008). This suggests that RXLR effectors act specifically during biotrophic infection
stages (Whisson, Boevink et al. 2007; Cheung, Win et al. 2008; Judelson, Ah-Fong et al. 2008). Expression in haustoria,
or exclusive expression in pre- and early infection stages (Judelson, Ah-Fong et al. 2008; Haas, Kamoun et al. 2009), is in
line with the hypothesis that the virulence function of RXLR proteins is associated with suppression of PTI (Jones and
Dangl 2006) and establishing a biotrophic interaction.
Another distinct class of secreted effectors in oomycetes are the ‘CRinkling and Necrosis-inducing’ (CRN) proteins. Like
RXLR proteins, CRN proteins are modular and have an N-terminal motif resembling LxLFLAK with conserved flanking
borders that putatively serve for translocation into the cytoplasm, and feature diverse C-terminal domains (Kamoun
2007; Win, Morgan et al. 2007; Haas, Kamoun et al. 2009). Especially in the (hemi-)biotrophic oomycetes, Crns form a
large gene family from which some members, such as Crn1 and Crn2, elicit cell death upon cytoplasmic expression in
plants.
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Host plants
Since the start of the genomic era, genomes of various plant species that host oomycetes have been or are being
sequenced (Table 1). Such plants include the traditional model species, Arabidopsis thaliana (Kaul, Koo et al. 2000),
which interacts which H. arabidopsidis (Slusarenko and Schlaich 2003), and also major crops species, such as tomato
and potato, which are almost completely sequenced (Macgillivray 1835; Mueller, Solow et al. 2005; Bryan and Hein
2008; Datema, Mueller et al. 2008; Visser, Bachem et al. 2009; PGSC website; SGN website). The increasing sequence
information will aid translational research and lead to a shift from research in traditional model plants to economically
relevant crop species. Of particular interest is the growing information about R gene diversity within species.
R genes
R genes are widely present in both monocot and dicot plant species. The major class of R proteins are considered as
modular proteins comprising an N-terminal Nucleotide Binding Site (NBS) domain and a C-terminal Leucine Rich Repeat
(LRR) domain, and are commonly referred to as NBS-LRR proteins (Tameling and Takken 2008). R genes tend to occur in
clusters and are often found in regions with a high concentration of repetitive elements (Michelmore and Meyers 1998;
Wei, Wing et al. 2002). In various studies, remarkable species differences in the number of R genes have been reported,
ranging from 54 in Carica papaya towards >500 in Oryza sativa and Vitis vinfera (Porter, Paidi et al. 2009).
Two types of R genes, Type I and II, can be distinguished based on their pattern of sequence divergence and they
represent fast and slowly evolving R genes respectively (Kuang, Woo et al. 2004). Type I R genes are characterized by
frequent sequence exchanges between paralogs that obscure orthologous relationships, whereas type II R genes rarely
undergo sequence exchanges with paralogs and maintain orthologous relationships (Friedman and Baker 2007). Within
an R gene locus, the number of paralogs can vary considerably. For example, two RPP8 homologous (type II) in A.
thaliana (Kuang, Caldwell et al. 2008) and a few computationally recognized NBS-LRR singletons in sunflower (Radwan,
Gandhi et al. 2008) represent rather small R gene families. In contrast, multi-copies of R genes can form highly
extended R gene clusters, e.g. the maize Rp1 (against Puccinia sorghi) cluster (Smith, Pryor et al. 2004), the lettuce Dm3
cluster (effective towards B. lactucae) cluster (Kuang, Woo et al. 2004) and the potato Major Late Blight resistance
(MLB) cluster at chromosome 11 harbouring up to 45 type I R3a homologues per haplotype (Friedman and Baker 2007).
NBS-LRR proteins reside intracellular and have shown to be effective against pathogens that depend on a single host
cell in the first stage of infection and include oomycetes, fungi, bacteria, viruses, nematodes and some insects.
Recognition of pathogen effectors is mainly mediated by the LRR domain, whereas the NBS domain is thought to act as
a molecular switch, initiating the HR, when it is triggered by its cognate AVR protein or the perceive perturbation of the
effector target (van Ooijen, van den Burg et al. 2007). However, current models suggest that N-terminal interactions
might be of major importance too for interaction with AVR factor(s) (van Ooijen, van den Burg et al. 2007; Takken and
Tameling 2009).
In nature, the lifetime of an effective R gene is dependent on the evolutionary rate of the interacting effector, or Avr
gene, of the respective pathogen. Pathogen populations with high evolutionary potential typically have mixed
reproduction modes with a high potential for gene flow, large effective population sizes and high mutation rates. Such
pathogens are more likely to overcome R genes (McDonald and Linde 2002; Stukenbrock and McDonald 2009). In a
population genetics view, a high evolutionary potential is attributed to P. infestans, a heterothallic oomycete that
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produces sexual oospores and airborne asexual sporangiospores. Indeed, introduced single R genes against this
pathogen were defeated quickly (Wastie 1991; Fry 2008; Haverkort, Struik et al. 2009). In contrast, the homothallic
P. sojae which has limited potential for gene flow since it is soil-borne, has lower evolutionary potential and, indeed,
agriculturally deployed R genes against this oomycete have proven more durably compared to those used against
P. infestans. However, changes in P. sojae pathogen populations have eroded the effectiveness of soy bean (Glycine
max) R genes in the last 10-15 years, most likely through sexual reproduction (Dorrance, McClure et al. 2003; Tyler,
Jiang et al. 2008).
R and Avr gene co-evolution
Two extreme models for R gene diversification have been proposed. The Arms-Race-Model (Dawkins and Krebs 1979;
Bergelson, Kreitman et al. 2001) suggests that R genes become useless once virulent strains arise. In contrast, the
Trench-Warfare-model (Stahl, Dwyer et al. 1999) suggests that R and Avr gene polymorphisms are dynamically
fluctuating through time. However, both extremes are not common, and most likely R gene (co-)evolution occurs in a
continuum of intermediate states between ‘Arms-Race’ and Trench-War-Fare’ (Bakker, Toomajian et al. 2006; Hein,
Gilroy et al. 2009)
Applications in agriculture:
Considering the high evolutionary potentials of various oomycete pathogens and consequent Avr gene diversification,
agricultural R gene deployment is expected only to be successful when multiple R genes are deployed and virulent
strains are kept at a low background level. Here we present a case study of the economically important Late Blight
pathogen P. infestans.
Evolution in Solanum
Tuber-bearing Solanum species that belong to the section Petota Dumort, e.g. S. tuberosum (potato) are the main hosts
for the destructive P. infestans (Figure 1). Petota contains a large number of species that easily hybridize with each
other, making classification challenging for taxonomists (Hawkes 1990; Spooner and Hijmans 2001; Jacobs, van den
Berg et al. 2008). Diploid, triploid, tetraploid, pentaploid and hexaploid species exist and homologous genomes have
been classified in five groups, designated A, B, C, D and E. Most Solanum section Petota species occur in the Andes of
South America and a secondary centre of diversity exists in the central Mexican highlands (Hawkes 1990; Spooner, van
den Berg et al. 2004). Hawkes (Hawkes 1990) postulated that the ancestral potato species containing the B-genome
occurred in Central America. Dispersal of some of these taxa to South America then led to the evolution of the A
genomes, and a return migration to Mexico, followed by hybridizations and allopolyploidisations within Central
American taxa produced e.g. the tetraploid Longipedicellata (AABB) series. Polyploid series tend to occupy the colder
and wetter areas (Hijmans, Gavrilenko et al. 2007), with climates favoured by P. infestans. Interestingly, polyploid
species can contain genes with high homology to genes in one of its diploid progenitors and R genes can be conserved
in species which are phenotypically distinct. An example is the R gene Rpi-sto1 in the allopolyploid Longipedicellata
species S. stoloniferum, which is almost identical to Rpi-blb1 in diploid S. bulbocastanum (Vleeshouwers, Rietman et al.
2008), and both species share the B genome (Pendinen, Gavrilenko et al. 2008).
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In addition to the South and Central American Solanum section Petota species, P. infestans can also infect Solanaceae
outside this section, e.g. S. lycopersicon (tomato) (Fry and Goodwin 1997; Moskin 2009), S. muricatum (Adler, Chacon et
al. 2002) and even some species outside the genus, e.g. Physalis peruviana (Vargas, Correa et al. 2007) have been
reported as hosts. Some Solanaceous plant species are apparently only marginal hosts, i.e. compatible infections by P.
infestans are only occasionally observed on limited accessions (Flier, van den Bosch et al. 2003), e.g. S. dulcamara
(Cooke, Carlisle et al. 2002; Golas, Sikkema et al. 2010) and S. nigrum (Lebecka 2009). Such observations suggests that
between nonhost and host status apparently intermediate stages can occur, representing cases where a plant species is
just in the process of losing its host status, or where the pathogen is in the process of acquiring the ability to add a plant
species to its host range (Niks and Marcel 2009). Marginal host species may be very instructive in understanding the
inheritance of non-host resistance to specialized pathogens, as demonstrated in barley (Hordeum vulgare) with grass
Puccinia rust fungi (Niks and Marcel 2009). Such knowledge may be very relevant to understand how weeds like S.
nigrum and S. dulcamara are apparently durably resistant, even in regions where P. infestans occurs abundantly on
potato crops. We postulate however, that exploiting dominant resistance factors from e.g. S. nigrum in potato (Lebecka
2009), might end up in selection for virulent P. infestans races. In that case, S. nigrum might turn into a host, and
consequently, a continuum of infection sources will develop in potato growing areas where S. nigrum weeds occur.
Co-evolution Phytophthora infestans with Solanum The geographic origin of the heterothallic P. infestans is a subject to debate. The Toluca Valley in Mexico has been
considered as a centre of origin in many studies, because of the presence of a sexual population with both the A1 and
A2 mating types in similar frequencies and the high degree of molecular genetic diversity in that region (Fry, Goodwin
et al. 1992; Goodwin, Cohen et al. 1994; Grünwald and Flier 2005). The closely related P. mirabilis, P. ipomoea and
P. phaseoli are sympatric with P. infestans (Blair, Coffey et al. 2008) and were suggested to have evolved by sympatric
speciation (Grünwald and Flier 2005). Other studies postulate a South American origin based on endemic coexistence of
distinct lineages (Adler, Erselius et al. 2004) as well as nucleotide and haplotype diversity in the Andes (Gomez-Alpizar,
Carbone et al. 2007). The two most frequently sampled haplotypes from South America, H1 and H2, contain isolates of
both A1 and A2 mating types (Gomez-Alpizar, Carbone et al. 2007). A recent study suggesting that the South American
P. andina, pathogenic on the Solanum Anarrhichomenum complex and occasionally on S. muricatum (Gomez-Alpizar,
Hu et al. 2008), might be an hybrid between P. infestans and the Toluca-located P. mirabilis, is adding more complexity
to the centre of origin debate. Nevertheless, two different centres of diversity exist for Solanum and Phytophthora
populations in the different areas may have adapt(ed) to local Solanum host species at both centres. As a consequence,
R loci that have co-evolved with P. infestans in e.g. South-American Solanum species are not necessarily expected to
display functional similarity, i.e. recognizing the same set of effectors, to those from the Central-American species, and
vice versa (Table 2). However, the first R gene homologues derived from different centres of diversity still have to be
cloned, and obtained sequence information will provide more insights in co-evolutionary forces in relation to the
centres of diversity.
P. infestans has not co-evolved with plants in Eurasian and Australian regions, and the infection abilities on endemic
plant species there might be explained by targeting common PAMP pathways. Cases where P. infestans is fully
pathogenic on plant species like the Australian S. aviculare and S. laciniatum (Driver 1957) and N. benthamiana
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(Becktell, Smart et al. 2006; Lima, Maffia et al. 2009) (Figure 1), with which it did not co-evolve, may be considered as
“new encounter diseases” (Buddenhagen 1977). It seems that the effector targets in such exotic species did not diverge
enough to have become unsuitable for the P. infestans to suppress PTI.
P. infestans strains collected from S. tuberosum and Cape Gooseberry (Physalis peruviana), in Colombia, are reported to
be only pathogenic on their original host species, but not on the other, which suggests a certain degree of specialisation
(Vargas, Ocampo et al. 2009). This specialisation towards S. tuberosum and P. peruviana could be a result of diversified
effector targets and correspondingly diversified effectors.

Figure 1. Infection symptoms caused by P. infestans. A) A field trial with botanical Solanum species and progenitor breeding material, summer 2007,
the Netherlands. It can be clearly seen that most genotypes were destroyed by Late Blight, whereas others did withstand the infestation. Resistant
genotypes will be used as genitors for elite, Late Blight resistant, cultivars. B-E) Infections symptoms on various Solanaceae plants. Susceptible
phenotypes with abundant sporulation on Nicotiana benthamiana (B), Solanum aviculare (C), and potato cultivar Desirée (D). A resistant phenotype,
characterized by the hypersensitive response, on Desirée transformed with Rpi-blb1 (E).

Breeding for resistance
Since the middle of the last century, the main strategy of breeding for Late Blight resistance was to introgress R genes
from botanical Solanum species into potato cultivars (Table 2). Especially S. demissum with its highly diverse R gene
repertoire was originally used as the main source of resistance. After promising first field tests, commercial varieties
with single introgressed R genes became available (Wastie 1991). However, virulent P. infestans strains became rapidly
prevalent in the field (Wastie 1991), and this could have been due to loss of avirulence function mutations, or to
increased selection pressure of already present virulent strains in the P. infestans population (McDonald and Linde
2002; Pink 2002).
Breeders then abandoned the utilization of R genes, and focused on the introgression of quantitative trait loci (QTL)
(Leonards-Schippers, Gieffers et al. 1994; Brouwer, Jones et al. 2004; Foolad, Merk et al. 2008). QTLs were expected to
confer a partial, race-non-specific, basal resistance that was thought to be more durable, and was originally called
horizontal or field resistance (van der Planck 1963; Bradshaw, Pande et al. 2004). Van der Planck (van der Planck 1963)
observed that some potato cultivars (e.g. Capella compared to Katahdin) had much lower levels of infections by Late
Blight, irrespective of the isolate applied. He proposed that this type of resistance should be durable, and should be
favoured by breeders to circumvent problems of resistance-breakdown as experienced with the so-called vertical R
genes. Although the application of basal resistance in breeding has been successful for various pathosystems (Poland,
Balint-Kurti et al. 2009), ironically, it was never found effective against Late Blight, for which it was first hypothesized to
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occur. There are several possible causes for the failure to raise the level of basal resistance in potato to P. infestans, and
we mention a few: 1) Basal resistance against P. infestans seems to be based on the same mechanism as the resistance
caused by R genes, i.e. a hypersensitive response. Indeed, quantitatively resistant potato genotypes show a delayed
and weaker hypersensitive reaction than stronger, more qualitatively resistant potatoes (Vleeshouwers, van
Dooijeweert et al. 2000). Also, many QTL’s map to NBS-LRR clusters, suggesting that their effect may be ascribed to
minor-effect R genes (Collins, Milbourne et al. 1999; Sandbrink, Colon et al. 2000; Hein, McLean et al. 2007; Tan, Hutten
et al. 2008), leading to the suggestion that QTLs are weaker, partially effective R genes that are not fundamentally
different from the classical “vertical” R genes (Kamoun, Huitema et al. 1999; Vleeshouwers, van Dooijeweert et al.
2000; Tan, Hutten et al. 2008). Inherent to this, “horizontal” and “vertical” resistance cannot easily be discriminated
phenotypically, and selection for basal resistance is hampered in this pathosystem. This is in contrast to e.g. rusts and
mildews on cereals where basal resistance is non-hypersensitive and prehaustorial (Niks and Rubiales 2002; Niks and
Marcel 2009). 2) Quantitative resistance to Late Blight is often associated with late maturity, as QTL for resistance and
maturity were found tightly linked (Collins, Milbourne et al. 1999). Late maturity is considered an undesirable trait. In
tetraploid potato mapping populations, maturity corrected-resistance was still detected, indicating that genetic factors
for resistance to Late Blight can be separated from maturity effect (Bormann, Rickert et al. 2004). In addition, genes
with small effects on resistance can be under influence of environmental conditions, e.g. day length (Mihovilovich,
Munive et al.). Altogether, such features hamper selection for quantitative resistance. 3) Potato cultivars are
allogamous heterozygous crops, giving a tremendous segregation for a wide range of traits of agronomic importance.
Breeders cannot afford to focus strongly on accumulation of minor genes for resistance, since they might lose genes for
processing quality, earliness, tuber shape and other agronomically important traits. Marker assisted selection promises
to be of additive value for this issue.
Despite the devastating nature of Late Blight on agriculture, in natural populations, Solanum host species are not
extinct in areas where P. infestans is dominantly present. Studies in different natural sites and potato-growing area’s in
the Toluca valley (Rivera-Peña 1990; Flier, Grünwald et al. 2003) demonstrated that on average only 10% of plants
within natural botanic populations were affected by P. infestans, and most infections were even so mild that tuber
formation could be completed (Rivera-Peña 1990). In general, compared with potato cultivars, botanical species
became infected two months later and the P. infestans strains that were isolated from these plants had a much higher
genetic diversity. This implies presence of a high diversity of R genes, or, alternatively, very efficient R genes that
recognize key effectors in these botanical species (Flier, Grünwald et al. 2003). Altogether, these observations suggest
that durable resistance must be possible.
Besides R genes and QTLs, susceptibility (S) genes encoding effector targets that function either as susceptibility factors
or negative defense regulators could be exploited to achieve resistance. Eliminating S genes is expected to result in
durable and broad-spectrum resistance that resembles nonhost resistance, as shown in barley, tomato, and several
other plants, but not yet potato (Pavan, Jacobsen et al. 2010). Another alternative breeding approach follows a holistic
way of breeding by taking into account the integrity of the plant as well as its overall interaction with the environment
(Lammerts van Bueren, Struik et al. 2003).
Future of resistance breeding
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For controlling Late Blight in potato, R genes are so far the only genetic factors that can effectively be used for breeding
at this moment. Fortunately, more and more information about the molecular basis for R and Avr determinants and
their interactions is being uncovered. With the current toolbox, scientists are able to identify novel R genes and
matching Avr genes, and strategies can be designed to obtain durable resistance (Pink 2002; Birch, Boevink et al. 2008;
Vleeshouwers, Rietman et al. 2008; Champouret, Bouwmeester et al. 2009; Park, Vleeshouwers et al. 2009). At the host
side, botanical Solanum species are tested for resistance to P. infestans by detached leaf, field trials and highthroughput in-vitro assays (Vleeshouwers, van Dooijeweert et al. 1999; Huang, Vleeshouwers et al. 2005), followed by
mapping of resistance factors and eventually isolation of the R gene (van der Vossen, Sikkema et al. 2003; van der
Vossen, Gros et al. 2005; Hein, McLean et al. 2007; Haverkort, Struik et al. 2009; Lokossou, Park et al. 2009; Oosumi,
Rockhold et al. ; Pel, Foster et al. 2009) (Table 2). With sequence information at hand, allele mining studies aid in the
identification of homologues of R genes in related species (Wang, Allefs et al. 2008). At the pathogen side, effectors are
cloned and their expression and conservation can be studied in diverse populations (Vleeshouwers, Rietman et al.
2008). Transient expression of effectors in resistant germplasm, or co-expression with cognate R genes, is used to
functionally study recognition specificities of R genes (Vleeshouwers, Rietman et al. 2008; Haverkort, Struik et al. 2009;
Vleeshouwers and Rietman 2009). Furthermore, functional redundancy of R and Avr genes can be determined using
Table 2. Overview of genetically characterized Solanum R genes against Late Blight originating from South (SA) and Central America (CA). R genes are
sorted by gene cluster and their cognate Avr genes. A (+) indicates whether a R gene is cloned. Refferences are presented in Appendix 2.
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these assays. Obtained insights in R and AVR polymorphisms and their evolutionary interplay (Hall, Allen et al. 2009), in
combination with the new genomic tools, have renewed the faith and possibilities for an R gene-based resistance in
agricultural potato production. While single R gene introductions are often not durable (Pink 2002), stacking R genes in
one genotype or polyculture strategies, i.e. mixing different resistant varieties or GM lines with different R-genes, are
believed to offer more durable protection (Connolly, McNicol et al. 1995; Garrett and Mundt 2000; Jones 2001;
Jacobsen and Hutten 2006; Pilet, Chacon et al. 2006; Haverkort, Struik et al. 2009; Park, Vleeshouwers et al. 2009). A
vast arsenal of R genes is nowadays identified in Solanum species (Table 2), of which several have a broad spectrum of
effectiveness against current prevailing P. infestans pathotypes. Spatial-temporal monitoring of field isolates and
effector profiling can provide information on the emergence or presence of virulent strains (Champouret, Bouwmeester
et al. 2009).
Deployment of well-characterized effective R gene combinations in market-demanded high quality and high
productivity potato and possibly other Solanaceous crops like tomato becomes feasible through genetic modification
(GM) (Figure 1). One of the current issues in Europe, acceptance of GM, remains the major constraint and realistic
ethical values concerning GM have to be developed (Zimdahl 2006; Jochemsen 2008; Lindsay 2008).
Conclusions
Knowledge of the molecular interaction between hosts and oomycete pathogens is rapidly expanding and an increasing
number of well-characterized pathosystems are becoming available since the genome era (Table 1). Among the wide
diversity of oomycete pathogens, the biotrophic oomycetes are recognized as highly sophisticated plant pathogens that
form an intimate relationship with their host. During early infection stages, effectors are translocated inside plant cells
and this leads to either suppression of plant defences or induction of resistance responses upon recognition by R genes.
These R genes and interacting effectors or Avr genes are considered as targets of co-evolutionary forces that drive the
interplay between pathogen and host plant. Therefore, plant species that have co-evolved with a pathogen are
expected to have specifically accumulated effective R genes against their pathogen, and indeed, R genes against
P. infestans are predominantly present in co-evolving Solanum species (Table 2). We foresee that genetic resistance
against P. infestans can now be acquired by combining effective R genes in the crop and actively monitoring the specific
Avr counterparts in the P. infestans field populations. Through combining multiple disciplines (i.e. interaction between
breeders, phytopathologists and agronomists), we foresee that a sustainable resistance strategy can ultimately be
devised.

Appendix 1. Refferences belonging to Table 1.
1.
VBI Microbial Database V 3.0 Available from: http://vmd.vbi.vt.edu/.
2.
Tian D and Babadoost M. Host range of Phytophthora capsici from pumpkin and pathogenicity of isolates. Plant Disease 2004;88:485-89.
3.
Huang SW, Li RQ, Zhang ZH, Li L, Gu XF, Fan W, et al. The genome of the cucumber, Cucumis sativus L. Nature Genetics 2009;41:1275-U29.
4.
Lamour KH, Daughtrey ML, Benson DM, Hwang J and Hausbeck MK. Etiology of Phytophthora drechsleri and P. nicotianae (=P. parasitica)
diseases affecting floriculture crops. Plant Disease 2003;87:854-58.
5.
Datema E, Mueller LA, Buels R, Giovannoni JJ, Visser RGF, Stiekema WJ, et al. Comparative BAC end sequence analysis of tomato and
potato reveals overrepresentation of specific gene families in potato. BMC Plant Biology 2008;8:34.
6.
Potato Genome Sequencing Consortium. Available from: http://www.potatosequence.org.
7.
Tyler BM. Phytophthora sojae: root rot pathogen of soybean and model oomycete. Molecular Plant Pathology 2007;8:1-8.
8.
Dorrance AE, McClure SA and deSilva A. Pathogenic diversity of Phytophthora sojae in Ohio soybean fields. Plant Disease 2003;87:139-46.
9.
Soya genome sequenced. Available from: http://www.nature.com/news/2008/081210/full/news.2008.1294.html.

22

Plants and oomycetes, an intimate relationship

10.
Haas BJ, Kamoun S, Zody MC, Jiang RHY, Handsaker RE, Cano LM, et al. Genome sequence and analysis of the Irish potato famine pathogen
Phytophthora infestans. Nature 2009;461:393-98.
11.
Erwin DC and Ribiero OK. Phytophthora diseases worldwide St. Paul, Minnesota, USA: APS Press; 1996.
12.
Fry WE and Goodwin SB. Re-emergence of potato and tomato Late Blight in the United States. Plant Disease 1997;81:1349-57.
13.
Mueller LA, Solow TH, Taylor N, Skwarecki B, Buels R, Binns J, et al. The SOL Genomics Network: a comparative resource for Solanaceae
biology and beyond. Plant Physiology 2005;138:1310-7.
14.
Sol Genomics Network. Available from: http://solgenomics.net/.
15.
Taylor RJ, Pasche JS, Gallup CA, Shew HD and Gudmestad NC. A foliar blight and tuber rot of potato caused by Phytophthora nicotianae:
New occurrences and characterization of isolates. Plant Disease 2008;92:492-503.
16.
Rizzo DM and Garbelotto M. Sudden oak death: endangering California and Oregon forest ecosystems. Frontiers in Ecology and the
Environment 2003;1:197-204.
17.
Jurges G, Kassemeyer HH, Durrenberger M, Duggelin M and Nick P. The mode of interaction between Vitis and Plasmopara viticola Berk. &
Curt. Ex de Bary depends on the host species. Plant Biology 2009;
18.
Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, et al. The grapevine genome sequence suggests ancestral hexaploidization in
major angiosperm phyla. Nature 2007;449:463-67.
19.
Slusarenko AJ and Schlaich NL. Downy mildew of Arabidopsis thaliana caused by Hyaloperonospora parasitica (formerly Peronospora
parasitica). Molecular Plant Pathology 2003;4:159-70.
20.
Kaul S, Koo HL, Jenkins J, Rizzo M, Rooney T, Tallon LJ, et al. Analysis of the genome sequence of the flowering plant Arabidopsis thaliana.
Nature 2000;408:796-815.
21.
Sequencing
the
obligate
oomycete
plant
pathogen,
Bremia
lactucae.
Available
from:
http://www.reeis.usda.gov/web/crisprojectpages/219473.html.
22.
Lebeda A, Doležalová I, K ístková E, Kitner M, Petrželová I, Mieslerová B, et al. Wild Lactuca germplasm for lettuce breeding: current status,
gaps and challenges. Euphytica 2009;15-34.
23.
Lebeda A, Sedlarova M, Petrivalsky M and Prokopova J. Diversity of defence mechanisms in plant-oomycete interactions: a case study of
Lactuca spp. and Bremia lactucae. European Journal of Plant Pathology 2008;122:71-89.
24.
Thines M, Goker M, Telle S, Ryley M, Mathur K, Narayana YD, et al. Phylogenetic relationships of graminicolous downy mildews based on
Cox2 sequence data. Mycological Research 2008;112:345-51.
25.
Doust AN, Kellogg EA, Devos KM and Bennetzen JL. Foxtail millet: A sequence-driven grass model system. Plant Physiology 2009;149:13741.
26.
Bigirwa G, Adipala E, Esele JP and Cardwell KF. Reaction of maize, sorghum and Johnson grass to Peronosclerospora sorghi. International
Journal of Pest Management 2000;46:1-6.
27.
Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood J, Gundlach H, et al. The Sorghum bicolor genome and the diversification of
grasses. Nature 2009;457:551-6.
28.
Nakamura K, Wada S, Hatai K and Sugimoto T. Lagenidium myophilum infection in the coonstripe shrimp, Pandalus hypsinotus.
Mycoscience 1994;35:99-104.
29.
Golkar L, LeBrun RA, Ohayon H, Gounon P, Papierok B and Brey PT. Variation of larval susceptibility to Lagenidium giganteum in 3
mosquito species. Journal of Invertebrate Pathology 1993;62:1-8.
30.
Holt RA, Subramanian GM, Halpern A, Sutton GG, Charlab R, Nusskern DR, et al. The genome sequence of the malaria mosquito Anopheles
gambiae. Science 2002;298:129-49.
31.
Karling JS. Lagenidium humanum, a saprophyte isolated on dead human skin. Mycologia 1947;39:224-30.
32.
Levesque CA, Brouwer H, Cano L, Hamilton JP, Holt C, Huitema E, et al. Genome sequence of the necrotrophic plant pathogen, Pythium
ultimum, reveals original pathogenicity mechanisms and effector repertoire. Genome Biology 2010;11:R73.
33.
Hendrix FF and Campbell WA. Pythiums as plant pathogens. Annual Review of Phytopathology 1973;11:77-98.
34.
Barron GL. Nematophagous fungi: new species of the Lagenidiales endoparasitic on Rhabditis. Antonie van Leeuwenhoek 1976;42:131-39.
35.
Zeng HC, Ho HH and Zheng FC. Pythium vexans causing patch canker of rubber trees on Hainan Island, China. Mycopathologia
2005;159:601-6.
36.
First sequencing of the rubber tree (Hevea brasiliensis) genome. Available from: http://www.tarrc.co.uk/pages/Genome%20project.pdf.
37.
MacLean D, Jones JDG and Studholme DJ. Application of 'next-generation' sequencing technologies to microbial genetics. Nature Reviews
Microbiology 2009;7:287-96.
38.
Choi YJ, Hong SB and Shin HD. Genetic diversity within the Albugo candida complex (Peronosporales, Oomycota) inferred from
phylogenetic analysis of ITS rDNA and COX2 mtDNA sequences. Molecular Phylogenetics and Evolution 2006;40:400-09.
39.
Gaulin E, Jacquet C, Bottin A and Dumas B. Root rot disease of legumes caused by Aphanomyces euteiches. Molecular Plant Pathology
2007;8:539 - 48.
40.
Ameline-Torregrosa C, Wang BB, O'Bleness MS, Deshpande S, Zhu H, Roe B, et al. Identification and characterization of nucleotide-binding
site-leucine-rich repeat genes in the model plant Medicago truncatula. Plant Physiology 2008;146:
41.
Kiesecker JM, Blaustein AR and Miller CL. Transfer of a pathogen from fish to amphibians. Conservation Biology 2001;15:1064-70.
42.
Quinn NL, Levenkova N, Chow W, Bouffard P, Boroevich KA, Knight JR, et al. Assessing the feasibility of GS FLX Pyrosequencing for
sequencing the Atlantic salmon genome. BMC Genomics 2008;9:404.
43.
Moen T, Hayes B, Baranski M, Berg P, Kjøglum S, Koop B, et al. A linkage map of the Atlantic salmon (Salmo salar) based on EST-derived
SNP markers. BMC Genomics 2008;9:223.
44.
Barron GL. Host range studies for Haptoglossa and a new species, Haptoglossa intermedia. Canadian Journal of Botany 1989;67:1645-48.
45.
Abad P, Gouzy J, Aury J, Castagnone-Sereno P, Danchin EGJ, Deleury E, et al. Genome sequence of the metazoan plant-parasitic nematode
Meloidogyne incognita. Nature Biotechnology 2008;26:909-15.
46.
Boenigk J and Arndt H. Particle handling during interception feeding by four species of heterotrophic nanoflagellates. Journal of Eukaryotic
Microbiology 2000;47:350-58.
47.
Gachon CMM, Strittmatter M, Muller DG, Kleinteich J and Kupper FC. Detection of differential host susceptibility to the marine oomycete
pathogen Eurychasma dicksonii by Real-Time PCR: Not all algae are equal. Applied and Environmental Microbiology 2009;75:322-28.
48.
Cock JM, Sterck L, Rouze P, Scornet D, Allen AE, Amoutzias G, et al. The Ectocarpus genome and the independent evolution of
multicellularity in brown algae. Nature 2010;465:617-21.

23

Chapter 2

Appendix 2. Refferences belonging to Table 2.
1.
Foolad MR, Merk HL and Ashrafi H. Genetics, genomics and breeding of Late Blight and early blight resistance in tomato. Critical Reviews in
Plant Sciences 2008;27:75-107.
2.
Tan MYA, Hutten RCB, Celis C, Park TH, Niks RE, Visser RGF, et al. The Rpi-mcd1 locus from Solanum microdontum involved in resistance to
Phytophthora infestans, causing a delay in infection, maps on potato chromosome 4 in a cluster of NBS-LRR genes. Molecular Plant-Microbe
Interactions 2008;21:909-18.
3.
Hein I, McLean K, Chalhoub B and Bryan GJ. Generation and screening of a BAC library from a diploid potato clone to unravel durable Late
Blight resistance on linkage group IV. International Journal of Plant Genomics 2007;2007:1-5.
4.
Park TH, Gros J, Sikkema A, Vleeshouwers VGAA, Muskens M, Allefs S, et al. The Late Blight resistance locus Rpi-blb3 from Solanum
bulbocastanum belongs to a major Late Blight R gene cluster on chromosome 4 of potato. Molecular Plant-Microbe Interactions 2005;18:722-29.
5.
Park TH, Vleeshouwers VGAA, Huigen DJ, van der Vossen EAG, van Eck HJ and Visser RGF. Characterization and high-resolution mapping of
a Late Blight resistance locus similar to R2 in potato. Theoretical and Applied Genetics 2005;111:591-97.
6.
Lokossou AA, Park TH, van Arkel G, Arens M, Ruyter-Spira C, Morales J, et al. Exploiting knowledge of R/Avr genes to rapidly clone a new
LZ-NBS-LRR family of Late Blight resistance genes from potato linkage group IV. Molecular Plant-Microbe Interactions 2009;22:630-41.
7.
Park TH, Vleeshouwers VGAA, Hutten RCB, van Eck HJ, van der Vossen EAG, Jacobsen E, et al. High-resolution mapping and analysis of the
resistance locus Rpi-abpt against Phytophthora infestans in potato. Molecular Breeding 2005;16:33-43.
8.
Jacobs MMJ, Vosman B, Vleeshouwers VGAA, Visser RGF, Henken B and van den Berg RG. A novel approach to locate Phytophthora
infestans resistance genes on the potato genetic map. Theoretical and Applied Genetics 2010;120:785-96.
9.
van der Vossen EAG, Gros J, Sikkema A, Muskens M, Wouters D, Wolters P, et al. The Rpi-blb2 gene from Solanum bulbocastanum is an Mi1 gene homolog conferring broad-spectrum Late Blight resistance in potato. The Plant Journal 2005;44:208-22.
10.
Oh SK, Young C, Lee JM, Oliva R, Bozkurt TO, Cano LM, et al. In planta expression screens of Phytophthora infestans RXLR effectors reveal
diverse phenotypes, including activation of the disease resistance protein Rpi-blb2. The Plant Cell 2009;21:2928-47.
11.
Kuhl JC, Hanneman RE and Havey MJ. Characterization and mapping of Rpi1, a late-blight resistance locus from diploid (1EBN) Mexican
Solanum pinnatisectum. Molecular Genetics and Genomics 2001;265:977-85.
12.
Pierce LC. Linkage test with Ph conditioning resistance to race 0. Report of the Tomato Genetics Cooperative 1971;21:30.
13.
Ballvora A, Ercolano MR, Weiss J, Meksem K, Bormann CA, Oberhagemann P, et al. The R1 gene for potato resistance to Late Blight
(Phytophthora infestans) belongs to the leucine zipper/NBS/LRR class of plant resistance genes. The Plant Journal 2002;30:361-71.
14.
Vleeshouwers VGAA, Rietman H, Krenek P, Champouret N, Young C, Oh SK, et al. Effector genomics accelerates discovery and functional
profiling of potato disease resistance and Phytophthora infestans avirulence genes. PLoS ONE 2008;3:e2875.
15.
van der Vossen EAG, Sikkema A, te Lintel Hekkert B, Gros J, Stevens P, Muskens M, et al. An ancient R gene from the wild potato species
Solanum bulbocastanum confers broad-spectrum resistance to Phytophthora infestans in cultivated potato and tomato. The Plant Journal
2003;36:867–82.
16.
Song J, Bradeen JM, Naess SK, Raasch JA, Wielgus SM, Haberlach GT, et al. Gene RB cloned from Solanum bulbocastanum confers broad
spectrum resistance to potato Late Blight. Proceedings of the National Academy of Sciences of The United States of America 2003;100:9128-33.
17.
Champouret N, Bouwmeester K, Rietman H, van der Lee T, Maliepaard C, Heupink A, et al. Phytophthora infestans isolates lacking class I
ipiO variants are virulent on Rpi-blb1 potato. Molecular Plant-Microbe Interactions 2009;22:1535-45.
18.
Oosumi T, Rockhold DR, Maccree MM, Deahl KL, McCue KF and Belknap WR. Gene Rpi-bt1 from Solanum bulbocastanum confers
resistance to Late Blight in transgenic potatoes. American Journal of Potato Research 2009;1-10.
19.
Sliwka J, Jakuczun H, Lebecka R, Marczewski W, Gebhardt C and Zimnoch-Guzowska E. The novel, major locus Rpi-phu1 for Late Blight
resistance maps to potato chromosome IX and is not correlated with long vegetation period. Theoretical and Applied Genetics 2006;113:685-95.
20.
Smilde WD, Brigneti G, Jagger L, Perkins S and Jones JDG. Solanum mochiquense chromosome IX carries a novel Late Blight resistance gene
Rpi-moc1. Theoretical and Applied Genetics 2005;110:252-58.
21.
Pel MA, Foster SJ, Park TH, Rietman H, van Arkel G, Jones JDG, et al. Mapping and cloning of Late Blight resistance genes from Solanum
venturii using an interspecific candidate gene approach. Molecular Plant-Microbe Interactions 2009;22:601-15.
22.
Foster SJ, Park TH, Pel M, Brigneti G, Sliwka J, Jagger L, et al. Rpi-vnt1.1, a Tm-22 homolog from Solanum venturii, confers resistance to
potato Late Blight. Molecular Plant-Microbe Interactions 2009;22:589-600.
23.
Golas TM, Sikkema A, Gros J, Feron RMC, van den Berg RG, van der Weerden GM, et al. Identification of a resistance gene Rpi-dlc1 to
Phytophthora infestans in European accessions of Solanum dulcamara. Theoretical and Applied Genetics 2010;120:797-808.
24.
Chunwongse J, Chunwongse C, Black L and Hanson P. Molecular mapping of the Ph-3 gene for Late Blight resistance in tomato. Journal of
Horticultural Science & Biotechnology 2002;77:281-86.
25.
Park TH, Foster S, Brigneti G and Jones JDG. Two distinct potato Late Blight resistance genes from Solanum berthaultii are located on
chromosome 10. Euphytica 2009;165:269-78.
26.
Moreau P, Thoquet P, Olivier J, Laterrot H and Grimsley N. Genetic mapping of Ph-2, a single locus controlling partial resistance to
Phytophthora infestans in tomato. Molecular Plant-Microbe Interactions 1998;11:259-69.
27.
Huang S, van der Vossen EAG, Kuang H, Vleeshouwers VGAA, Zhang N, Borm TJA, et al. Comparative genomics enabled the isolation of the
R3a Late Blight resistance gene in potato. The Plant Journal 2005;42:251-61.
28.
Armstrong MR, Whisson SC, Pritchard L, Bos JI, Venter E, Avrova AO, et al. An ancestral oomycete locus contains Late Blight avirulence
gene Avr3a, encoding a protein that is recognized in the host cytoplasm. Proceedings of the National Academy of Sciences of The United States of
America 2005;102:7766-71.
29.
Huang S, Vleeshouwers VGAA, Werij JS, Hutten RCB, van Eck HJ, Visser RGF, et al. The R3 resistance to Phytophthora infestans in potato is
conferred by two closely linked R genes with distinct specificities. Molecular Plant-Microbe Interactions 2004;17:428-35.
30.
Jiang RHY, Weide R, van de Vondervoort PJI and Govers F. Amplification generates modular diversity at an avirulence locus in the pathogen
Phytophthora. Genome Research 2006;16:827-40.
31.
Bradshaw JE, Bryan GJ, Lees AK, McLean K and Solomon-Blackburn RM. Mapping the R10 and R11 genes for resistance to Late Blight
(Phytophthora infestans) present in the potato (Solanum tuberosum) R-gene differentials of Black. Theoretical and Applied Genetics 2006;112:744-51.
32.
van Poppel PMJA, Huigen DJ and Govers F. Differential recognition of Phytophthora infestans races in potato R4 breeding lines.
Phytopathology 2009;99:1150-5.
33.
van Poppel PMJA, Guo J, van de Vondervoort PJI, Jung MW, Birch PRJ, Whisson SC, et al. The Phytophthora infestans avirulence gene Avr4
encodes an RXLR-dEER effector. Molecular Plant-Microbe Interactions 2008;21:1460-70.

24

Chapter 3

Patterns of co-evolution between Phytophthora infestans and Solanum.
An agroinfection approach.
Hendrik Rietman
Nicolas Champouret
Anoma A. Lokossou
Joe Win
Eleanor M. Gilroy
S. M. Mahdi Mortazavian
Mingxia Yang
Edwin A. G. van der Vossen
Francine Govers
Richard G. F. Visser
Paul Birch
Sophien Kamoun
Vivianne G. A. A. Vleeshouwers

Parts of this chapter were published in (Vleeshouwers, Rietman et al. 2008) and (Champouret, Rietman et al.
Submitted).

Chapter 3

Summary
Phytophthora infestans occurs in Central and Southern America and has a long history of co-evolution with Solanum
species belonging to the section Petota. A consequence of co-evolution are fine-tuned immune systems on the host
side and immune suppressors on the pathogen side. In the Petota-P. infestans pathosystem, localized cell death is the
only known effective barrier to halt infections and is mediated by the perception of specific pathogen molecules. Thus,
testing secreted pathogen proteins for their ability to induce cell death could hint to the presence of certain resistance
factors.
Here we tested 84 predicted extracellular proteins of P. infestans on 117 Solanum genotypes. This resulted in a matrix
displaying a mosaic of cell death. We distinguished two patterns of cell death: non-specific cell death, i.e. effector
candidates resulting in cell death with many tested genotypes, including susceptilbe, and specific cell death: cell death
that is genotype specific and occurs only in a few genotypes. We focused on a few specific cell death responses and
were able to identify Avrblb1 as well as an effector candidate, PexRD11, which induces cell death with the potato Late
Blight resistance gene R2.
Introduction
Phytophthora infestans is highly adapted to various Solanum species and interacts with its host through the mode of
effectors. Effectors play a role in virulence, and can e.g. be required to fulfil functions in acquiring nutrients and
metabolites. For example, INF1, a 10 kD protein is thought to function in sequestering sterols (Blein, Coutos-Thevenot
et al. 2002) and probably fulfills a basal function as Phytophthora cannot synthesize sterols (Gaulin, Bottin et al. 2010).
INF1 also causes cell death in various Solanum species (Vleeshouwers, Driesprong et al. 2006). Other examples of cell
death inducing proteins are the avirulence determinants that interact with RPI proteins in a gene for gene fashion (Flor
1971). Currently, several Avr genes of P. infestans have been identified (summarized in Chapter 2). All these AVR
proteins belong to the family of RxLR proteins (Oh, Kamoun et al. 2010). These are modular proteins that have a
predicted signal peptide for secretion and contain an RxLR domain in their N-terminus that facilitates host cell entry
and acts through the binding of certain classes of phospholipids (Kale, Gu et al. 2010). Many of such RxLR proteins are
specifically upregulated during the biotrophic infection phase of P. infestans (Haas, Kamoun et al. 2009; Raffaele, Win et
al. 2010). Thus functional screening with RxLR effector candidates on potatoes with novel Late Blight resistances could
reveal new R:Avr pairs.
Functional in planta assays are a powerful approach to identify genes involved in pathogenesis. This was recently
successfully applied for pathovars of Pseudomonas and Ralstonia as their whole effector candidate repertoire was
tested on host and nonhost crop species (Wroblewski, Caldwell et al. 2009). Several patterns were revealed, with some
effector candidates inducing cell death in specific genotypes. For other effector candidates, cell death was species
specific or induced in most tested species. For P. infestans, a first effector candidate library was generated a few years
ago based on cDNAs. ESTs that have a signal peptide were selected from existing libaries by making usage of a
sophisticated pipeline called PexFinder2.0 (Torto, Li et al. 2003). This resulted in a library of predicted extracellular
proteins (Pex set) of P. infestans. The library includes many currently identified and characterized proteins including
elicitins (Vleeshouwers, Driesprong et al. 2006), Necrosis Like Proteins (NPPs) (Kanneganti, Huitema et al. 2006), SCR74
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(Liu, Bos et al. 2005) and others. Later, the effector candidate library was extended with more candidate effectors that
contain an RXLR-DEER motif (PexRD effectors) (Oh, Young et al. 2009) and a.o. AVRblb2 (Oh, Young et al. 2009) was
identified. Different from the Pex set members, that were cloned behind a PR (Pathogen responsive) 1a- signal peptide,
PexRD’s were cloned into a binary vector without its signal peptide. To verify the expression of PexRDs in planta, RTPCRs were performed during different stages of infection and in planta expression for most PexRDs was confirmed (Oh,
Young et al. 2009).
Several assays are available to test effector candidates in planta and include ATTA (Agrobacterium Transient
Transformation Assay) and agroinfection (Vleeshouwers and Rietman 2009). Of all assays, agroinfection is among the
best for high-throughput screens.
Here we applied an effectoromics approach with 84 effector candidates from P. infestans and challenged them on 117
Solanum species, mainly Petota. Several patterns were identified and some could be associated with avirulence, while
others appeared more general.
Results
In order to study the interactome of P. infestans and Solanum, we exploited the Pex and PexRD set of effector
candidates (Torto, Li et al. 2003; Oh, Young et al. 2009) and functionally profiled them by PVX agroinfection on 130
Solanum genotypes. The selected genotypes represent different Solanum species of which 94 genotypes belonged to 16
Petota series as described by Jacobs et al.(Jacobs, van den Berg et al. 2008), while others belonged to the non-Petota
species such as S. fraxinifolium, S. canense, S. aviculare and N. benthamiana. Nearly all assayed potato genotypes were
resistant to (some strains of) P. infestans except for the susceptible Bintje, Desiree and Impala (SolRgene_database
website). In each experiment 5 plants of each genotype (2-3 weeks old) were inoculated on 3 young and fully developed
leaves with 5 to 8 duplicated Pex(RD)’s. Pex(RD)’s were applied randomly to the leaves (a total of 10 replicates for each
single Pex(RD) was included) and scored after 14-21 days, depending on the genotype (Vleeshouwers and Rietman
2009). As a positive control we used CRN2 which is known to induce cell death with all Solanum species tested so-far
(Torto, Li et al. 2003; Vleeshouwers, Driesprong et al. 2006; Champouret, Bouwmeester et al. 2009; Oh, Young et al.
2009). The negative control was the empty plasmid pGR106 (Lu, Martin-Hernandez et al. 2003). Data are summarized in
Table 1 for PexRD and in Table 2 for PEX genes. Not all plants responded efficiently to CRN2, although the majority
induced some cell death. Nevertheless, plants not responding to CRN2 were in many cases responsive with PexRD2. Five
effector candidates did not induce cell death in any of the tested genotypes, and these include PexRD11_43-1 and
PexRD147-2.
From the matrix (Table 1 and 2) various patterns of responses can be seen and we group the effector candidates
accordingly:
1) Non-specific cell death inducers
2) Specific cell death inducers
1) Non-specific cell death
For this class we see several effector candidates that cause cell death in a broad range of species. Most Solanum plants
as well as N. benthamiana (not shown) responded to CRN2, which was included as a positive control. Other effector
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candidates that cause cell death in many Solanum species represent some PexRD family members like PexRD2 and
PexRD27 that both belong to RxLRtribe 6 (See Haas et al., for RxLRtribe nomenclature (Haas, Kamoun et al. 2009)).
Responses to these effector candidates are Petota specific, as cell death in outgroup species was not or barely observed.
Another family of effectors that cause non-specific cell death is PexRD39/40 (Avrblb2). These family members induce
cell death in all species that respond to the positive control, but not in the outgroup species Nicotiana benthamiana (Oh,
Young et al. 2009) and the Rpi-blb2 containing genotype BLB2002. Other effector candidates are inducing cell death in
the majority of species, e.g. PexRD12, PexRD24 and PexRD26.
2) Specific cell death
Patterns of responses were discriminated a.o. generally more responses to Pex(RD)’s in Petota, but not in outgroups.
Responses are often species specific, and an example is PexRD51 that induces cell death only in Central American Petota
species, but not in South American species.
Some PexRD candidates are inducing cell death in specific species clades. For example, responses to PexRD6 were
abundant in the Petota series Longipedicellata, and responses were also found in some genotypes that belong to
Bulbocastana and Tuberosa. However, responses in Tuberosa series tend to go along with responses to other PexRDs
too. Responses to PexRD11 were overrepresented in the Petota series Demissa, but specific responses were also present
in S. hjertingii 349-3 and potato genotypes AM3778-16 as well as for the Ma-R5 and Ma-R9 potato differential. Also
effector candidates from the Pex set were found to induce specific cell death, e.g. the Small Cysteine Rich SCR74 induces
cell death with multiple genotypes of the series Longipedicellata and the species S. hougasii from the series Demissa.
The INF1, INF2A and INF2B elicitins mainly induced responses in species from South America.

Generating sense out of complexity
Several genotypes known to carry Late Blight Rpi-genes responded specifically with PexRD’s. Here, we focus on seven
PexRD’s and conducted tests to reveal their functions. Main emphasis is given to PexRD6 and PexRD11 and links with
Late Blight resistance could be revealed for PexRD6, PexRD7, PexRD11 and PexRD51 cell death.
PexRD6
PexRD6 was the first cloned RxLR effector candidate (Pieterse, Vanwest et al. 1994) and represents the ipiO family (ipi,
in planta induced). This is a highly diverse family and many of its variants were included in this profiling study. PexRD6
causes cell death in various Petota species, in most of the Longipedicellata species and also in S. bulbocastanum 331-2
and 518-1, carriers of Rpi-blb1.
For one Longipedicellata species, S. stoloniferum 389-4 a population (population 7148, S. stoloniferum 389-4 * RH89039-16) segregating for resistance was available. The resistance was designated Rpi-sto1 (Vleeshouwers, Rietman et al.
2008). To test whether Rpi-sto1 co-segregated with PexRD6 cell death, population 7148 was tested with PexRD6
agroinfection, what resulted in a 1:1 co-segregation with resistance (Figure 3A). We hypothesized that Rpi-sto1 is a
homologue of Rpi-blb1. An allele mining study in the Longipedicellata revealed that S. papita 767-1 and 767-8 also carry
an Rpi-blb1 allelic variant, that was designated Rpi-pta1 (Vleeshouwers, Rietman et al. 2008).
Transient expression by agroinfiltration of Rpi-blb1, Rpi-sto1 and Rpi-pta1 with PexRD6 in N. benthamiana resulted in
clear cell death (Figure 3B). Agroinfection of N. benthamiana transformants expressing Rpi-blb1 also resulted in specific
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cell death to PexRD6 members, except for variant IPI-O4 (Table 1). Also PVX agroinfection with PexRD6 in the transgenic
cultivar Impala carrying Rpi-blb1 resulted in specific cell death (Table 11).
The findings that co-expression of PexRD6 with Rpi-blb1 results in specific cell death and that resistance co-segregates
with response to PexRD6 indicate that PexRD6 represents Avr-blb1 (Figure 3). These results were published
(Vleeshouwers, Rietman et al. 2008).
PexRD7
PexRD7 was identified as Avr3a. Two alleles of Avr3a occur, namely the avirulent form (K80I103) and a virulent form
that differs only in two amino acids (E80M103) (Armstrong, Whisson et al. 2005). Both variants were taken along in the
agroinfection experiments and in addition, the synthetic variants; K80M103 and E80I103, were included as well.
Remarkably, the close variants induced a variegated display of cell death responses, with generally only one or a few
causing response in some species, suggesting different modes of recognition or interaction.
Potato differentials Ma-R8 and Ma-R9 were shown to contain a R3a copy (J. H. Vossen, personal communication). In
addition, a R3a homologue Rpi-sto2, was cloned from S. stoloniferum 554-2 (Champouret 2010). Unexpectedly, Ma-R8
only showed very slight background cell death (10-20% cell death incidence) to the Avr3a variants. However,
Agrobacterium transient transformation (ATTA) of Avr3a results in strong cell death for the Ma-R8 (Chapter 4) and MaR9 differential (unpublished results). For S. stoloniferum 554-2, clear cell death was observed for agroinfection with the
Avr3a E80I103 variant, but not to any of the other variants, while ATTA with Avr3a results in strong cell death, as
expected. This suggests that monitoring for R3a by PVX agroinfection using Avr3a does not produce reliable results.
PexRD7 paralogues were included as well and represented by PEX147-2 and PEX147-3 in Table 1. PEX147-2 did not
induce any cell death, while Pex147-3 induced cell death in various Solanum species. Co-infiltration assays for Pex147-3
with R3a in N. benthamiana results in specific cell death, comparable with R3a:Avr3a infiltrations (Data not shown here,
but present in Chapter 5, Table 1A where it induces cell death with R8, that carries R3a).
PexRD11
PexRD11 is represented by two clones in the PexRD set, namely 21-1 and 43-1 (Clone 43-1 is a truncated variant of 211, See Supplement 1 for the description of the clones). PexRD11 induced cell death in the Petota series Demissa, but
also in genotypes outside this series, namely S. hjertingii 349-3. Responses to RD11 were also detected in various
potato cultivars. When patterns of responses to RD11 were compared with the known resistances, it appears that
genotypes known to contain R2 also respond with cell death to PexRD11 (Table 1).

Figure 1 (next page). A matrix for P. infestans-Solanum interactions. Solanum genotypes were phylogentically ordered using AFLP patterns generated
by Jacobs et al. (Jacobs, van den Berg et al. 2008). In front of the Phylogenetic tree the corresponding series are given for each genotype and genotype
numbers and species names can be found in supplement 1 published along with Jacobs et al. (Jacobs, van den Berg et al. 2008). On the top row, three
different numbers can be found and imply the following: ❶) The RxLRtribe as described in Haas et al. (Haas, Kamoun et al. 2009) (in this matrix only
RxLR genes are represented). ❷) The PexRD name given by Torto et al. and others e.g. (Torto, Li et al. 2003; Oh, Young et al. 2009) , ❸) Number
assigned in this study; Details on the used genes are available in supplement 1. As a positive and negative control CRN2 and pGR106 were used.
Colours in the matrix represent values from 0 (white) to 10 (red) (with 10 being highest and representing 10/10 cell death incidences) The color scale
starts at 30% cell death with the color white and becomes yellow at 50% and red at 100%. Some points were not tested; they are left blank instead of
having an ‘_’ . ❹) Species that did not co-evolve with P. infestans.
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Figure 2 (Previous page). Similar to figure 1a, but with P. infestans secreted proteins other than RxLR. ❶) Represents the gene name given by Torto
et al. (Torto, Li et al. 2003). ❷) Refers to details that can be found in supplement 1. ❸) Species that did not co-evolve with P. infestans.

PexRD11/Avr2 diversity and their interaction with R2 Class A genes
The found association between PexRD11 and R2 suggested a putative avirulence function for PexRD11. In the
meantime, Avr2 (PITG_22870) was identified using a map based cloning approach as the Avr gene of R2 (Lokossou, Park
et al. 2009).
The P. infestans genome sequencing project revealed a wealth of data on putative genes and a blastP run (E=10,
Blossum62) with PexRD11 and PiAvr2 resulted in 21 ORFs. AVR2 and PexRD11 share only 23% sequence identity at the
amino acid level. In total, 15 ORFs were selected based on divergence and their effector domain (Figure 4) and coexpressed with R2 in N. benthamiana, using the ATTA approach (Figure 5).
PexRD11 showed cell death when co-expressed with R2-like and Rpi-ABPT. The cell death response to Rpi-blb3 was
slightly lower in this experiment, but higher in repeat experiments (Champouret 2010). Moreover PITG_21949 showed
similar cell death intensities with Rpi-ABPT and R2-like as PexRD11 did. Remarkably, PITG_23008 induced strong cell
death upon co-infiltration with Rpi-ABPT, R2-like and Rpi-blb3 (all these R2-homologues belong to the R2 Class A
(Champouret et al., submitted)), with the same intensity as Avr2 (PITG08943/22870) did (Figure 5). Thus, PexRD11
which was detected by PVX infection on genotypes that carry R2, led to the identification of PexRD11/PiAvr2 family,
from which various members display cell death upon co-expression with functional R2 homologues.
Table 1. Response to PexRD11 in Solanum species and presence of functional R2 homologues.

Genotypes that show >50% incidence of cell death upon agroinfection with PexRD11:21-1 are listed. PexRD11:43-1 is a truncated version of 21-1. R2
gene analysis is based on (co-)infiltration with PiAvr2. *DMS 345 is the R2 differential donor accession. ** R2-homologue Rpi-abpt is present in the
Ma-R9 differential.

PexRD14
PexRD14 induced specific cell death in Petota species and two variants (99-4 and 99-5 (See Appendix 1 for details))
were included in the screen. Variant 99-5 induced cell death in S. papita (767-1 and 8), S. stoloniferum 370-5, S.
hougasii 272-1 and in S. spp. 891-1. Variant 99-4 induced cell death in S. demissum 344-18 and 345-1 and 30% specific
cell death (below coloring threshold in Table 1) was also seen in the S. demissum (CBSG accession 345) derived Rdifferential R9. These data suggest that cell death by PexRD14 99-4 is confined to the Mexican Solanum species.
We performed a horizontal effector candidate profiling study with more than 100 Solanum genotypes for response to
PexRD14 (data not shown, list of genotypes published in (Champouret 2010): Chapter 3, Table 2). In that experiment
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the responses to 99-5 in the species described above were confirmed. In addition, a few more Longipedicellata species
showed specific cell death, such as S. papita 766-1 and 766-4. For 99-4, the responses from S. demissum 345-1 and 34418 were confirmed, R9 was not included. An additional responding genotype was detected, namely S. michoacanum
185-2, which is highly resistant at the field, just as S. demissum 345-1 and 344-18 (see Figure 6). We hypothesize that
RD14 might be another Avr gene candidate.
PexRD39/40
PexRD39/40 is the avirulence factor for Rpi-blb2 (Oh, Young et al. 2009). In our study, PexRD39/40 variants induce cell
death in all but one tested Petota species that showed cell death for CRN2, the positive control. Remarkably, the
genotype containing Rpi-blb2 (blb2002) induces no cell death with PexRD39/40 upon PVX agroinfection (Table 1). This
phenomenon will be addressed in the discussion.
Of the outgroup species, only N. benthamiana did not significantly induce macroscopically visible cell death with
RD39/40. The general cell death to PexRD39/40 however, implicates that PVX agroinfection is not very suitable for
functional studies with this family of effectors in Solanum.
PexRD50
PexRD50 (191-6) specifically induces cell death in S. dulcamara genotype A05_069 but barely in Petotas co-evolving
with P. infestans (Figure 7). This presented us a new phenomenon as all other PexRD cell death responses found in nonPetota species were also present in Petota species, but not the other way around. Future research is needed to verify
whether PexRD50 recognition contributes to Late Blight resistance in this S. dulcamara genotype.
PexRD51
PexRD51 was shown to be the avirulence factor of potato differential R4 (van Poppel, Guo et al. 2008) and therefore
included in the PVX screen. Unlike the other effector candidates, an Avr4 variant with signal peptide and one without
were included, for which remarkable differentiations could be detected. In fact, genotypes suggested to contain R4 (S. x
edinense 150-4 and 151-1) showed cell death when inoculated with the +SP variant but not with the –SP variant. In the
discussion we will present a plausible explanation. Counter wise, five genotypes only showed cell death with the –SP
variant. Three S. papita genotypes (767-1, 767-8 and 765-1) interacted with both variants.
Other effectors
Besides PexRD effector candidates, (putative) P. infestans effector candidates of the Pex set were included in the
effector assay for which many have been studied in detail in other studies (Huitema, Vleeshouwers et al. 2005; Liu, Bos
et al. 2005; Vleeshouwers, Driesprong et al. 2006; Kawamura, Hase et al. 2009; Song, Win et al. 2009; Bos, Armstrong et
al. 2010). The list includes extracellular protease inhibitors, small cysteine rich proteins, but also some Crinkling and
Necrosis proteins and an NPP1-like gene, PiNPP1.1.
Inf1-2A-2B
Of the assayed potatoes, some responded with cell death to INF elicitin. These include mainly South American
genotypes and include species from the series Tuberosa, Demissa (only the S. tuberosum cross S. x edinense), Piurana
and Yungasense. INF is thus regarded as a specific cell death inducer.
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SCR74
Responses to SCR74 appear to be specific and strong cell death was found in genotypes of S. hougasii and the series
Longipedicellata. Different from the Longipedicellata, responses in S. hougasii result in full leaf necrosis that finally
results in leaf drop. Similar phenotypes were observed upon inoculation of the surveyed S. hougasii genotypes by
P. infestans isolates in detached leaf assays and field assays (discussion).

Figure 3. PexRD6 (ipiO) represents Avrblb1 that causes cell death with Rpi-blb1 and its homologues Rpi-sto1 and Rpi-pta1. A) The different responses
for IPI-O (PexRD6) variants in S. stoloniferum 389-4 (Resistant) and RH89-039-16 (Susceptible) by PVX agroinfection. pGR106 and CRN2 are the
negative and positive control, respectively. B) Co-infiltration of Rpi-blb1, Rpi-sto1 and Rpi-pta1 with IPI-O2. Avr3a and single infiltrations of the Rpigenes and IPI-O2 served as a negative control. Co-infiltration of R3a and Avr3aKI served as a positive control.

Signal peptide

RxLR-dEER

Effector domain [cloned]

Figure 4. Alignment of 15 PiAvr2/PexRD11 family members in T30-4.

CRNs
Crinkling and Necrosis genes (highly duplicated in P. infestans, see (Haas, Kamoun et al. 2009)) were also included in the
assay and represented by Crn1, Crn2, and Crn8. Crn2 was already described by Torto (Torto, Li et al. 2003) and induces
cell death in all tested Solanum species (Torto, Li et al. 2003; Vleeshouwers, Driesprong et al. 2006; Champouret,
Bouwmeester et al. 2009; Oh, Young et al. 2009) and was therefore included as the positive control. In our screen, most
genotypes resulted with cell death towards this gene product, but some genotypes showed a low frequency of cell

34

Patterns of co-evolution between P. infestans and Solanum. An agro-infection approach

death or no response at all. Such genotypes were considered as genotypes less suitable for agroinfection and results
should be handled with care.
Crn1 appeared to be more species specific and only resulted with a high fequency of cell death in a few genotypes, like
the potato cultivar Impala. Crn8, on the other hand, followed the track of Crn2 except for the outgroup species S.
aviculare and S. nigrum, which responded well to Crn2.

Rpi-abpt R2-like Rpi-blb3

_23008

23008

Figure 5. Co-infiltration of Avr2/RD11 members and R2 homologues (Rpi-abpt, R2-like and Rpi-blb3. In the Minimum-Evolution-tree (Right) Aspects of
the PiAvr2/PexRD11 family members are visualized. PITG_23008 and PiAvr2 elicit a similar level of cell death.

Figure 6. Plant genotypes specifically responding to PexRD14 99-4, but not to 99-5. were highly resistant after an IPO-C challenge in 2007.

Figure 7. Solanum dulcamara genotype A05/69 that responded specifically to PexRD50 191-6.
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Discussion
The approach followed in this study revealed patterns of interaction between Solanum with putative and confirmed P.
infestans Avr genes. Occurrence of cell death can prelude the presence of resistance factors that initiate a defense
response upon recognition by effector (candidates). Therefore, putative Avr genes among the tested effector
candidates, as well as Solanum plants that contain the matching putative resistance gene can be detected.
From the matrixes (Table 1 and 2) a few patterns could be detected especially when the outgroup genotypes are taken
into account. The outgroup genotypes S. dulcamara, S. aviculare and N. benthamiana failed to induce cell death
responses seen in the assayed Petota species, especially for PexRD2, PexRD8 and PexRD27. Multiple responses seen in
the Petota species were unique. Three responses (Avr4, PexRD11 and PexRD7) found in S. demissum, which thrives in
Toluca Valley and Central Mexico, could be held responsible for R-Avr pairs. This suggests that part of the response
patterns in the matrix were shaped based on co-evolution between P. infestans and Solanum host species.
Understanding associations and patterns
Effector candidates that induce specific responses are of main interest in this study. Thus after the profiling approach
we selected potential avirulence candidates after carefully inspecting the matrix. To verify one such candidate, PexRD6
in S. stoloniferum 389-4, we generated an offspring population by crossing it with the susceptible genotype RH89-39016. The derived population 7148 segregated in clear fashion for resistance and susceptibility and PexRD6 cell death
could be correlated to resistance in the population. PexRD6 was identified as Avrblb1 (Vleeshouwers, Rietman et al.
2008).
Another PexRD that was studied in detail is PexRD11. PexRD11 specifically induced cell death in the Petota series
Demissa, but also in several potato cultivars (Table 1) and genotype S. hjertingii 349-3. Several of the genotypes were
known to contain functional R2 homologues, and there appeared to be an association between presence of R2
homologue and response to peRD11. A study on a segregating population of 7965 (S. x edinense 151-3 * Concurrent
(Champouret 2010)) confirmed linkage between R2 and PexRD11 cell death (Champouret 2010). The fact that the
protein sequences of PexRD11 and PiAVR2 only share 23% sequence identity suggests that PexRD11, PiAVR2 and other
members that induce Avr2 cell death (Figure 5) might share a similar effector target that is under surveillance by the R2
family. If true, the PexRD11/PiAVR2 family might provide functional evidence for the arms race model (Dawkins and
Krebs 1979). Future Yeast 2 Hybrid studies or other Protein-Protein interaction studies might shed light on this enigma.
Potential new avirulence genes
Effector candidates that respond specifically to one or a few genotypes are considered as leads to potential avirulence
factors. PexRD11 was matched to R2, PexRD6 to RPI-blb1, PexRD39/40 to RPI-blb2 while PexRD7 and PexRD51 could be
coupled to R3 and R4, respectively once PexRDs with inclusion of a signal peptide were used (see for discussion below).
Other interesting PexRDs that could putatively represent avirulence factors are PexRD49, PexRD3, but also PexRD14.
For PexRD14, two alleles were included during this study and most genotypes responding to PexRD14 did induce cell
death to either one of the variants. S. demissum 344-18 and 345-1 responded specifically to PexRD14 99-4,
interestingly, differential Ma-R9 (an S. demissum 345 descendant) did respond with 30% cell death to this variant too
(below the cut-of for colouring in Table 1, but above the cell death seen for the positive control), suggesting that
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PexRD14 variants could be responsible for the high resistance seen for the differential. Studying populations derived
from potato differential Ma-R9 could reveal whether PexRD14 is Avr9.
SCR74 is a predicted extracellular protein which is under diversifying selection and SCR74 has close homology with the
phytotoxin PcF from P. cactorum (Liu, Bos et al. 2005). SCR74 induced specific cell death in the series Longipedicellata
and S. hougasii. While the Longipedicellata genotypes responded with cell death after agroinfiltration, the S. hougasii
genotypes resulted with a fully crinkled leaf that consequently dropped. Interestingly, similar observations were seen in
the summer of 2010 as well on an Late Blight challenging field in the Flevoland polder, the Netherlands for an S.
hougasii plant, see Figure 1. Although not Late Blight infected, the phenotype can be overseen when observing with an
hasty eye. Research on S. hougasii by the USDA comes to similar conclusions and they literally say: “Foliar resistance in
the field was often characterized by limited lesion expansion and reduced sporulation accompanied by leaf chlorosis.
Pathogen infection often defoliated infected leaves after the chlorosis became apparent.” (Inglis, Brown et al. 2007).
Altogether this suggests that SCR74 has a role to play in S. hougasii. Whether useful for agricultural deployment,
remains to be investigated.
PVX agroinfection is a highly sensitive method
R-genes are known to cause different phenotypes, ranging from single-cell cell death responses (fHR) towards trailing
cell death (Chen and Halterman 2011). For some R genes, such as Rx, phenotypes without cell death, like extreme
resistance response (ER) (Bendahmane, Kanyuka et al. 1999) have been reported (Wang, Barnaby et al. 2011). Thus
besides ER, an fHR will result in a visually similar result, no macroscopic cell dead. This phenomenon could explain the
absence of cell death to RD39/40 (Avrblb2) observed in BLB2002 (Rpi-blb2). Oh et al. (Oh, Young et al. 2009) were able
to visualize Rpi-blb2 cell death using PVX agroinfection, however, in that study, Rpi-blb2 was transiently expressed in N.
benthamiana which putatively resulting in a lower expression of Rpi-blb2 compared to the natural S. bulbocastanum.
Presumably, not all cells are transformed using ATTA, allowing the PVX virus to spread.
Different from Rpi-blb2, Rpi-blb1 cell death could be partially displayed in genotypes containing Rpi-blb1 or its
homolgues Rpi-sto1 and Rpi-pta1. The fact that Rpi-blb1 could be detected by agroinfection with PexRD6 might be
connected with its mode of cell dead initiation, which is characterized by an trailing hypersensitive response while the
cell death in potato differential R9 is fast (Chen and Halterman 2011).
To get more insight into this feature, we postulated that once effector (candidates) with their signal peptide (SP) are
produced in planta, their speed of cell death induction should be remarkably reduced. Therefore, Avr4 (PexRD51) was
included as an + SP and –SP version throughout the experiments. Indeed, for some genotypes of the series Demissa (S.
x edinense 150-4 and 151-1) and S. stoloniferum 835-3, cell dead was only observed for the +SP variant. Consequent
agroinfiltration (ATTA) of the same genotypes with AVR4 resulted in confined cell dead for AVR4 minus signal peptide
(Chapter 4). Afterwards Verzaux et al. indeed confirmed that in S. x edinense 150-4 Late Blight resistance is conferred
through AVR4 recognition (Verzaux 2010). This confirms that speed of effector delivery influences the read out of
agroinfection experiments. Similar observations for the R4-differential and Avr4 were made by van Poppel et al. (van
Poppel, Guo et al. 2008).
Rpi-gene R3a provided similar results for the R3a containing genotypes R8 and R9 that did not induce cell death with
any of the –SP Avr3a variants. Another functional R3a homologue containing genotype, S. stoloniferum 554-2
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(Champouret 2010), did not show cell death upon agroinfection with the Avr3a variant (-SP), but did so with the
EI
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Avr3a variant, suggesting that mutant variants can be indicative too. ATTA with Avr3a confirmed the cell death
induction for the –SP variant in Ma-R8, Ma-R9 and S. stoloniferum 554-2 (Chapter 4) suggesting that also for R3a, the
agroinfection method is indeed too sensitive.
Altogether, these results suggest that for some R-Avr pairs, the agroinfection assay is too sensitive to reliably detect RAvr defense activity.
Agroinfection with P. infestans effector candidates is potentially influenced by two pathogens
Agroinfection is based on PVX and A. tumefaciens, both pathogens of Solanum. Resistances against the Potato Virus X
and A. tumefaciens can occur in Solanaceous plants and influence the outcome of assays in which they are used.
Resistance occurs as an ER response (Bendahmane, Kanyuka et al. 1999), a hypersensitive response, cell-to-cell
movement (Valkonen, Pehu et al. 1991), reproduction (Vance 1991) and a combination of the resistances. Resistances
against A. tumefaciens could exist as well and for tomato it is known that many A. tumefaciens strains result in cell
death upon infiltration (Wroblewski, Tomczak et al. 2005). Also, transformation efficiency can greatly differ between
plant genotypes and A. tumefaciens strains as is illustrated by the same author (Wroblewski, Tomczak et al. 2005).
Despite all these possible drawbacks, good results were obtained for the positive and negative control for most
genotypes. Some genotypes, however, did not induce cell death at all (e.g. S. microdontum 362-6 or S. verrucosum 9102) while others induced cell death with all clones (e.g. S. lesterii 358-2 and S. semidemissum 295-1).
In the next chapter, we try to overcome the various obstacles faced with agroinfection.
Materials and Methods
Plant material
Plant material was multiplied from our in-vitro collection (SolRgene_database website) and grown according the
protocol described in (Vleeshouwers and Rietman 2009).
Phylogenetic grouping
For many of the assayed genotypes AFLP patterns were available from (SolRgene_database website) and
phylogenetically grouped using the UPGMA option in MEGA 5 (Tamura, Peterson et al. 2011). Similar approaches were
performed for the RxLR genes that were phylogenetically grouped based on their amino acid sequence after first being
subgrouped in RxLRfamilies (Haas, Kamoun et al. 2009).
Agroinfection
All effector candidates were present in plasmid pGR106 in A. tumefaciens strain GV3101 (Torto, Li et al. 2003).
Experiments were carried out according (Vleeshouwers and Rietman 2009). All used clones are described in Appendix 1.
Agroinfiltration and RD11 homologue cloning
The experimental handling of PexRD6 co-infiltrations with Rpi-blb1, Rpi-sto1 and Rpi-pta1 is handled in (Vleeshouwers,
Rietman et al. 2008). The cloning of PexRD11 homologues is described in (Champouret 2010) and the cloning of R2 and
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homologues in (Lokossou 2010). PexRD11 homologues and R2 were co-infiltrated according (Vleeshouwers and
Rietman 2009) at an 1:1 ratio at OD600 0.4.
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Appendix 1. Pex(RD) clones used during this study. Front numbers refer to Figure 1 and 2.
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Summary
Wild potato species are known for their diverse arsenal of Late Blight resistance genes and at this moment relatively
few of them have been characterized. A number of such resistance genes is yet about to be exploited in agriculture,
which urges Late Blight researchers to know everything about the durability of the resistances. Besides that, due to the
race specific nature of these resistances, more resistance genes are desired in order to design a more durable potato
production system and to strengthen the position and income of small scale farmers that cannot afford plant protection
chemicals.
Here, we assayed over 100 wild potato species with up to 20 P. infestans isolates and exposed them to the currently
known avirulence genes through agroinfiltration. Most assayed potatoes possessed some degree of resistance and even
some potato species, like S. hougasii could resist all P. infestans strains, including the prevalent European genotype
Blue_13.
Altogether, a good insight into the diversity of Late Blight resistance levels of wild potato species is needed as well as a
more thorough analysis of some promising genotypes with resistances. The results of some aspects of such studies will
be presented in more detail in the following chapters.
Introduction
The genus Solanum, section Petota, is a rich source of resistances against Phytophthora infestans and occurs from the
Southern part of the United States up to the Northern part of Argentina, where S. fendleri and S. venturii grow
respectively. Petota species grow mainly along the west coast, in the diverse climates of the Andes of South and Central
America. Various expeditions have resulted in a collection of almost all Petota species in genebanks, where germplasm
is stored and distributed around the world. As Late Blight is the main threat to potato production worldwide, many
research groups and institutions have assayed the various Petota species for their resistance to P. infestans (e.g.
(Bukasov 1936; Salaman, Burton et al. 1985; SolRgene_database website)). From those assays S. demissum and S.
bulbocastanum became prominent study objects.
So far, the major resistance genes against Late Blight belong to the class of NBS-LRR genes and are known to be race
specific. Even genes that were presented as broad spectrum resistance (van der Vossen, Sikkema et al. 2003; van der
Vossen, Gros et al. 2005) are nowadays overcome by P. infestans strains (Kessel 2008; Champouret, Bouwmeester et al.
2009). To fight Late Blight by means of NBS-LRR genes, durable combinations of effective Rpi-genes and virulence
monitoring systems are sought (Rietman, Champouret et al. 2010).
In previous years, 5000 genotypes from multiple species belonging to section Petota have been screened for resistance
with isolate NL90128 and isolate IPO-C at Wageningen UR Plant Breeding (SolRgene_database website). Detached leaf
assays (DLAs) were performed with both isolates and multiyear field trials were performed with isolate IPO-C. From
those screens, resistant genotypes have been selected for crossings with sexually compatible susceptible genotypes.
Segregating populations were used in genetic mapping studies and various Late Blight Rpi-genes could be mapped to
the potato genome. Some Rpi-genes were cloned and include Rpi-blb1, Rpi-blb2, Rpi-blb3 from S. bulbocastanum, RpiR3a, Rpi-R3b from S. demissum and Rpi-vnt1 from S. venturii (Table 1, Chapter 2 (Li, Huang et al. Submitted)). In
subsequent allele mining studies, the Rpi-blb1 homologues Rpi-sto1 and Rpi-pta1 from S. stoloniferum, R2 and various
other Rpi-blb3 homologues from S. x edinense, S. hjertingii and S. schenckii and Rpi-sto2 as an R3a homologue from S.
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stoloniferum (Champouret 2010) were isolated. Also functional Rpi-vnt1 homologues were identified in S. mochiquense
and S. phureja (Foster, Park et al. 2009; Pel 2010).
In another study (Lokossou, Rietman et al. 2010), Lokossou et al. performed a functional allele mining study for Rpiblb1, Rpi-blb2 and Rpi-blb3 in the Central American Solanum species S. bulbocastanum using both DLAs and effector
candidate assays and could identify several genotypes that both responded to the avirulence factors and Rpi-blb gene
specific primers. Also, various S. bulbocastanum genotypes were identified that did not respond to the Rpi-blb specific
markers nor to the avirulence factors, while the genotypes displayed a broad resistance against the six assayed isolates
suggesting that unknown Rpi-genes could be present.
Effector assays are mediated by Agrobacterium transient transformation (ATTA), which is a useful tool to visualize and
study R-AVR interactions (Vleeshouwers and Rietman 2009). With this method, all currently known P. infestans R-AVR
interactions could be reconstructed in the model species Nicotiana benthamiana (Goodin, Zaitlin et al. 2008). Also,
ATTA-mediated effector candidate profiling is a powerful tool to screen for cell death-inducing proteins (Vleeshouwers,
Rietman et al. 2008; Oh, Young et al. 2009; Wroblewski, Caldwell et al. 2009). Using this method, various avirulence
factors already have been identified from the P. infestans secretome (see Chapter 2).
However, various genotypes and species respond differently towards ATTA and various strains and plasmid are
available with different transformation abilities (Wroblewski, Tomczak et al. 2005). In their study, Wroblewski et al., for
example, noticed that tomato is not suited for ATTA, when using the common laboratory strains of A. tumefaciens
(Wroblewski, Tomczak et al. 2005). Another study reports also different transformation efficiencies among species, but
besides that it notifies that some R-AVR pairs only work in a specific range of species (Van der Hoorn, Laurent et al.
2000).
Solanum section Petota entails a wide range of species. To investigate whether, and to which extend their genotypes
are amendable to ATTA, a broad range of Petota genotypes was assayed. In this study we used the positive control
R3a:Avr3a, but also various known avirulence genes as for several of the included genotypes the Rpi-gene content is
known. Negative controls entailed an empty A. tumefaciens strain and a strain with the R3a-gene.
Here we:
-

Extended that approach and tested 59 genotypes with the six isolates used in (Lokossou, Rietman et al. 2010)
and assayed 82 plants with 21 P. infestans isolates that were promising according to the SolRgenes data
(SolRgene_database website). Susceptible controls were also included in the set.

-

Tested 124 Petota genotypes for their transformation feasibility with Agrobacterium strain AGL1+VirG.

-

Tested 124 Petota genotypes for their response towards the known avirulence factors Avr1, Avr2, Avr3a, Avr4,
Avrblb1 and Avrblb2.
Results
Determining resistance by detached leaf assays
Identifying new resistances; an elaborate detached leaf assay.

In order to identify potato genotypes with novel resistance genes, an large number of wild germplasm, representing
different phylogenetic Petota clades, was screened with 21 different P. infestans isolates. Among the included
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genotypes were the species S. bulbocastanum, S. cardiophyllum, S. circaeifolium, S. demissum, S. x edinense, S. hougasii,
S. pinnatisectum, S. stoloniferum, S. venturii, S. verrucosum and many more genotypes. They are displayed in Figure 3.
As susceptible controls, the potato genotypes RH89-039-16, Bintje and Impala were included.
A set of 21 isolates (see Table 1) with various virulence spectra was tested and among them was Europe’s dominant
isolate Blue-13 (3928-A). Also included are NL80029 and NL88133 that represent the parents of T30-4, an overall
avirulent isolate (virulent only on R3a and R7) that was used for genome sequencing (Haas, Kamoun et al. 2009). Other
isolates include the aggressive and complex isolates IPO-C and NL90128 that are intensively used for phenotyping
studies in our lab (SolRgene_database website).
Table 1. Isolates used in this study. Country of origin is displayed as well its virulence spectra, which shows its behavior on the Mastenbroek R-gene
differential set (Virulence spectra of the isolates were mostly determined within Wageningen UR Plant Breeding). H30P04 is a sibling of NL80029 and
NL88133.

*) In some experiments, PIC99177 is virulent on the R-gene differential R9 **) EC3364 and EC3425 are P. andina all other isolates are P. infestans.

2 partially overlapping sets of genotypes were assayed. The first set encompassed 82 genotypes and was screened with
20 isolates (IPO-C was not included) and replicated three times. The second set consisted of 59 genotypes, was assayed
with 6 isolates (of which 5 were the same as the in the first set) and replicated twice. Data are summarized in Table 2.
Most isolates caused disease symptoms on the susceptible potatoes RH89-039-16, Bintje and Impala. However, some
isolates displayed only weak disease symptoms on the controls and those isolates include EC1 and EC3425. EC3425 is
another Phytophthora species, P. andina, for which potato is a non-host. The P. infestans strain currently prevalent in
Europe, Blue_13 (UK3928A in this study), infected RH89-039-16 well, but responded with variable symptoms on the
controls Bintje and Impala. Other isolates, including H30P04, resulted in resistance on nearly all genotypes, except the
susceptible controls, Bintje, Impala and RH89-039-16. This suggests that T30-4 carries Avr genes directed against at
least one R-gene in each of the assayed potatoes.
On the Solanum genotypes, different resistance patterns were detected for the various P. infestans isolates (Table 2).
Below a few examples are discussed.
Specific Rpi-genes are detected by the panel of P. infestans isolates.
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Rpi-blb1: Several genotypes are known to contain Rpi-blb1, or one of its homologues Rpi-sto1 or Rpi-pta1. These plants
include S. stoloniferum 389-4, S. papita 767-1, S. papita 767-8, S. bulbocastanum BLB8005-8 (van der Vossen, Sikkema
et al. 2003; Vleeshouwers, Rietman et al. 2008), and S. stoloniferum 835-3. The latter was suggested to also contain an
Avr4 recognizing gene (Lokossou, Rietman et al. 2010). As expected, isolated PIC99189 (avrblb1, Avr4) caused
susceptibility on Rpi-blb1 genotypes, except for genotype BLB8005-8 and S. stoloniferum 835-3. Another isolate,
PIC99177 (avrblb1, avr4; see Table 1) (Champouret, Bouwmeester et al. 2009), caused disease symptoms on S.
stoloniferum 835-3, S. papita 767-1 and S. papita 767-8. However, inconsistent phenotypes were observed on S.
bulbocastanum BLB8005-8 and S. stoloniferum 389-4, which is in line with its reputation as a rather weak, not
aggressive P. infestans isolate(Champouret, Bouwmeester et al. 2009).
Rpi-vnt1: Several Rpi-vnt1 genotypes were included in the DLA and among them are the Rpi-vnt1 containing genotypes
7014-09, S. venturii 367-1 , S. venturii 365-1, 896-4 and 253-2 (Pel, Foster et al. 2009; Pel 2010). Nearly all these
genotypes were susceptible, or displayed intermediate resistance responses to EC1 (avrvnt1 (Pel 2010)), except for S.
venturii 367-1 and its offspring 7014-09. Unfortunately, EC1 infection efficiency for the susceptible controls was
moderate.
R-gene differentials: In the set of potatoes, the R-gene differentials R2, R5, R8 and R9 were included and behaved as
expected, judged by the virulence spectra of the isolates (Table 1). NL90128 and PIC99183 caused virulence on R8,
while PIC99177 resulted in questionable phenotypes with R9. R2 was only tested with eight isolates, but responded as
expected. Only NL90128 and PIC99183 resulted in avirulence. R5, the other included potato differential, was partial or
highly resistant to all tested isolates. Intermediate towards questionable phenotypes were noted for the isolates
reported to be virulent on R5 (Table 1), except for isolate NL91011, that resulted in full avirulence (Table 2).
In addition to detecting these known R:Avr interactions, broad resistance spectra were detected for many other
genotypes. Some plant genotypes even displayed full resistance against all assayed isolates, suggesting that their monoor polygenic mode of resistance recognizes effector(s) that are expressed in all isolates. Genotypes with such a mode of
resistance include plants carrying Rpi-blb2 (e.g. BLB2002) (van der Vossen, Gros et al. 2005) and Rpi-cap1 (S.
circaeifolium var. capsicibaccatum 536-1) (Jacobs, Vosman et al. 2010; Verzaux 2010), but also all assayed genotypes
from the species S. hougasii.
Besides identifying genotypes that currently entail wide resistance spectra, the assay also allows the identification of P.
infestans strains that are virulent towards certain, yet unknown, Rpi-genes. For instance, an Rpi-gene from S.
agrimonifolium displays intermediate to full resistance against all isolates, except for isolate UK7824. A similar case was
observed for S. demissum 345-1, S. x edinense 150-4 and 151-1 that were only susceptible to isolate PIC99177, but
resistant to all other tested P. infestans isolates. A few genotypes displayed a consistently lower resistance to most
isolates, and full virulence towards specific isolates. Examples of this last group are S. piurae 206-1 and its descendants
7782-17, -24 and 27 as well as S. avilesii 478-2 that contains the recently mapped gene Rpi-avl1 (Verzaux 2010).
A prescreen with A. tumefaciens strain AGL1 in Solanum section Petota
Identifying novel resistance sources and their ATTA performance
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A diverse set of 124 Solanum genotypes, encompassing members of several phylogenetic petota clades (Jacobs, van
den Berg et al. 2008), has been screened for their transformation ability using A. tumefaciens strain AGL1+VirG, AGL0
and COR308. The preliminary results for AGL0 and COR308 were not barely responsive to the positive control
(R3a:Avr3a co-infiltration) and thus not included in the assay. The transformation marker R3a:Avr3a, was used as a
positive control and should induce clear cell death responses (Vleeshouwers and Rietman 2009; Lokossou, Rietman et
al. 2010), while the the Rpi-gene R3a and an empty pGRAB plasmid were used as negative controls.
The tested Petota species include genotypes from various projects, like species with novel resistance spectra, cultivars,
and positive as well as negative controls. Furthermore both genotypes containing characterized Rpi-genes and
susceptible potatoes were included. Besides the mentioned ATTA controls, all plants were agro-infiltrated with all
known avirulence genes (July 2009) , i.e. Avr1 (F. Govers, personal communication), Avr2 (Lokossou, Park et al. 2009),
KI

Avr3a (Armstrong, Whisson et al. 2005), Avr4 (van Poppel, Guo et al. 2008), Avrblb1 (Vleeshouwers, Rietman et al.
2008) and Avrblb2 (Oh, Young et al. 2009) and the virulence allele avr3a

EM

(Armstrong, Whisson et al. 2005) . The leaves

were scored for symptom development at 4 days post inoculation (DPI). In order to get reliable and constant read outs
from the ATTA assays, independent of raters (i.e. human beings), a scoring scale was developed that incorporates the
incidence of cell death. Full cell death was set to 100%, while absence of cell death or other cell decay symptoms was
set to 0%. Spots with a lower incidence of cell death were scored at 10%, 25%, 50% and 75%, depending on the
intensity of cell death (Figure 1). Based on the responses towards the positive and negative controls, a value was
calculated (ATTAt, see Materials and Methods) and which should be 1.0 to be considered amenable to ATTA
experiments. In cases where ATTAt was below 0 or above 1.10, plants were regarded as not amendable for ATTA and
they were not subjected to further ATTA experiments.
Most potato plants performed well for the positive control, R3a:Avr3a, and displayed strong cell death in infiltrated leaf
panels, using the scoring scale developed during this study (see Figure 1). Only 13 out of 124 genotypes (10,5%) had
values lower than 20% cell death incidence for the positive control, and these genotypes were regarded as not suitable
for agroinfection assays. Also, 20 out of 124 (16,1%) showed medium to severe cell death to the negative control,
pGRAB plasmid, rendering such plants less suitable for agroinfiltration assays. In total, for 73,4% of the genotypes
(91/124), the cell death incidence for Avr3a:R3a exceeded 20%, while barely cell death to the negative control was
observed. Such genotypes were regarded as moderate-good applicable for agroinfiltration with A. tumefaciens
AGL1+VirG.
As several included plants contained one or more known Rpi-genes that interact with known Avr genes, additional
positive controls were included. For example, S. stoloniferum 389-4 (Vleeshouwers, Rietman et al. 2008) contains Rpisto1 and shows cell death upon infiltration of Avrblb1. Other controls include S. bulbocastanum 2002, that contains Rpiblb2 (van der Vossen, Gros et al. 2005); S. schenckii 213-1, which contains the R2 homologues Rpi-snk1.1 and Rpi-snk1.2
(Champouret 2010; Jacobs, Vosman et al. 2010); S. hjertingii 349-3 that contains the R2 homologues R2-like Rpi-hjt1.1,
Rpi-hjt1.2 and Rpi-hjt1.3 (Champouret 2010) S. x edinense 150-4 which contains Rpi-edn1 (another R2 homologue) and
R4 (Chapter 2 and (Champouret 2010; Verzaux 2010)) and SH83-92-488 which contains R3a (Huang, van der Vossen et
al. 2005). These control plants with known Rpi-genes responded as expected and all of them showed a cell death
incidence exceeding 89% to their matching AVR (Table 3).
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A clear response could be observed in the Rpi-blb2 control plant BLB2002 for Avrblb2. However, in line with the PVX
screen in which the members of the Avrblb2 family induced cell death in nearly all potato species (Chapter 2), AVRblb2
also induces cell death in several tested Petota species. Still the level of cell death in the Rpi-blb2 carrying BLB2002 was
higher than in the other Petota, suggesting that intensity of cell death could be a parameter to reveal true avirulence
factors.
KI

AVR3a and AVR4 only induced strong cell death in plants that originate from Central America (SolRgene_database
website) e.g. S. papita 765-1 and 370-5, S. stoloniferum 554-2, 835-3 and 842-9, S. x edinense 150-4 and 151-1, potato
differential R8, S. cardiophyllum 541-2 and SH83-92-488 (a S. tuberosum genotype with R3a and R3b introgressed from
S. demissum (Huang, Vleeshouwers et al. 2004)) (Table 2).
Cell death responses to AVR1 were found in various Central American genotypes such as S. stoloniferum 389-4, S. spp
287-2, S. x edinense 150-4 and 151-1 and in the South American S. mochiquense 186-2, S. circaeifolium var. quimense
567-1 and in the 7782 genotypes (Table 2). A similar observation was made for AVR2, which caused cell death in Central
American species carrying R2-complex (Lokossou, Park et al. 2009; Champouret 2010), but also in the resistant, South
American S. huancabambense genotypes 353-8 and 354-1.
Dealing with promising genotypes that perform not well in the agroinfection assay
Sometimes, the preferable genotype (e.g. it has a novel resistance) displayed nonspecific responses to A. tumefaciens
strain AGL1+VirG. This was seen for e.g. S. piurae 206-1 and S. schenckii 213-1 (see Table 2). As we would like to study
the Rpi-genes present in those genotypes, resistant offspring genotypes from cross 7782 (S. piurea 206-1 * S.
chomatophyllum 559-1) and cross 7458 (S. schenckii 213-1 * S. brachycarpum 504-8) were tested for their resistance to
the 21 isolates (Table 2, last few rows). The resistance spectrum was compared with the spectrum of the parental
genotype (Figure 2). Besides that, the offspring genotypes were assayed for their ATTA suitability (Table 2, Figure 2).
Based on the generated data, offspring genotype 7782-24 and 7458-21 were selected as an adequate replacement for
S. piurae 206-1 and S. schenckii 213-1, respectively.
The agroinfiltration tests with the various Avr genes led to other results, namely for 7782-24 and 7782-27, we found
that cell death was induced upon Avr1 ATTA. We elaborate further on this finding in Chapter 7.
Table 2 (next page). Potato genotypes on which various pre-tests were performed. ❶) Prescreen with Agrobacterium tumefaciens strain AGL1.
White 0% cell death , Red 100% cell death, the color intensity (intermediate color is yellow; 50% cell death) represent the intensity of cell death. Cells
are left blue, when no data is available. 1) AVR1, 2) AVR2, 3) AVR3aEM, 4) AVR3aKI, 5) AVR4, 6) AVRblb1 and 7) AVRblb2.
❷) Controls included. The negative controls: A) AGL1 empty and B) R3a. The positive control C) R3a:Avr3a and D) the positive control adjusted for
the negative controls; ATTAt value (See Materials and Methods), if red the genotype is regarded not suitable for A. tumefaciens AGL1 ATTA. ❸)
Potato genotypes assayed. The three letter code represents the Solanum species (Simmonds 1962). The first number represents the CBSG number for
the accession followed by a genotype number. The phylogenetic tree was assembled using the data generated by Jacobs and associates (Jacobs, van
den Berg et al. 2008) who generated AFLP finger prints for the represented genotypes. All fingerprints can be obtained from (SolRgene_database
website). For a list of species abbreviations, see SolRgenes (SolRgene_database website).
❹) The second number reflects the accession number and the Genebank from which the seeds were originally obtained. ❺) Disease resistance
assays for the various genotypes. Disease scorings are represented by colors. Green represents susceptible, Red represents resistant, Yellow
represents intermediate resistant and Orange represents questionable phenotypes, (e.g. resistant and susceptible phenotypes in the experiments). If
no data are available, the fields are left white. Isolates used: 1) PIC99177, 2) PIC99189, 3) PIC99183, 4) UK3928-A (Blue_13), 5) NL90128, 6) UK7824,
7) SC96.9.5.1, 8) IPO-C, 9) IPO-0, 10) EC3364, 11) NL91011, 12) NL80029, 13) NL88133, 14) H30P04, 15) NL05-194, 16) CA65, 17) EC1, 18) NL89094,
19) SC95.173.2, 20) UK7818 and 21) EC3425.
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Figure 1. Ruler used for scoring cell death. The upper bar represents the color in Table 2 ( column 1 and 2) for cell death intensity. Below
representative pictures are given for 0, 25, 50,75 and 100% cell death incidence.
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Figure 2 (Bottom previous page). Selection of genotypes for effector candidate screen. A) Solanum piurae 206-1 yielded cell death with all assayed
avirulence factors. A few F1 offspring plants of population 7782 ( Solanum piurae 206-1* Solanum chomatophilum 559-1) were agroinfiltration and
revealed that genotype 7782-24 and 7782-27 did not show cell death to the negative control. The following avirulence factors were assayed:
(clockwise) 1) R3a:Avr3aKI (positive control); 2) Avrblb1; 3) R3a (negative control); 4) Avr3aKI; 5) Avr4; 6) Avrblb2; 7) AGL1+ VirG (negative control); 8)
Avr3aEM; 9) Avr2 and 10) Avr1. However, the R3a:Avr3aKI positive control has a lower cell death incidence. (table 2). As Solanum piurae 206-1 could
not be used for additional effector candidate screens, 7782-24 was used instead and has a similar resistance spectrum as S. piurae 206-1. Used
isolates are 1) PIC99177, 2) PIC99189, 3) PIC99183, 4) UK3928-A (Blue_13), 5) NL90128, 6) UK7824, 7) SC96.9.5.1, 8) IPO-C, 9) IPO-0, 10) EC3364, 11)
NL91011, 12) NL80029, 13) NL88133, 14) H30P04, 15) NL05-194, 16) CA65, 17) EC1, 18) NL89094, 19) SC95.173.2, 20) UK7818 and 21) EC3425 (Full
details on isolates can be found in Table 1).

Discussion
In this study we performed a stocktaking for resistance to P. infestans and ATTA amenability in Solanum section Petota.
We assayed over 100 Petota genotypes and identified a broad set of Late Blight resistant genotypes. Many of these
genotypes did not show a response to known avirulence genes, suggesting that a wealth of novel resistance genes is
available to fight Late Blight in Petota species.
Avr cell death is always observed when its matching Rpi-gene is present
To verify the power of ATTA, all known avirulence genes (June 2009) were tested, as for some plants the matching Rpigene was known to be present. Prominent examples are AVRblb1 that responded with 100% cell death in the Rpiblb1
carrying S. stoloniferum 389-4 as well as AVR1, AVR2 and AVR4 that all induced 100% cell death in S. x edinense 150-4
and 151-1. For all these cases, the cell death incidence was high, 89% - 100%.
Nonspecific cell death seems to be confined to some specific species
Many of the genotypes that showed cell death to the negative control belong to specific Petota species. For example. S.
pinnatisectum, S. trifidum, S. berthaulthii, S. tarijense, S. schenckii and S. cardiophyllum members. This inability to cause
specific cell death might have several reasons. For example, Solanum plants might recognize PAMP or other elicitors of
A. tumefaciens, resulting in cell death. On the other hand, conditions, like leaf architecture, might obstruct convenient
infiltration and read out of the results. Some of these genotypes that showed severe background cell death in the
prescreen, i.e. S. schenckii 213-1 and S. piurae 206-1, were replaced by resistant offspring genotypes that were
amendable for ATTA, for further screening purposes (Figure 1).
Specific effector candidate cell death tends to be stronger than the positive control
Most genotypes did show high percentages of cell death upon R3a:Avr3a infiltration. Nevertheless, sporadically, cell
death rates lower than 10% were found (6 out of 124 genotypes). However, low induction of the positive control does
not necessarily imply that effector candidate screening by ATTA is impossible. For example S. circaefolium var.
quimense 567-1 displayed a highly specific cell death incidence with AVR1, while no cell death was observed for
R3a:AVR3a. This suggests that effector candidate profiling might be possible in cases where the positive control is not
convincing. These observations also suggest that endogenous Rpi-genes are well-tuned to intercept their matching
avirulence factor.

Are resistance genes confined to certain species?

51

Chapter 4

As shown by Lokossou et al., Rpi-genes tend to occupy certain species, depending on the evolutionary age of the gene
(Lokossou, Rietman et al. 2010). For example, Rpi-blb3, and to a lesser extent Rpi-blb1, was identified as being
functional in a range of Petota species including the polyploid species group Longipedicellata that emerged as a
combination of two genomes, and one is the same as S. bulbocastanum (Pendinen, Gavrilenko et al. 2008). Another
gene under study, Rpi-blb2, was only identified in S. bulbocastanum, and lacked allelic diversity, suggesting a recent
emergence. In Table 2, we see a clear fixation of cell death to AVR1 in many Mexican polyploid species including S.
demissum relatives, from which R1 was originally derived (Ballvora, Ercolano et al. 2002). Fixation of cell death to AVR4
was seen in the Mexican species S. cardiophyllum and in the S. demissum hybrid S. x edinense, suggesting that R4, or
one of its relatives, might have spread in a similar way. Also, similar findings were done for R3a that originates from S.
demissum (Huang, van der Vossen et al. 2005) and has an nearly identical, functionally equivalent, allele in the
Longipedicellata species S. stoloniferum (Champouret 2010).
Due to the fixation of Rpi-blb genes in Mexican species, it can be expected that similar Rpi-genes will not be present in
convergent centers of co-evolution, like the Andes region of South America, as such Petota species are far less related
(Chapter 2 (Rietman, Champouret et al. 2010)). Nevertheless, response to AVR1 was also observed in the South
American species S. circaeifolium var. quimense 567-1 and genotype 7782, while responses to AVR2 in the South
American species S. huancabambense 354-1 and 353-8. This could imply that such Rpi-genes genes are very old, but a
more likely explanation is a case of convergent evolution (where distinct NBS-LRR genes recognize the same avirulence
gene). Rpi-gene mapping and cloning of such Rpi-genes will provide the ultimate proof for the convergent evolution
theory.
Results are promising for ATTA-based effector candidate profiling studies
The initial aim of the Late Blight profiling and ATTA assays was to find an alternative assay for the PEX-assay (Chapter 3)
that resulted in many false positives and false negatives. False, because the expression of effector candidates is
probably too high with agroinfection that even ‘Not true’ R:Avr interactions are detected, while some real R:Avr
interactions are not visible due to single- fast cell death (fHR). ATTA promises to override the last mentioned handicap
of agroinfection, the fHR response, as the infiltrated area can be visually scored and seen in case of cell death responses
(see Figure 2). Here, we demonstrated that ATTA is workable in Petota species and can detect resistances in germplasm
and segregating populations. This leaves us with one big hurdle to take: identifying and isolating promising avirulence
candidates from the P. infestans genome. In Chapter 5, we attempted to select and clone a promising broad set of
effector candidates that may represent avirulence candidates, and assayed the resistant Petota genotypes identified in
this chapter and other projects.
Materials and Methods
Plant material
124 diverse potato genotypes were selected from in vitro cultured Petota plants, see Table 2. Plant material was
clonally maintained in vitro. For propagation, nodal sections were grown on MS20 medium supplemented with 8 grams
agar for about 2 weeks. Afterwards, genotypes were transferred to the greenhouse and grown in pots until they
th

reached the 9 leaf stage.
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Agroinfiltration
th

Plants in the 9 leaf stage were then infiltrated with Agrobacterium tumefaciens strain AGL1, containing the VirG
plasmid as well as the pGRAB or the pK2GW7(Karimi, Inzé et al. 2002) plasmid for three fully developed leaves. Three
plants per genotype were used, resulting in a total of nine infiltration spots. Constructs infiltrated were Avr1, Avr2,
EM

KI

Avr3a , Avr3a , Avr4, Avrblb1 and Avrblb2. All effectors were cloned into expression vectors pGRAB (Avr1, Avr2 and
Avrblb1) or pKWG7 (Avrblb2, Avr4, Avr3a

EM

KI

and Avr3a ) and transformed into A. tumefaciens strain AGL1 containing

the VirG plasmid(Wu, Doherty et al. 2008). Bacteria were grown according the protocol described in (Vleeshouwers and
Rietman 2009). As negative controls, an empty AGL1+VirG strain was used as well as the Rpi-gene R3a, present in the
binary plasmid pBINPLUS(van Engelen, Molthoff et al. 1995). As a positive control R3a:Avr3a was co-infiltrated. All
Agrobacterium cultures were infiltrated at an OD600 of 0.2, while the empty strain and R3a +Avr3a were infiltrated at
OD600 = 0.3.
Scoring experiments
A scoring scale was developed in order to get a representative cell death incidence for the infiltrated spots. Several
degrees of cell death were included, ranging from 0% (no cell death), 25%, 50%, 75% and 100% cell death (Figure 1).
Determination of agroinfiltration feasibility
Feasibility of transformation for a specific genotype was determined according the following formula for the average
cell death responses observed:
Cell death response R3a:Avr3a / ( ( Cell death response R3a:Avr3a - Cell death empty strain ) + ( Cell death response
R3a:Avr3a - Cell death R3a ) / 2 ) = ATTA trustability ( ATTAt )
For genotypes that are amendable to ATTA, the outcome of the formula (ATTAt, stands for ATTA trustability) should be
exactly 1, meaning that no background cell death is observed at all. Nevertheless, plants having an ATTAt in the range
1.00-1.10 were regarded as amendable transformers, meaning that they display hardly any cell death for the negative
control. Plants with an ATTAt exceeding 1.10 were regarded as non-amendable transformers.
Detached leaf assays
For some genotypes, resistance levels were determined based on lesion sizes, as described by Vleeshouwers and
associates (Vleeshouwers, van Dooijeweert et al. 1999). In addition, a modified scoring scale was used, ranging from 18. The scoring scale includes different phenotypes, ranging from fully resistant (8) towards extreme susceptibility with
massive sporulation (1). At least 2 experiments were performed for each isolate- plant combination, but for some
genotypes five experiments were fulfilled. For each genotype-isolate combination, two leaves were inoculated in each
experiment. All experiments were averaged and the overall number was transformed into a Susceptible (S= 1-2.99),
Mediate (M= 3-5.99) and Resistant (R= 6-8) scale (see Table 3 for the meaning of the values) . Genotypes displaying
internal variability (having R and S lesions) were generally scored as Q, RQ or SQ.
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Table 3. Scoring scale used for the detached leaf assays.
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Summary
All current Rpi-genes recognize P. infestans molecules of the class of RxLR effectors, a family that constitutes of over
500 distinct members. Using various expression analyses, a subgroup of RxLR effectors could be established that
included all known avirulence genes. Here, we report the development of a pipeline that allows the identification of
RxLR proteins of interest from the recently sequenced P. infestans genome T30-4 and EST libraries. Besides the already
known class of RxLR effectors, a new class of secreted proteins was discovered that we termed endRXLR. Along with
other genes of interest, a library with 270 effector candidates was established. Consequently, 17 potato genotypes with
Late Blight resistances of unknown nature and recently identified Rpi-genes were functionally profiled using these
effector candidates by agroinfiltration. Using this approach, 8 new avirulence candidates and 2 new avirulence genes,
Avr3b and Avrvnt1 were revealed.
Introduction
Potato (Solanum tuberosum L.) and its major pathogen Phytophthora infestans are both highly dynamic organisms.
Solanum spp are able to adapt to various climates and occur as diploid and polyploid species. Potato has a wide
diversity of Late Blight resistance genes belonging to the NBS-LRR class (Rpi-genes) and such Rpi-genes are the main
constituents of its effector triggered immune system. In the past few decades, several Rpi-genes have been isolated and
with this success at hand, researchers now first want to learn more about P. infestans in order to prevent failures as
seen last century upon the introduction of the S. demissum resistance genes which were all quickly broken (Rietman,
Champouret et al. 2010).
In P. infestans, various families of effectors occur (Haas, Kamoun et al. 2009; Raffaele, Win et al. 2010). Members of the
RxLR effector family are characterized by an Arginine-any amino acid–Leucine-Arginine (RxLR) motif that is believed to
belong to a domain that often also includes a dEER motif (Win, Morgan et al. 2007; Jiang, Tripathy et al. 2008) is used
for translocation into the host cell (Kale, Gu et al. 2010). Such RxLR effectors are often modular proteins characterized
by recognizable W, Y and L domains (Jiang, Tripathy et al. 2008). RxLR effectors occur in gene sparse regions of the P.
infestans genome, which probably allows the fast evolution of these modular effector genes (Raffaele, Win et al. 2010).
Several RxLR effectors are known to play a role in avirulence (Avr) and these designated AVR proteins activate a cell
death response upon recognition by the matching RPI protein. All currently known Avr genes are described in Chapter
2.
For avirulence gene identification, several attempts have been undertaken in the past decade. One approach was mapbased cloning using a cross between P. infestans isolates NL88133 and NL80029 (van der Lee, Robold et al. 2001).
Various known Avr genes segregated in the hybrid P. infestans population and consequently resulted in the
identification of Avr1 (F. Govers, personal communication), Avr2 (Lokossou, Park et al. 2009), Avr3a (Armstrong,
Whisson et al. 2005) and Avr4 (van Poppel, Guo et al. 2008). For some other resistances, for example those conferred
by Rpi-blb1 and Rpi-blb2, no segregation could be observed as both NL88133 and NL80029 are avirulent on those Rpigenes (Chapter 4, Table 2). To identify such avirulence proteins, another approach called effectoromics was utilized.
The principle of effectoromics includes the identification of candidate effectors based on sequence resources followed
by functional assays and expressing such candidates in planta. To generate the first P. infestans effector candidate
library, Torto and associates analyzed P. infestans EST reads through using a developed pipeline that specifically
56

Effectoromics reveals multiple novel avirulence gene candidates

predicted extracellular proteins of P. infestans (Pex) (Torto, Li et al. 2003). These Pex were transferred into
Agrobacterium tumefaciens for functional testing through PVX agroinfection. From these studies, several effector
families sharing common characteristics were discovered, e.g. the family of CRinkling and Necrosis (CRN) effectors
(Torto, Li et al. 2003) and SCR74 ((Liu, Bos et al. 2005) (Chapter 3). Later, scientists focused on extracellular proteins
that contained the RxLR domain (Vleeshouwers, Rietman et al. 2008; Oh, Young et al. 2009) and a library of PexRD (Pex
with RxLR-dEER) candidates was developed, expressed in A. tumefaciens and used for PVX agroinfection assays on Late
Blight resistant potatoes (Vleeshouwers, Rietman et al. 2008; Vleeshouwers and Rietman 2009). Using this set of
effector candidates, Avrblb1 (Vleeshouwers, Rietman et al. 2008) and Avrblb2 (Oh, Young et al. 2009) were identified
through transient expression in segregating populations, or through co-expression with the Rpi-gene in N.
benthamiana.
In the meanwhile, collaborative efforts started a genome sequencing program for P. infestans strain T30-4, a NL88133 *
NL80029 offspring that was found generally avirulent on most potatoes carrying S. demissum Rpi-genes (Table 1,
Chapter 4) (Guo, Lee et al. 2009). In 2009, the genome was published along with experiments that showed the
functionality of e.g. CRN proteins upon challenge in planta (Haas, Kamoun et al. 2009). Moreover, microarray studies
were included that covered a full range of infection stages, including germinating cysts and infected potato leaves
sampled at 2, 3, 4 and 5 days post inoculation (DPI). It became apparent that all known Avr genes are highly upregulated during the first phase of infection (2DPI). Out of 563 identified RxLR proteins, 79 effector candidates were
assigned to be significantly up-regulated at 2dpi and all known AVR proteins were among them (84 in the appendix of
the same article) (Haas, Kamoun et al. 2009). A more recent paper by Raffaele et al. identified several additional
upregulated RxLR proteins (2DPI) from the P. infestans genome and hinted on the presence of more virulence factors,
by taking benefit of genomic analyses and adding corrected expression data for various points of the infection process
(Raffaele, Win et al. 2010).
In this study, we used the following effectoromics strategies to hunt for Avr proteins:
1)

Expression studies (Haas, Kamoun et al. 2009; Oh, Young et al. 2009; Raffaele, Win et al. 2010; Seidl, Van
den Ackerveken et al. 2011) clearly pointed out that avirulence factors are expressed during the early
biotrophic phase. Here, we utilized these analyses and selected up-regulated RxLR proteins for in planta
studies.

2)

Besides published expression studies, we additionally analyzed 36 EST libraries to reveal RxLR proteins
that are expressed during other stages, of infection i.e. swimming zoospores, germinating cysts and more
stages (see Appendix 2, Table S2) .

3)

A closer look at the P. infestans secretome, using motif analyses and other characters, pinpointed to a
group of proteins that are enriched for an RxLR motif in their C-terminal tail, which we termed endRxLR
proteins.

4)

Altogether, we selected a total of 270 effector candidates. These effector candidates were functionally
screened on 17 Solanum genotypes genotypes, which were selected based on the ATTA suitability and
resistance properties (Chapter 4). The results of this profiling study are reported in this chapter.
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Results
To identify new AVR proteins, a pipeline was assembled that allows fast identification of putative avirulence candidates
(Figure 1). This pipeline includes the identification of up-regulated RxLR genes and the screening of resistant Solanum
germplasm with these putative effector candidates. First we focus on the selection of RxLR effector candidates.

Figure 1. Pipeline for avirulence gene identification. For a detailed description, see the three paragraphs below.

Genomic data generation and analysis (i, ii)
As a resource, we used the annotated genome sequence of P. infestans isolate T30-4(Haas, Kamoun et al. 2009), public
EST libraries (NCBI website), and other studies in which the secretome of P. infestans (Raffaele, Win et al. 2010; Seidl,
Van den Ackerveken et al. 2011) was analyzed. From the T30-4 genome, 563 putative RxLR effector candidates were
assigned, from which 84 (appendix S12, (Haas, Kamoun et al. 2009)) were induced during early infection stages, based
on microarray analyses. Along with other resources, a list of putative candidate effectors was assembled that are upregulated during infection (Appendix 2, Table S1).
Making data on P. infestans genes visible and handable: FileMaker database (ii, iii)
All predicted P. infestans genes are stored in a FileMaker database using a PBHR ID classification. The database is
continuously updated when new information comes available from literature and our own analyses. Besides such basic
information, experimental data (data from ‘(iii) EFFECTOROMICS’) were integrated in the database allowing the
development of highly specified records for certain P. infestans genes.
Effectoromics (iii)
Selected effector candidates were cloned into Agrobacterium binary plasmid pMCD32 (later on some effector
candidates were also cloned into pGRAB and pKGW7). Subsequently, resistant potato germplasm was selected and
screened with the effector candidate set and candidates that induced cell death were tested. All genotype-effector
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candidate responses are stored in the central FileMaker database. Identified candidates are then tested for cosegregation with resistance in potato populations that are known to segregate for Late Blight resistance.
Selection of putative effector candidates
Selection of RxLR proteins
To characterize P. infestans RxLR proteins better, a general taxonomic interpreter was set:
1) Protein has a signal peptide with SignalP 3.0 prediction (Bendtsen, Nielsen et al. 2004)
2) Protein lacks an ER retention signal (S. Kamoun, personal communication)
3) Gene preferably occupies the Genome Sparse Region (GSR) (Raffaele, Win et al. 2010)
4) Protein has preferably an RxLR -like domain in their N-terminal region
5) Gene should not have introns
6) RxLR protein homologues are not to be found in non-haustoria forming oomycetes and distant lineages, like
Pythium and Saprolegnia.
7) Proteins have homology with other RxLR proteins within and among (semi-) biotrophic Oomycete species.
Using this interpreter, 155 effector candidates were selected from the various resources. From these:
a)

84 proteins are up-regulated in the sequenced genome, T30-4, based on the normalized expression data two
days post inoculation and obtained from appendix S12 (Haas, Kamoun et al. 2009).

b)

101 proteins are up-regulated in the sequenced genome, T30-4, based on the indication ‘up-regulated in
planta’ (Raffaele, Win et al. 2010) (27 different from (Haas, Kamoun et al. 2009)).

c)

101 proteins are up-regulated in the sequenced genome, T30-4, based on indication ‘up-regulated 2 DPI’
according to (Seidl, Van den Ackerveken et al. 2011) (22 different from (Haas, Kamoun et al. 2009; Raffaele,
Win et al. 2010))

d) 1 protein is up-regulated in T30-4 (S. Kamoun, personal communication) but not in (Haas, Kamoun et al. 2009;
Raffaele, Win et al. 2010; Seidl, Van den Ackerveken et al. 2011).
e)

20 proteins are up-regulated in isolate Blue 13 (S. Kamoun, personal communication), but not in the three T304 data sources (a, b and c above).

56 additional RxLR proteins were obtained from SCRI and 3 proteins from Wageningen UR Phytopathology, being
mainly variants of expressed and non-expressed RxLRs.
This resulted in a total set of 214 RXLR genes. An overview of all RxLR protein family members is provided in Appendix 2
(Table S1a). RxLR proteins are grouped with their tribe members, while MUSCLE protein alignments on full length
proteins were generated to illustrate their relatedness within tribes by UPGMA trees.
Other candidates
The whole secretome of P. infestans was also scanned for other motifs than RxLR but known to be involved in
translocation. These include the RXL, EER, RGD and LXLFLAK, the last being the proposed translocation motif of CRN
proteins (Haas, Kamoun et al. 2009), while the RGD motif was shown to be involved in internalization of ToxA, a toxin
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produced by Pyrenophora tritici-repentis (Manning, Hamilton et al. 2008). Proteins with these characteristics proteins
that were highly up-regulated during the initial phase of infection were also considered for the effector candidate
collection and include, for example, PBHR_A43 that was shown to be an RxLR protein and not published as such in Haas
et al. (Haas, Kamoun et al. 2009; Raffaele, Win et al. 2010). Also, NCBI and Google Scholar were searched for P.
infestans proteins known to function in the virulence process. From this search, the protein SNE1 and its paralogue
(Kelley, Lee et al. 2010), that are known to suppress various cell death responses, were added. Critically analysis of all
proteins revealed another class of RxLR proteins which we termed endRxLR proteins (See Appendix 1). Eleven of such
endRXLR proteins were upregulated during early pathogenesis and added to the effector candidate set. Altogether,
these selections resulted in an additional set of 56 other secretome genes that represent early upregulated genes and
are presented in Appendix 2 (Table S1b).
Thus, finally, a collection of 270 secretome genes was assembled, that consists of 214 RxLR effector candidates and 56
other candidate effectors (Appendix 2, Table S1a and Table S1b).
EST library investigation
To get a more accurate idea on RxLR expression, we analyzed EST libraries that represent cDNA clones of specific
developmental stages, including pre-infection and infection phases. 36 available EST libraries were downloaded from
NCBI and analyzed for the presence of RxLR proteins (see Appendix 2, Table S2 for the analyzed libraries). Through the
usage of various Blast algorithms, several Blast databases were generated by scanning for RxLR effector candidate
protein similarity and results were integrated in a new FileMaker database (See material and methods for the details)
to reveal clear RxLR homologies. After analysis, a total of 212 ESTs was revealed, representing 112 RxLR proteins of the
541 unique RxLR proteins (Appendix 2, Table S1a, column 6). Also, a later analyzed WGS project
(Boyce_Thompson_Institute website) revealed 32 additional hits above the 112 found RxLRs. Only 23 RxLR genes were
present in more than three EST libraries and include Avrblb2, Avrblb1, Avr3a as well as the newly identified Avrpur1
candidate (Chapter 7).
Besides providing expression indications, EST libraries are a treasure chest for RxLR allelic variance and can provide
RxLR genes not present in the sequenced genome T30-4. For some ESTs transcripts that were detected through RxLRspecific Blast searches no high homology to selected RxLR protein was detected, suggesting that novel RxLR proteins
are present in other isolates. Blasts against the P. infestans BROAD database (BroadDB website) with these EST hits are
presented in Appendix 1. ESTs not present in the sequenced genome T30-4, but present as full ORFs in EST libraries,
were additionally added to the effector candidate library, but have not been tested in planta yet. Allelic variants have
not been added yet but might be included in the future, once Avr genes of interest cannot be retrieved with the current
library. Overall, EST libraries are a useful resource for detecting allelic variants and identifying additional RxLR effector
candidates.
Assaying the 270 effector candidates for avirulence propereties
A total of 211 effector candidates were selected based on up-regulation during early infection and additionally 59 allelic
variants and other RxLRs were added (Appendix 2, Table S1a and S1b). The 270 effector candidates were cloned in the
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expression vector pMDC32 (Curtis and Grossniklaus 2003) and transferred into A. tumefaciens strain AGL1 + VirG for
functional screening purposes.
Plant selection
To search for new avirulence genes, plant genotypes should meet the following criteria: 1) the Rpi-gene is known and
promising for agricultural exploitation, but its avirulence gene is unknown. 2) a genotype contains multiple unknown
Rpi-genes and dissecting such genes through classical breeding is too time consuming. 3) a cultivar has excellent Late
Blight resistance in the field, but the nature of the resistance is unknown. 4) the genotype should be ATTA proof,
(Chapter 4) and 5) the genotype represents a family not studied in detail yet, but having good resistance (e.g. the
included S. tarnii 229-2). Ultimately, out of the 91 plants that responded moderately well to good in the prescreen with
all P. infestans effector candidates, 17 genotypes were chosen to be assayed with the newly assembled effector
candidate collection (Table 2). The elected genotypes are:
- S. venturii 283-1 that carries Rpi-vnt1 and Rpi-vnt2 (Pel 2010);
- S. edinense 150-4, that contains at least, Rpi-edn1 (an R2 homologue), Rpi-edn2, and Rpi-edn3 (matches with Avr4) (Verzaux 2010);
- S. iopetalum 273-1;
- S. species 210-5 that carries at least 2 Rpi-genes (J. H. Vossen, personal communication);
- S. chacoense 543-5, which carries Rpi-chc1 (J. H. Vossen, personal communication);
- S. avilesii 478-2, which carries Rpi-avl1 (Verzaux 2010);
- S. tarnii 229-2, belonging to Pinnatisecta clade and high resistance in initial DLA assays;
- S. polyadenium 376-4, a genotype with broad spectrum resistance against the assayed isolates;
- S. bulbocastanum 525-1, a genotype that displayed broad spectrum resistance and should contain at least two different Rpi-genes (J. H. Vossen,
personal communication);
- 7132-13, an F1 sibling from S. brachycarpum 326-3 and RH89-039-16 and carries a resistance that is clearly distinguishable at the field level
(personal observation, field experiment 2007);
- S. agrimonifolium 7349-13, an F1 sibling of S. agrimonifolium 101-4 and 319-2 and carries resistance against all isolates, except UK7824;
- 7358-3b, an F1 sibling of S. capsicibaccatum 536-1 and S. circaeifolium 564-3 and containing Rpi-cap1 and putatively Rpi-crc1;
- 7458-21, an F1 sibling of S. schenckii 213-1 and S. brachycarpum 504-8 and carries along several putative Rpi-genes, among others: the R2
homologue Rpi-snk1;
- 7782-24, a sibling of S. piurae 206-1 and S. chomatophyllum 559-1 and carries at least Rpi-pur1;
- R8, a potato Rpi-gene differential developed by Black (Malcolmson and Black 1966). Besides the Rpi-gene protein that matches Avr3a and Avr4
(Chapter 4) it carries along another putative broad spectrum Rpi-gene (J. H. Vossen, personal communication);
- R10, another potato differential from the work of Mastenbroek, which putatively contains R3b and another Rpi-gene (Jiang, Weide et al. 2006)
- Sarpo Mira, a Hungarian breeding product by the Sárvári family that resisted all Late Blight outbreaks so far. Unknown source of resistance.

Screening the 17 genotypes for cell death towards the candidate effector collection
The 17 genotypes were assayed with the effector candidates as prescribed (Vleeshouwers and Rietman 2009).
The full overview of responses to effector candidates of the 17 genotypes is presented in Appendix 2 (Tables S1a, S1b)
and summarized in Table 1. A summary for responses that resulted in avirulence candidates (Chapters 6-9) is presented
in Chapter 10, Table 1.
RxLR proteins
Several genotype specific cell death responses could be observed and some are only occurring specifically in one
genotype, like PBHR_367 with S. tarnii 229-2 or PBHR_099 with cultivar Sarpo Mira and are, therefore, potential
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avirulence candidates. Some more effector candidates induced such genotype specific responses and can be traced
back in Table 1 and Appendix 2, (Table S1a and S1b). Such effector candidates are ideal candidates for avirulence
factors and are partially analysed in more depth in the following chapters. For S. venturii 283-1, genotype 7782-24 and
S. avilesii 478-2 in Chapter 7, for Sarpo Mira in Chapter 9, for S. circaeifolium genotype 7358-3B in Chapter 8 and for
potato Late Blight differential R10 in Chapter 6.
Of the 17 genotypes, some responded with cell death for many effector candidates (more than 30 for Sarpo Mira).
Some effector candidates induced cell death in nearly all genotypes and represent effector candidates such as:
PBHR_034, PBHR_065, PBHR_083 and PBHR_385. Another effector candidate that resulted with cell death in nearly all
genotypes was Avrblb2 as shown previously in Chapters 3 and 4.
Others barely induced cell death with any effector candidate, and this trend was also noted for the positive controls
R3a:AVR3a (here and in Chapter 4), which suggests such genotypes are less easy transformable in the ATTA.
Within the group of selected plants, several positive controls were included, originating from the results in Chapter 4.
They include responses towards AVR1, AVR2, AVR3a, AVR4, and AVRblb2 to verify the usability of plasmid pMDC32. S. x
edinense, for example, responded towards AVR1, AVR2, AVR4 as well as to AVRblb2 and experimental evidence exists
for an role for AVR2 and AVR4 in this genotype (Verzaux 2010). Another internal control, 7458-21 responded to AVR2 (a
R2 homologue was cloned from its resistant parent S. schenckii 213-1 (Champouret 2010; Jacobs, Vosman et al. 2010))
and also to AVR1 and AVRblb2, as previously observed in Chapter 4. In Chapter 4, AVR1 responded in more genotypes
that were now confirmed as well. AVR3A and AVR4 induced cell death responses in Late Blight differential R8, was as
expected.
Another positive control used in each single experiment was Avr3a:R3a, this control should induce cell death in
offspring genotypes, but as already shown in Chapter 4, at varying levels. Especially S. circaeifolium 7358-3B and S.
bulbocastanum 525-1 were weakly responding. An empty plasmid of pMDC32 was included as a negative control and
caused cell death in some experiments for S. chacoense and to a less extend for Late Blight differential R10 and S. x
edinense 150-4.
Effector candidates, other than RxLR family members.
Besides RxLR proteins, some other proteins were selected as effector candidates, including endRxLR proteins as well as
putative virulence factors like the SNE1 protein (Kelley, Lee et al. 2010). In total 56 additional effector candidates were
tested for their cell death inducing ability. Only three of these effector candidates, i.e. PBHR_A08, PBHR_A20 and
PBHR_A43, induced specific cell death with genotype 7358-3B.
Putative non-specific responses in some genotypes
Most plants responded well to agroinfiltration and controls, but nevertheless S. chacoense 543-5, S. edinense 150-4 and
R10 infiltrations often resulted in cell death responses (see above). Remarkably, for R10 and S. edinense 150-4, the
majority of necrotic responses occurred in slightly older plants suggesting that age negatively influences measurable
ATTA feasibility. For S. chacoense, necrotic responses appeared in all experiments, but not in all leaves, suggesting a
problem of yet unknown origin. To test whether the majority of such responses are nonspecific, i.e. not reproducible
between experiments, 41 effector candidates, including 3 known avirulence genes (Avrvnt1 (PBHR_456), Avr3b
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Table 1. Responses exceeding 30% cell death in one or more of the 17 genotypes. A color scale (0% cell death: white, 50%: yellow, 100%: red) was
used to illustrate cell death. A table containing all results is presented in Appendix 2. The numbers to the left represent RxLR family tribes assigned by
Haas et al. (Haas, Kamoun et al. 2009).
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(PBHR_490), Avr1 (PBHR_088), were infiltrated independently in repeated experiments for 7 genotypes (see Appendix
4) and based on the responses gathered, variance was calculated (see Appendix 4). For the Avr genes, cell death
responses occurred with high cell death incidence and low variance, which is in line with expectation for typical R-AVR
responses. As expected, variances were generally high for S. x edinense 150-4, S. chacoense 543-5 but barely for the
other genotypes (R10 was not tested now). This is confirming the variable behaviour of the two genotypes. Thus the
responses with high variance are regarded as putative non-specific.
Discussion
In the genomics era, genome data are generated at an ever increasing speed and highly sophisticated pipelines are
necessary in order to identify genes and incidences of interest. Here, we utilized such analyzed data from P. infestans
and compiled a set of 270 effector candidates. Seventeen plants with ‘novel’ resistance spectra (Chapter 4, Table 2)
that performed well for the ATTA test were subjected to a functional screen with 270 effector candidates, and revealed
a collection of candidate Avr genes.
Sequencing one isolate will not include all P. infestans RxLR members
All P. infestans avirulence genes belong to the RxLR gene family, that compromises 541 distinct members only in one
single P. infestans strain. Despite the number, more RxLR genes are present in other genomes, as known avirulence
genes display copy variation and have related, distinct, alleles in other strains. Also, ORF disturbing events can result in
avirulence gene loss (as seen for Avr4 (van Poppel, Guo et al. 2008)). Thus it can be postulated that the number of
predicted RxLR proteins in the P. infestans gene pool should be beyond the present number. This is nicely illustrated by
EST mining of RxLR proteins, which revealed a few unrelated RXLR proteins not present in the T30-4 assembly, see
Appendix 1 for examples of novel RxLRs, the most prominent full ORF examples are e.g. GR300806, CV931447 and
CV933106.
As known Avr genes are upregulated during early infection stages, at least some Avr genes are expected to be present
in corresponding EST libraries, like the germinating sporangia library. Out of the 14 known Avr gene (candidates) (see
General Discussion) that co-segregate with resistance (see Chapters 6 -9) or have been published, 13 (except Avr2)
were detected in one or more EST libraries (Appendix 2, Table S1a (column 6) and Table S2). This suggests that indeed,
highly up-regulated proteins include candidate Avr genes. Avr1, Avr3b and Avrvnt1 were only detected in the WGSsequenced library (Boyce_Thompson_Institute website), For Avr1 and Avr3b this can be explained by the fact that the
isolate 88069 (which was used in the 25 out of 37 libraries) is virulent on potato differentials carrying R1, and R3b (Guo,
Lee et al. 2009).
The retrieved ESTs (the tomato infected WGS sample (Boyce_Thompson_Institute website) was not incorporated in this
analysis) were also compared with the first generated effector candidate library, the PexRD set ((Torto, Li et al. 2003;
Oh, Young et al. 2009), S. Kamoun, unpublished data). Out of the 40 distinct PexRDs, 29 were present as ESTs (73%),
while only 112 out of 541 (20%) of the overall genes were represented by ESTs. This suggests a high recovery rate of
informative RXLR genes in the PexRD library.
It could be clearly seen that some EST libraries contain relatively more RXLRs than others, which is both dependent on
the sampled developmental stage as well as the technique used. The signal sequence trap library 16734, for example
(Appendix 2, Table S2), consisted of only 23 ESTs, but among them 4 RxLR transcripts were present.
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How to improve and interpret effectoromics outcomes?
Several complications and interpretations can challenge the identification of avirulence factors and here we discuss a
few.
1)

Oomycete RxLR effectors have functional similarities. The P. infestans protein AVR3a, for example, shares low

sequence homology with P. sojae Avh1b and its paralogue Avr1b, which is able to suppress BAX (a pro-apoptotic
protein) mediated cell death (Dou, Kale et al. 2008). Not Avr1b, but Avh1b is able to initiate cell death with the potato
Rpi-gene R3a that confers resistance against AVR3a producing isolates (Win, Morgan et al. 2007) suggesting that one
Rpi-gene can recognize more functionally equivalent RxLRs. This was also shown by Champouret (Champouret 2010) for
the Avr2 family and R2. It also implies that Rpi-genes might be functionally active against other Phytophthora species
and might possess non-host properties (Vega-Arreguin, Jalloh et al. 2009).
2)

On the other hand, proteins that show cell death and interact with Rpi-genes are not necessarily avirulence

factors. PEX147-3, for example, a close relative of AVR3a induces cell death with R3a (Bos et al., 2005 PhD thesis) but is
not expressed during infection (Wroblewski, Tomczak et al. 2005). Another example is PBHR_300, that induces strong
cell death upon co-infiltration with R2, but renders unexpressed in studied P. infestans strains (Haas, Kamoun et al.
2009) (S. Kamoun, personal communication), while PBHR_169 was identified as AVR2 (P. Birch, personal
communication). However, it is not unlikely that such proteins are (differentially) expressed in other strains as is seen
for other oomycete RxLR avirulence genes (Shan, Cao et al. 2004). Therefore, expanding the range of P. infestans
isolates for studying expression polymorphism is recommended.
3)

Effector allelic variation is of importance too as only one amino acid change might alter the avirulence

designation. Examples are seen for rather all known avirulence genes across kingdoms. Within P. infestans, it was for
the first time noticed for AVR3a, that has at least 6 different variants (Cardenas, Grajales et al. 2011), from which one,
KI

AVR3a , induces an cell death response with R3a (Armstrong, Whisson et al. 2005). More eminent examples are seen
for AVRblb1, which has multiple variants from which most interact with Rpi-blb1. One variant ofAVRblb1, IPIO-4, does
not interact with Rpi-blb1 and even suppresses the interaction with the other variants (Halterman, Chen et al. 2010),
which could be due to target competition, in case an effector target is monitored by Rpi-blb1.

Cell death inducing effector candidates are promising avirulence candidates
Through focusing on several presumptions, we were able to identify multiple avirulence candidates at an
unprecedented efficiency. The composed effector candidate library was used to screen a selection of 17 genotypes with
novel resistances (Chapter 4, Table 2). Upon agroinfiltration, several effector candidates caused cell death and all AVR
responses (i.e. AVR1, AVR2, AVR3aKI and AVR4) observed during the prescreen (Chapter 4, Table 2) were confirmed
(Table 1). Several effector candidates, e.g. PBHR_083, PBHR_385 and many members of RXLR tribe 5 (mainly Avrblb2
copies), responded in nearly all species. Similar responses were observed in Chapter 3, where Avrblb2 (PexRD39/40)
caused cell death in all assayed potato species, using a PVX infection system (Vleeshouwers, Driesprong et al. 2006).
Similar observations were made by Wroblewski and associates as well, who assayed the effector candidate repertoire
from Pseudomonas and Ralstonia on several plant species (Wroblewski, Caldwell et al. 2009) and postulated that
general cell death might be suppressed by other effectors or in some way is beneficial to the plant-pathogen
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interaction. Some effectors might suppress cell death initiated by Rpi-genes as postulated by Hein and associates in the
Zig-Zag-Zig model (Hein, Gilroy et al. 2009).
The pipeline set up in this chapter enabled to pinpoint to 155 RxLR effector candidates from the sequenced genome
T30-4 and UK3928-A. Moreover, EST library analysis added a few additional candidates not present in the analyzed
genome, however they were not assayed in the present screen. Cell death responses observed in Chapter 4 and
presence of known Rpi-genes in the current genotypes were used as internal controls and these showed that reliable
data were generated, even for genotypes that had a low transformation efficiency for the positive control R3a:Avr3a, as
seen in Chapter 4 and this study.
Specific cell death responses were observed and different among the selected resistant Petota genotypes, which
indicates that many avirulence candidates might pop up.
In next few chapters we will perform detailed studies for effector candidates that caused cell death on genotype 778224, S. circaeifolium 7358-3b, S. venturii 283-1, S. avilesii 478-2, potato cultivar Sarpo Mira and Late Blight differential
R10, and further investigate whether these display avirulence activity.
Materials and methods
Plant material
Plant material used for effector candidate profiling is presented in Table 2. Plants were handled according
(Vleeshouwers and Rietman 2009).
Table 2. Overview of the screened genotypes.

CBSG# represents the number that can be found at the SolR genes website (SolRgene_database website), Solanum spp. represents the botanical
species name. Country, country of origin: MEX= Mecixo, ARG=Argentina, BOL=Bolivia, GTM=Guatamala and PER=Peru. Genbank represents genbank
numbers (details can be found in SolR genes ) Population indicates whether populations segregating for Late Blight resistance are available.

Effector assays
Used protocols are described in Vleeshouwers and Rietman, 2009 (Vleeshouwers and Rietman 2009). For each
genotype -effector candidate combination, 3 individual leaves of 3 plants were infiltrated, resulting in 9 replicates. The
earlier developed scoring scale was applied (Chapter 4, Figure 2). All single infiltrations were performed at an Optical
Density OD600 (Vleeshouwers and Rietman 2009) =0.3, while co-infiltration of R3a and Avr3a were performed at a 1:1
mixture with an final OD600=0.3.
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Cloning of effector candidates
DNA sequences for each gene of interest were downloaded from the BROAD website (BroadDB website). Signal
peptides for each gene were predicted using SignalP v3.0 (Bendtsen, Nielsen et al. 2004) and consequently trimmed.
After Signal Peptide removal, attB sites, as well a start codon were added to each RXLR DNA sequence and ordered with
GenScript (Genscript USA Inc., 860 Centennial Ave., Piscataway, NJ 08854, USA). All genes were delivered in the PUC57
plasmid. Using Gateway® LR cloning, the effector candidate constructs were transferred into the pMDC32 vector (Curtis
and Grossniklaus 2003). Afterwards, the pMDC32 vector was heat shock transformed into DH5α competent cells using
5µL of the LR mixture and subsequently selected on LB plates supplemented with 50mg/L kanamycin. Purified plasmid
was finally electroporated into A. tumefaciens strain AGL1 supplemented with the VirG plasmid (Wu, Doherty et al.
2008) and colonies were selected on LB plates supplemented with 50mg/L kanamycin and 75mg/L chloramphenicol.
The control constituent R3a was present in plasmid pBinPlus.
Mining EST libraries
EST libraries were downloaded from NCBI (See Appendix 2, Table S2 for the libraries) and an tBlastN was performed
(standard settings and an cut- off of 1E-9) against the full RxLR list that was obtained from the T30-4 Genome
publication ((Haas, Kamoun et al. 2009), Table S5,) and transferred into a local Blast library using the software package
Main Workbench 5.7.1 from CLCbio (trial version) (CLC bio, Finlandsgade 10-12, Katrinebjerg, 8200 Aarhus N, Denmark).
The retrieved ESTs were subsequently translated into 6 protein reads (all frames were translated) and stored in a FASTA
file. From this file, another local Blast library was established and used for a blastP against the local RxLR protein library.
First Blast hits were stored in a database and linked to the BROAD PITG identifier (BroadDB website). Afterwards,
significant hits were manually added to Appendix 2 (Table S1a) and proteins having a low similarity (>93%) were
subjected to the BROAD database for similarity analysis and afterwards included if full length proteins with RXLR criteria
could be obtained and added to the core Filemaker database. (See appendix 1 for putative novel PITGs and other RxLR
related reads obtained (No PBHR-ID assigned)).
Muscle trees
In order to arrange the RxLR proteins in a phylogenetic way in Appendix 2, Table S1a, all designated RxLRtribes (based
on the T30-4 genome paper (Haas, Kamoun et al. 2009)) were aligned using the Muscle application from the European
Bioinformantics Institute (http://www.ebi.ac.uk/Tools/msa/muscle/), each tribe separately. Based on these alignments,
UPGMA trees were generated using the software package MEGA 4.0 (Kumar, Nei et al. 2008). RxLR tribes consisting of
less than 3 members were not subjected.
Calculating variance
Some effector candidates were infiltrated in one or more independent experiments (see Supplement S2). To verify,
whether genotypes with high cell death incidence, especially S. chacoense 543-5, have more variance for cell death,
variances were calculated in MS Excel 2003 using the ‘VARIANCE’ function. The maximum outcome was 5000, when
one experiment resulted in 0% cell death and a repeat experiment in 100%. The scoring scale is displayed in figure 5.
Outcomes exceeding 200 (more than 20% difference between two experiments) were regarded as variable.
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Appendix 1
Other selected proteins
To investigate whether the RxLR occurs as a conserved motif in other secretome genes, RxLR containing proteins were
subjected to a hypothesis in which we questioned whether C-terminal domains could conserve RxLR motifs (designated
endRxLR) as was seen for the canonical RxLR proteins (with an N-terminal RxLR). In the approach followed, we counted
the occurrence of RxLR motifs from the outer C-terminus for every single amino acid position through utilizing search
functions available in the FileMaker database that allow sophisticated text string searches with the wild characters *
(any number of unspecified characters) and @ (one unspecified character). Thus the search was implemented with the
search string *R@LR@, in which the last @ was repeated 0-20 times. The results are presented in Figure 2. RxLR motifs
were specifically enriched for position *R@LR@(1-3) and 56 counts were made for the secretome (2203 proteins),
versus 102 for the whole genome (18555 predicted ORFs). Relative abundance of the RxLR motif on those positions in
the secretome revealed that position *R@LR@, *R@LR@@ and R@LR@@@ were 17.8, 16.21 and 6.4 times
overabundant, respectively (when divided by the average of RxLRs in non-secreted proteins for the last 20 AA
positions). None of the 102 identified proteins belonged to the N-terminal class of RxLR proteins.
A closer look at these 102 genes learned that endRxLRproteins are dominated by glycine-rich-repeats, as all nonsecreted proteins had a glycine content lower than 12.33%, while 56 secreted proteins had an average glycine content
of 22.57%. Thus, the global RxLR scan revealed that endRxLR proteins are relatively abundant in the predicted P.
infestans secretome. From the 56 proteins, the majority was specifically up-regulated in the zoospore stage, but 11
were up-regulated during early in planta growth (2 DPI). These 11 endRxLR proteins were also added to the effector
candidate set (see Appendix 2, Table S1b).
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*R@LR@ apart from C-terminus

Figure S1. Graphical representation for the endRxLR enrichment in C-terminal proteins. A) On the X-axis the C-terminal proxy ends of proteins are
shown in which an asterisk represents any number of amino acids and the at-sign represents any amino acid. On the Y-axis the relative abundance in
the secretome is represented. It can be clearly seen that the last but one 3 amino acids are tremendously overrepresented in the secretome. B) All
endRXLR proteins. Expression of the genes during different developmental stages is represented. It can be clearly seen that many extracellular
endRXLR proteins (column SP (signal peptide) indicated ‘Yes’) are upregulated during the zoosporic (Zoo) stage (Red is up-regulated; green downregulated), while some of them are up-regulated in early developmental stages as well (RSA, V8: artificial media; Sp: sporangia; Zoo: germinating
zoospores; a and b: 6 and 16 hours post inoculation on potato; DPI: days post inoculation. 1, 2 and 3 represent P. infestans strain T30-4, UK3928-A
and NL07434, respectively). GC% represents the glycine content of the endRXLR proteins. (Red represents a glycine content of 39%, green 0%).

Appendix 2
Table S1a. Overview table of all currently known RxLR proteins. ①) RxLR family tribe number, according to Haas et al. (Haas, Kamoun et al. 2009).
②) Genotypes agro-infiltrated with RxLR effector candidates. Green represents 0% cell death and red 100% cell death, cell death in between is
displayed by the red-green color scale. The following plants have been challenged 1) 7132-13, 2) 273-1, 3), 7458_21, 4) 7349_13, 5) 150-4, 6) 210-5,
7) 478-2, 8) 283-1, 9) 7358-3B, 10) 7782-24, 11) 525-1, 12) 376-4, 13) 229-2, 14) R8, 15) Sarpo Mira, 16) R10 and 17) 543-5. Details on the genotypes
can be found in Appendix 2. ③) Phylogenetic representation of RxLR family tribes. If a family consisted of more than two members, phylogentic
trees were generated using MUSCLE with general settings. ④) Wageningen UR Plant Breeding denominator for RxLR proteins (PBHR_XXX = Plant
Breeding Hendrik Rietman) Names with an appendix ‘ _#’ (#= any number) represent allelic members at the protein level not present in the
sequenced T30-4. If certain genes had one or more copies with identical protein compositions, one name was given to represent the copies. ⑤)
Significant up-regulation two days post inoculation 1*: T30-4 and 2*: UK3928-A (Sophien Kamoun, personal communication). ⑥) Presence in EST
banks, each letter represents a library; see Table S2 for the details on the libraries. ⑦) Expression intensity for various life cycle points, see Figure 3
for the legend.
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Table S1b.
Similar to 1a, proteins not designated as RxLR proteins, but included for several reasons. ②) See ② in legend Figure 1a. ③) Wageningen UR Plant
Breeding denominator for RxLR proteins (PBHR_A## = Plant Breeding Hendrik Rietman). ④) Reason for inclusion. ⑤) Expression intensity for
various life cycle points, see Figure 3 for the legend.
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Figure S2. Time points and stadia from which microarrays were generated. Top row, isolates: 1: T30-4; 2:UK3928-A and 3:NL07434 Abbreviations:
RSA: Rye Sucrose Agar, V8: V-8 medium, Spor.: Sporangia, Zoo.: Zoospores and 6^, 16^ etc.: hours post inoculation.

Table S2. Details on the scanned EST libraries. ❶) Letter referring to Table S1a, column 6. ❷) Sampled stage and tissue used from which an EST
library was established. Some libraries, in fact, are composed of multiple stages. ❸) Isolate used for the EST library, when known (nd means not
data). ❹) Total number of ESTs present in the library. ❺) Number of unique ESTs present in library, i.e. contigs or identical hits could be derived
within the total number of ESTs. ❻) Number of ESTs that fitted in resulted in the similarities and contigs. ❼) number of unique RxLR ESTs derived
from the total library. ❽) Number of RxLRs promille ESTs. ❾) Library identifier assigned by the National Center for Biotechnology Information (NCBI
website).
*) An analyzed WGS infection library of tomato and P. infestans infected at 3 time points (Boyce_Thompson_Institute website). 1, 2 and 3 represent
presence in 1, 2 or 3 time point samples, respectively.

*
*) An analyzed WGS infection library of tomato and P. infestans infected at 3 time points (Boyce_Thompson_Institute website). 1, 2 and 3 represent
presence in 1, 2 or 3 time point samples, respectively.
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Appendix S3
Table S3. EST reads obtained that had a similarity lower than 93% during the blastP performed. The name tag in front of each read represents the
NCBI identifier.
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Appendix S4
Table S4. Effector candidates assayed in two or more separated experiments. For each effector candidate- genotype combination the average cell
death incidence is displayed and below the calculated variance is given. The small color bar on the left represents the variance calculated and the
color is explained in figure S1.

A ‘*’, ‘**’, ‘***’, and ‘****’ represent 2, 3, 4 and 5 replicates respectively.

Figure S3. Color scale for the difference in % between two experiments.
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Summary
The potato differential set Ma-R1-R11 is a well-known collection of potatoes that contains resistance genes that were
introgressed from Solanum demissum. To determine the physiological race of P. infestans, many isolates are being
tested on this collection of R genes. Some of these genes were among the first R genes to be cloned, i.e. R1, R2, and R3a
and recently, also the R3b gene was cloned in our laboratory. In this study we aimed to isolate the matching Avr3b gene.
Co-infiltrations of R3b with RxLR effector candidates selected in Chapter 5 in the model species N. benthamiana
identified PBHR_490 as a potential avirulence candidate. Consecutive genome analysis suggest that PBHR_490 inhabits
an Avr3b island in the P. infestans genome that seems to be relatively recent. This region is present in avirulent strains
and absent in some virulent strains. Other virulent strains show a variant of PBHR_490 PB

L41R85K124

with mutations R to L,

G to R, R to K, at amino acid 41, 85 and 124, respectively. Based on these data, PBHR_490 was designated Avr3b. After
exploring additional potato genotypes, we found that Avr3b also caused cell death on plants containing R10. A Ma-R10
population was analyzed and response to Avr3b was linked with resistance. More in depth analysis of the population
revealed PBHR_484 as a candidate Avr10a gene for an putative additional Rpi-gene that is present in Ma-R10.
Introduction
In the past, a differential set was developed by Mastenbroek and Black, commonly known as the Mastenbroek
diffferential set (Black, Mastenbroek et al. 1953) to distinguish different races of P. infestans. The set was generated
based on backcrosses of the resistant Solanum demissum with the cultivated potato S. tuberosum. Eleven differentials
were developed, to which we refer as Ma-R1-R11.
In the last decades, genetic dissection of the Ma-differentials started and revealed that some of the differentials
constituted of multiple Rpi-genes. Ma-R3, for example, was mapped to potato chromosome 11 and after fine-mapping
not one, but two closely linked Rpi-genes were revealed and designated R3a and R3b (Huang, Vleeshouwers et al. 2004).
The cloning of R3a was published in 2005 (Huang, van der Vossen et al. 2005) and it took another few years to isolate
R3b (Li, Huang et al. Submitted).
Analogous research in P. infestans enabled the isolation of R3a’s matching avirulence gene Avr3a (Armstrong, Whisson
et al. 2005) and to date the avirulence genes Avr1 (F. Govers, personal communication), Avr2 (Lokossou, Park et al.
2009) and Avr4 (van Poppel, Guo et al. 2008) matching R1, R2 and R4, respectively have been isolated too. The
avirulence gene for R3b, Ma-R10 and Ma-R11 has been mapped to a single locus on the P. infestans genome (van der
Lee, Testa et al. 2001; Jiang, Weide et al. 2006), but the avirulence factors have not been isolated yet.
Here, emphasis was put onto the identification of Avr3b and Avr10. For the identification of R3b, co-infiltrations with
the supreme-core collection of 79 RxLR proteins identified by Haas et al. (Haas, Kamoun et al. 2009) in the Solanaceous
model species N. benthamiana were performed. For Ma-R10, a population segregating for P. infestans resistance was
analyzed and segregation patterns as well as resistance spectra led to the assumption that R10 consists of two R genes,
i.e. R3b and R10a. Subsequently, a candidate for the matching Avr10a was identified.
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Results
Avr3b (candidate) identified by effector candidate screening
Recently, a genome wide set of effector candidates was assembled within our laboratory based on the data provided in
the publication of the Phytophthora infestans genome T30-4 (Haas, Kamoun et al. 2009) and others (Chapter 5). Haas et
al. (Haas, Kamoun et al. 2009) identified 79 RXLR proteins to be upregulated during the early phase of infection and all
known avirulence proteins were among them (AVR1, AVR2, AVR3a, AVR4, AVRblb1 and AVRblb2). To identify AVR3b,
the 79 RXLR proteins are a perfect starting point as the sequenced strain, T30-4, was found to be avirulent on R3b
carrying plants (Jiang, Weide et al. 2006). Strengthened by these findings, we started assaying these proteins by coinfiltrating them with R3b into the Solanaceous model species Nicotiana benthamiana. As a negative control, R3a was
coinfiltrated with all effector candidates. Out of the infiltrated effector candidates, effector Avr3a (PBHR_390) showed,
as expected, cell death with R3a, as expected. Another effector candidate, PBHR_490, specifically showed cell death
with R3b and not with R3a (Table 1).
Blast analysis of the T30-4 genome (BroadDB website)(BroadDB) reveals that PBHR_490 has a close homologue,
PBHR_491, which is truncated due to a 2bp deletion at nucleotide position 257. Co-infiltration of this effector candidate
with R3b at different OD’s did not result in cell death. This suggests that PBHR_490, but not PBHR_491 is able to evoke
R3b-mediated resistance (figure 1).
Table 1. Effector candidates identified as upregulated in the T30-4 genome (Haas, Kamoun et al. 2009) and co-infiltrated with R3a and R3b.

The percentage of cell death observed is given, if a combination was not analysed, NA is given.

PCR amplification shows absence or allelism for PBHR_490 in virulent strains
To verify whether PBHR_490 is Avr3b, PBHR_490 was PCR-amplified from several strains that are known to be virulent
or avirulent on plants containing R3b. In total 10 isolates were assayed (Table 2).
Besides PBHR_490, also PBHR_491 was PCR amplified (see table 5 for primers used) and both were found to be absent
in the virulent strains EC1, H30P04, IPO-0, IPO-C and PIC99189. Both genes were found to be present in the isolates
PIC99177, PIC99183, NL90128, Dinteloord and 89148-09. DNA-sequencing of revealed that the two avirulent isolates,
Dinteloord and 89148-09 contained an identical PBHR_490 copy, while isolates PIC99177, PIC99183 and NL90128
possess the variant L41R85K124. Based on these results we assume that the PBHR_490 variant R41G85R124 represents
Avr3b.
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Table 2. Phytophthora infestans isolates tested for genetic variation of PBHR_490. A “no” indicates that no PCR product was obtained. Obtained PCR
products were sequenced and polymorphic amino acids are shown (R41G85R124 is identical to PBHR_490).

Under R3b-phenotype, resistance (R) or susceptibility (S) caused by listed isolates on R3b-carrying potatoes is presented. * ) Not PCR amplified but
absent in WGS data (Figure 2).

Isolates missing PBHR_490 and PBHR_491 lack a large genomic fragment
To investigate the genomic environment of PBHR_490 and PBHR_491 in various P. infestans isolates, use was made of
the recently sequenced P. infestans strains T30-4 (Avirulent, PBHR_490 present), NL90128 (virulent, PBHR_490

L41R85K124

present) and PIC99189 (virulent, PBHR_490 absent). T30-4, the reference genome, was used as an annotation map and
Illumina sequenced 36 base pair single end reads from all three strains were plotted to it (Figure 2). Interestingly, in the
virulent isolate NL90128 a 75KB region spanning PBHR_490 and PBHR_491 is conserved. Low sequence depth was
obtained for isolate PIC99189 which lacks PBHR_490 and PBHR_491. Other isolates (UK3928-A and NL07434) that are
virulent on R3b plants show a similar pattern and lack PBHR_490 and PBHR_491 too (Appendix 1, strains were
sequenced as 76 base pair end reads).
To investigate the nature of the gap further, genes assigned by the BROAD institute (Abbreviated as PITG) in the
proximity of PBHR_490 were investigated and blasted against the BROAD database (BroadDB website). The gene
bordering PBHR_490, PITG_18210, produced significant hits with PITG_18228 and PITG_15792. PITG_18210 and
PITG_18228 are both located on supercontig 1.66, while PITG_15792 is present at supercontig 1.40. Interestingly,
PBHR_490 is located in between PITG_18210 and PITG_18228 (assigned PBHR_490 island in Figure 3), suggesting that
(part of) the region covering PBHR_490 arose after duplication of either PITG_18210 or PITG_18228.
Recently, the three similar genes were assigned by Martens and vander Peer as constituents of duplicated gene blocks
(named Pin_64) in the P. infestans genome (Martens and Van de Peer 2010), strengthening the suggestion that the
PITG_18210-18228 spanning area arose after duplication.
To investigate if one of the Pin_64 blocks is absent in strains lacking PBHR_490, the genomic surroundings of
PITG_15972, PITG_18210 and PITG_18228 (called hereafter ‘Pin_64’ regions) were investigated and comparative
analysis revealed an divergent region that possibly could discriminate the ‘Pin_64’ regions in strains lacking PBHR_490
and PBHR_491 (Appendix 2). Based on this region, discriminative primer pairs were designed (Appendix 2) and tested on
8 isolates. Interestingly, with primer pair 1:4, (specific for the PITG_18210 derived ‘Pin_64’ region (the ‘-‘ strand read of
Supercontig 1.66 in Appendix 2)), no PCR product was amplified in isolates IPO-0, H30P04 and EC1 that lack PBHR_490
and PBHR_491 (Table 3).
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Figure 1. Nicotiana benthamiana leaves were co-infiltrated with effector candidates and the potato resistance gene R3b (A) and R3a (B). The following
constructs were coinfiltrated with the R-genes: 1) R + pMDC32 empty plasmid (negative control), 2) R + Avr3a, 3) R + AVR2, 4) R3a + Avr3a (positive
control), 5 -7) R + PBHR_490. Co-infiltration was accomplished using a mixture of equal amounts of Agrobacterium. All bacterial densities were set to
OD600 of 0.2 for spot 1 till 5. Spot 6 and 7 were infiltrated at OD600 0.5 and 1.0, respectively. The photographs were taken 4 days post infiltration.

Figure 2. Graphical illustration of the absence of PBHR_490 and PBHR_491 in strain PIC99189 and NL90128. All three genomes, T30-4 (black), NL90128
(green) and PIC99189 (red)were Illumina sequenced and their reads mapped to the reference contig 1.66. ‘depth’ represents the number of 36 base
pair read hits for a specific genomic region.

Figure 3. Illustration of the PBHR_490 island. The region is rich in transposable elements (Black bars) and bordered by a duplicated Pin_64 gene
cluster orientated in oposite directions. The Pin_64 cluster on the left represents PITG_18210, on the right PITG_18228.
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Table 3. PCR results with the primer pairs based on the ‘Pin_64’ regions(Appendix 2).

A ‘0’ implicates no PCR product, a ‘1’ represents an PCR product. Primer pair ‘a’ is specific for PBHR_490, Primer pair ‘b’ is specific for PBHR_491.

Avr3b induces cell death in R3b, Ma-R10 and Ma-R11
Avr3b was suggested to be closely linked with Avr10 and Avr11 (van der Lee, Testa et al. 2001; Jiang, Weide et al. 2006).
In order to study whether PBHR_490 evokes resistance with Mastenbroek (Ma-)R10 and Ma-R11 potato differentials,
agroinfiltration experiments were performed on Ma-R10 and Ma-R11. Several controls were included: SW8540325(R3b), SW8540-025(R3a), SH83(R3a, R3b), Ma-R3(R3a, R3b), Estima (R10 cultivar), Premiere (R10 cultivar) as well as
Ma-R8, Ma-R9, 94-2301-01 and N. benthamiana (no Rpi-gene). A clear cell death response to PBHR_490 was observed in
all plants carrying R3b, R10 or R11, but not in plants in which those genes are absent. The paralogue PBHR_491 did not
evoke cell death in any of the assayed genotypes (Figure 2). Avr3a induced cell death in plants known to carry R3a and
as a positive control, when co-infiltrated with R3a. One genotype, cultivar Premiere induced some degree of background
cell death with controls, but for cultivar Premiere, the Avr3b-induced cell death strongly exceeded this background cell
death.
The potato differentials Ma-R10 and Ma-R11 display a broader resistance spectrum than conferred by R3b (Jiang, Weide
et al. 2006), indicating that another Rpi-gene is present in these differentials. Therefore, a detached leaf study was
performed with 6 indicative isolates: 89148-09 (Avr3a, Avr3b), IPO-0 (Avr3a, -), Dinteloord (Avr3a, Avr3b), PIC99189
(Avr3a, -), H30P04 (avr3a, -) and PIC99177 (avr3a, avr3b) (See Chapter 4, Table 1 for virulence profiles). Isolate
Dinteloord and 89148-09 were avirulent on R3b plants (SW8540-325), while the other isolates, PIC99177, H30P04 and
PIC99189 were virulent. Isolate IPO-0 showed weak avirulence in Ma-R10 and some R10 designated cultivars, suggesting
that they might possess some quantitative levels of resistance (Table 4). Cultivars that contain Ma-R10 and Ma-R11
showed the same R3b-specific resistance (as SW8540-325) but showed an additional resistance to H30P04 and
PIC99177. The phenotype of this additional resistance was less pronounced and for some cultivars weak. These data
suggest that Ma-R10 and Ma-R11 could contain R3b and another Rpi-gene (giving weak or partial resistance).
Dissecting Ma-R10 resistance
From literature several potato cultivars are known to carry R10 (Joosten 1988; Vleeshouwers, van Dooijeweert et al.
2000). However, if Ma-R10 is comprised of at least 2 Rpi-genes, these genes should be in close proximity of each other
as multiple cultivars carry R10 (See Appendix 6). To verify this possibility, a pedigree analysis was performed using the
potato cultivar database (Van Berloo, Hutten et al. 2007) and this shows that all potato cultivars carrying R10 have a
common introduction number, MPI 19268 (a S. demissum representing donor line), as one of its progenitors (see
Appendix 6). To further study the background of Ma-R10 resistance, several analyses were performed.
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To test the hypothesis that Ma-R10 resistance is conferred by a single locus, a Ma-R10 * Katahdin (Late Blight
susceptible potato cultivar) population was sown in vitro. Offspring plants were subjected to a detached leaf assay (DLA)
with the six P. infestans isolates used to phenotype R10 resistance. Also, an ATTA with PBHR_490 was performed. From
the 27 offspring genotypes, 14 were identified as susceptible and 13 were scored as resistant against isolates
Dinteloord, 89148-09 and H30P04. Resistance against these isolates co-segregated with response to PBHR_490 (Table
4). Parents and offspring were fully susceptible to isolate PIC99189 and to a lesser extent for IPO-0 (except for offspring
genotype #6, which was fully resistant with all isolates). This indicates that parents and offspring lack avirulences against
R3b and the R10a gene. A remarkable result was obtained with isolate PIC99177, which displayed a different resistance
spectrum than H30P04, Dinteloord and 89148-09. This suggests that another additional Rpi-gene against isolate
PIC99177 is present (Table 4). The fact that resistance to H30P04, which is virulent on SW8540-325 (R3b), did cosegregate with resistance to Dinteloord and 89148-09 indicates that R10a resistance is genetically linked with PBHR_490
cell death induction.

Figure 4. ATTA with PBHR_490 in Ma-R3, Ma-R10, Ma-R11 and other Solanum genotypes. The numbers on the right indicate the percentage of cell
death. pMDC32 was the negative control, R3a:Avr3a represents an positive control.

R3b specific markers amplify in resistant Ma-R10 genotypes
To test whether R3b could be responsible for the PBHR_490 response in parental and offspring genotypes of the MaR10 population, specific primers for R3b were developed (See Table 5 for primers). All genotypes that responded to
PBHR_490 (Table 4), were positive for R3b selective primer pair , while all genotypes negative for PBHR_490 induced cell
death did not amplify a product. This suggests that R3b, or a related Rpi-gene, mediates PBHR_490 recognition in MaR10.
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Table 4. Ma-R10 population genetically dissected for its Late Blight resistance.

R, S, M and Q respectively mean Resistant, Susceptible, Medium resistant and Questionable (Both Resistant and Susceptilbe lesions are oberved).

Effector candidate profiling in the Ma-R10 differential
To verify whether T30-4 contains an effector that triggers additional avirulence in Ma-R10 and the offspring plants that
are resistant to H30P04, an effector candidate profiling for Ma-R10 was performed. Unfortunately, during the
experiments it appeared that older plants tend to show nonspecific cell death upon effector candidate infiltration
(Chapter 5).
All effector candidates which showed significantly upregulated expression at 2 DPI in T30-4 (Haas, Kamoun et al. 2009)
and in UK3928-A (S. Kamoun. personal communication) that resulted in >40% cell death were selected for an additional
screen (see Appendix 3 for the selected effector candidates). In total, 24 effector candidates were assayed on young
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Ma-R10 plants including offspring genotype #3 (S), #9 (R) and #24 (R). These 3 offspring genotypes were included to
identify which effector candidates would induce differential cell death. This time, many effector candidates could be
excluded as they did not induce high level of cell death. Other effector candidates that induced cell death in both the R
and S offspring were not taken into account for further assessment.
Finally, five effector candidates: PBHR_490, PBHR_484, PBHR_242, PBHR_140 and PBHR_390 were selected for an
agroinfiltration experiment on the full population (Appendix 4).
PBHR_484, an additional avirulence factor for Ma-R10?
The five effector candidates were assayed on the 27 Ma-R10 * Katahdin offspring genotypes, SW8540-325 (R3b),
SW8540-025 (R3a), SH83 (R3a, R3b), Desiree (Rpi-gene free cultivar), Ma-R10 and Concurrent (R10). Results are
provided in Table 4. The internal control PBHR_490 caused cell death in plants known to contain R3b and thus resistant
towards isolate Dinteloord, 89148-09 and H30P04. Now, another effector candidate, PBHR_484, co-segregated with the
R3b marker in the Ma-R10 * Katahdin population and was furthermore only positive in the R10 designated cultivar
Concurrent (Table 4). This strongly suggests that PBHR_484 could be indicative for the additional resistance present in
R10 cultivars and is thus a candidate for ‘ Avr10’.
Discussion
Using co-infiltrations of R3b (Li, Huang et al. Submitted) with the core-set of 79 RxLR effector candidates, we were able
to identify the effector PBHR_490 as Avr3b. Using the cell death information gathered in Chapter 5 for Ma-R10, we were
able to pinpoint to PBHR_484 (Av10a) and PBHR_490 (Avr3b) as the potential avirulence candidates for Ma-R10
resistance.
The Avr3b island
By genetic studies Phytophthora infestans’ avirulence genes Avr3 (now Avr3b), Avr10 and Avr11 were localized to a
locus on Linkage Group VIII (van der Lee, Robold et al. 2001). Furthermore it was shown that absence of Avr3b-10-11
goes along with the absence of a large chromosomal region (van der Lee, Testa et al. 2001). In a follow-up study, Jiang
and associates identified a highly multiple gene cluster in the Avr3b-10-11 gene region and amplification of a pi3.4
candidate gene residing in this region was associated to avirulence (Jiang, Weide et al. 2006). Their general assumption
was that pi3.4 functions as a transcription factor and regulates the expression of several (avirulence) genes. Whether
Avr3b, Avr10 and Avr11 would localize in the vicinity of the transcription factor remained unclear. In Phytophthora
sojae, , work by Shan et al. (Shan, Cao et al. 2004) showed that for the avirulence gene Avr1b , both avirulence gene and
its regulator can lie in the same locus.
Our approach was not biased on this genomic region, but focused on upregulated RxLRs and PBHR_490 popped up as a
candidate Avr3b after co-infiltration studies in N. benthamiana. When locating PBHR_490 on the genome, it appeared
that it localizes in the vicinity of pi3.4 copies identified by Jiang et al. (Jiang, Weide et al. 2006). Analysis of genes
surrounding PBHR_490 learned that the neighbouring gene PITG_18210 belongs to a duplicated gene block that was
identified as Pin_64 (Martens and Van de Peer 2010). Pin_64 is three times represented in the sequenced T30-4
genome. One Pin_64 block (representing PITG_15792) was present on another contig (Supercontig 1.40) which could
well represent a chromatide derived from the T30-4 parent virulent on R3b (T30-4 is a hybrid from two strains that are
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virulent and avirulent on R3b plants). The other Pin_64 block was present on the other side of PBHR_490 as
PITG_18228, suggesting that PBHR_490 could have been arisen after a duplication event. The distance spanning the
blocks represents 238KB, which approaches the distance of 150KB as speculated by van der Lee et al. to be missing in
virulent strains (van der Lee, Testa et al. 2001). Based on the Pin_64 blocks, we developed primers to distinguish the
blocks and amplified fragments from strains lacking or containing PBHR_490.
Based on these studies, we hypothesize that PBHR_490 emerged in the P. infestans genome instead of being deleted as
suggested by van der Lee et al. (van der Lee, Testa et al. 2001).In line with the data presented by (van der Lee, Testa et
al. 2001; Jiang, Weide et al. 2006), we can explain avirulence on R3b plants by presence of the an large genomic insert
that is on one side bordered by pi3.4 transcripts. In addition to this difference, we also detected two variants of Av3b,
i.e. PBHR_490 L41R85K124 and PBHR_491 41G85R124, which occurred in virulent or avirulent isolates, respectively.
Although we have not performed expression studies for the virulent variant, multiple PBHR_490 L41R85K124 were
identified in a P. infestans-tomato transcriptome, suggesting that the virulent variant is actively transcribed. However,
co-infiltrations with this variant and R3b still have to be performed.
In summary, virulent and avirulent phenotypes on R3b plants could be explained by mutations in Avr3b as well as
absence / presence polymorphism in tested P. infestans isolates.
Residual R-gene effect and Ma-R10
Residual effect of R10 has been reported by Stewart et al. (Stewart, Bradshaw et al. 2003). They crossed the Ma-R10
differential with a susceptible cultivar and assayed the offspring with virulent isolates under field conditions. A residual
resistance effect in the Rpi-gene carrying batch was observed, and concluded that Rpi-genes might have a residual effect
or that closely linked Rpi-genes contribute to resistance. Their results can be explained by our findings that two effector
candidates are recognized by the Ma-R10 differential. In the present study we actually analysed a similar cross, albeit
the Rpi-gene free cultivar was different from theirs and the Ma-R10 differential was changed with the Black-R10
differential (having the same resistance spectra, as known so far).
We found a difference between Avr3b and avr3b isolates in detached leaf assays. The Avr3b carrying isolates 89148-09
and Dinteloord clearly induced strong resistance responses. The isolate lacking Avr3b, H30P04, however, evoked weak
resistance responses (M in Table 4) that co-segregated with R3b specific markers (Table 4). The fact that the H30P04
resistance is not based on Avr3b, suggests that its avirulence results from the recognition of another avirulence factor.
The linkage with R3b specific primers (Table 4) suggests that the resistance is caused by a closely linked Rpi-gene which
we designated R10a that recognizes PBHR_484 (designated Avr10a).
On the other hand, R3b specific PCR products were obtained for the Ma-R3 and Ma-R5-11, but only Ma-R3, Ma-R5, MaR10 and Ma-R11 are showed cell death to PBHR_490 after agroinfiltration and not Ma-R6-9 (unpublished results). This is
suggesting that these genotypes do not contain functional R3b or contain genes with different specificities. It also
implies that Ma-R10 could have a R3b variant with an extended recognition specificity recognizing both Avr3b and
Avr10.
Materials and Methods
Plant material
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All genotypes used in this study are maintained in-vitro. The R3a (SW8540-025) and R3b (SW8540-325) differentials
were previously described and developed by Huang et al. (Huang, Vleeshouwers et al. 2004).
Isolates
Details on isolates can be found in Chapter 4, Table 1.
Disease assays
Detached leaf assays were carried out according the method described by Vleeshouwers and associates (Vleeshouwers,
van Dooijeweert et al. 1999). At 6 days post inoculation, disease symptoms were scored on a scale from 1-8. Score 1
represents heavy sporulation, 2-3 macroscopically visible sporulating, but to a less extend as 1. Score 4-5 represent
sporulating only visible under the binocular. Score 6-7 represent large necrotic lesions, exceeding 10 mm in diameter
and 4-10 mm in diameter respectively. Score 8 represents small necrotic lesions not exceeding 4 mm. All plants were at
least assayed twice with the six isolates. Numbers resulting from the scorings were averaged. In the final overview
(Table 4), the values from the scale were averaged and converted to textual values S (1-2.99; susceptible), M, (3-5.99;
weakly resistant), R (6-8; resistant) and Q (Questionable, a wide range of scores is scored for the inoculated spots).
Sometimes combinations of Q with R and S are given, in order to indicate if the questionable phenotype tends towards
resistance or susceptibility.
Agroinfiltration
Agroinfiltration was carried out as described previously (Vleeshouwers and Rietman 2009). All effector candidates were
present in the binary vector pMDC32 (Curtis and Grossniklaus 2003), while Rpi-genes were available in pBinPlus(van
Engelen, Molthoff et al. 1995). The agrobacterium strain AGL1 supplemented with the VirG plasmid (Wu, Doherty et al.
2008) was used in all cases as the carrier of the binary plasmids. Individual constructs were infiltrated at OD600 0.3. The
positive control was infiltrated at OD600 0.3, in a 1:1 mix fashion.
Primers used
Table 5. Primers used in this study.

Bioinformatic analysis
Bioinformatic analysis were performed using the P. infestans genome sequence (BroadDB website) and the software
package MEGA 4 (Kumar, Nei et al. 2008).
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Appendix 1. Graphical illustration of the absence of PBHR_490 and PBHR_491 in strain UK3928 and NL07434. Both genomes,UK3928 (Blue) and
NL07434 (Orange) were Illumina sequenced and their reads mapped to the reference contig 1.66. ‘depth’ represents the number of 76 base pair read
hits for a specific genomic region.

Appendix 2. Divergent region from the vicinity of Pin_64 identified in Martens and van der Peer (Martens and Van de Peer 2010). Based on these
regions discriminative primers were developed. Numbers in the alignment refer to the primers in the table below. Primer pair 5:4 should amplify all
Pin_64 regions as they are present in all sequences (brown and yellow marked areas).
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Appendix 3. Cell death responses in the prescreen for candidate RxLR effectors (Chapter 5).

❶) Represents the percentage of cell death identified in Chapter 5. ❷)Identifies whether the effector candidate is used for retesting (cut-off >40%
cell death). ❸) Represents in which strain effectors initiate cell death. If written UK3928-A. effectors are upregulated (2DPI) in UK3928-A, but not in
T30-4. If written T30-4, effectors are at least upregulated in T30-4 (2DPI).
Appendix 4. Retested RxLR candidates that showed more than 30% cell death in the prescreen.

#3, #9 and #24 represent Ma-R10 * Katahdin offspring genotypes; S= susceptible, R=resistant. An (*) indicates whether an effector is retested on the
whole Ma-R10 * Katahdin population (Appendix 5). % represents cell death.
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Appendix 5. Cell death responses towards the 5 effector candidates selected from Appendix 4. N represents the negative control pMDC32, P
represents the positive control R3a:Avr3a.

Numbers in table represent %of cell death.
Appendix 6. Parentage for R10 designated cultivars ((Joosten 1988). Nearly all cultivars (except Escort, Hertha and Multa) have a S. demissum derived
breeding line (MPI19268) in their genetic background.

(2nd = parent, 3rd =grand parent, etc.)
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Summary
Botanical South American potatoes harbor a wealth of Late Blight resistance (Rpi-) genes, but have not been extensively
studied to date. Their genetics is relatively unknown, compared with the Central American potato species S. demissum
and S. bulbocastanum. Research conducted previously in our laboratory focused on a few South American potato
species in more detail and mapped major Late Blight Rpi-genes to chromosome 9 and 11 in NBS-LRR regions. For the
chromosome 11 Late Blight resistance region, no molecular studies in P. infestans have been performed yet and the
avirulence factors are unknown.
In this study we followed an effectoromics approach and could significantly link effector candidate PBHR_330 induced
cell death to potato chromosome 11 in the South American potato species S. venturii and S. piurae near marker CT182.
Also, another Rpi-gene that interacts with PBHR_088 could be detected in S. piurae. Furthermore another segregating
effector candidate response, triggering cell death response in S. piurae, PBHR_104, could be mapped to the distal end
of chromosome 12, near marker TG602.
Introduction
In the Andean region of South America, potato and its wild relatives have a long history of use. It became a staple to the
highlands of the Andean region and a variety of indigenous cultivars are known(Salaman, Burton et al. 1985). Late Blight
is a common disease of potato and probably native to the Andean region of South America (Gomez-Alpizar, Carbone et
al. 2007).
Although P. infestans and Solanum have a long history in South America most breeding work for Late Blight resistance
has predominantly been performed with Central American potato species, especially for clear ‘black-white’ segregating
resistances. Such resistances are collectively known as NBS-LRR genes and are considered as major Rpi-genes (Rietman,
Champouret et al. 2010) and work through the gene for gene model (Flor 1971).
Resistances from certain Andean potato species were in favor among Late Blight researchers during the last decennia of
th

the 20 century and investigations were especially made for the species S. microdontum and S. phureja, species that
carry so-called minor resistance genes (Colon, Budding et al. 1995; Colon, Jansen et al. 1995; Sandbrink, Colon et al.
2000) and such genes were considered to be part of other gene families than the NBS-LRR family of the ‘black-white’
genes.
Work by Tan et al. (Tan, Hutten et al. 2008), nevertheless, pointed to an NBS-LRR R-gene based resistance mechanism
for S. microdontum suggesting that for these minor genes apparently similar approaches can be followed that are
currently in use for NBS-LRR genes from Central American potato species. Indeed, work by Lokossou et al. provided
evidence by cloning and identifying a functional Rpi-gene from the mapped NBS-LRR region (Lokossou 2010).
The mere reason, however, for not having found ‘black-white’ Rpi-genes in South American potato species was a lack of
interest and an exclusive focus on Central American potato species, especially S. demissum and S. x edinense, as
th

witnessed by the fast record of breeding attempts in the 20 century (Rietman, Champouret et al. 2010).
Besides 8 cloned Rpi-genes from Central America (Rietman, Champouret et al. 2010), many more Rpi-genes and QTLs
from South America were recently mapped (Bradshaw, Pande et al. 2004; Brouwer, Jones et al. 2004; Costanzo, Simko
et al. 2005; Villamon, Spooner et al. 2005; Visker, Heilersig et al. 2005; Rauscher, Simko et al. 2010) and include Rpiber1 and Rpi-ber2 from S. berthaultii (Park, Foster et al. 2009), Rpi-chc1 from Solanum chacoense (J. Vossen, personal
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communication), Rpi-mcd1 from S. microdontum (Tan, Hutten et al. 2008), Rpi-vnt1(Pel, Foster et al. 2009) and its
homologues gene Rpi-phu1(Sliwka, Jakuczun et al. 2006; Pel, Foster et al. 2009) and Rpi-vnt1(Pel, Foster et al. 2009) and
Rpi-vnt2 (Pel 2010) from S. venturii. Other South American species yielded Rpi-crc1 and Rpi-cap1; that were obtained
from S. circaeifolium group (Verzaux 2010), Rpi-avl1 from S. avilesii (Verzaux 2010) and Rpi-pcs1 from S. paucissectum
(Villamon, Spooner et al. 2005). All currently known Rpi-genes are summed up in (Rietman, Champouret et al. 2010).
A remarkable number of Late Blight resistances in South American species are mapped to chromosome 11, near marker
CT182. These include resistances from S. avilesii (Rpi-avl1) (Verzaux 2010), S. paucissectum (Villamon, Spooner et al.
2005), S. phureja (Costanzo, Simko et al. 2005) Pi0(a) (Leonards-Schippers, Gieffers et al. 1994) and S. capsicibaccatum
(Rpi-cap1)(Jacobs, Vosman et al. 2010).
Here we:
-

Tested populations derived from S. piurae 206-1 and S. venturii 283-1 for cell death response to effector
candidates and resistance to P. infestans isolates.

-

Found a co-segregation of cell death response to effector candidate PBHR_330 and marker CT182
localized Late Blight resistance.

-

Performed a functional allele mining approach using PBHR_330 to detect functionally similar Rpi-genes
that localized near CT182 on chromosome 11 in several wild species.

-

Genetically localize PBHR_104 cell death response that segregated in a descent population of S. piurae
206-1 to the distal end of chromosome 12, near marker TG602.

Results
Response to effector candidates PBHR_088 and PBHR_330 co-segregates with resistance in population 3015.
To characterize resistance in S. piurae 206-1, S. venturii 283-1 and S. avilesii 478-2, segregating populations were
generated (Table 1). The resistant S. piurae 206-1 was crossed with the susceptible S. chomatophyllum 559-1, which
resulted in an overall resistant population to P. infestans isolate IPO-C (population 7782) (Figure 1). This suggests that
the resistance was homozygous present in S. piurae 206-1. Progeny of this population, the resistant genotype 7782-24
was crossed with the susceptible genotype S. huancabambense 354-2 resulting in population 3015.
Table 1. Populations used in this study. The R and S parents are displayed in the right column as well as their country of origin. PI numbers refer to
plant introduction numbers from the USDA and population numbers and plantnumbers are internal denominators used by CBSG.

The ‘*’ refers to a parental population.

99

Chapter 7

From population 3015, a total of 50 offspring genotypes were grown from seed in a greenhouse and subjected to
detached leaf assays with the P. infestans isolates EC1, PIC99189, 3928A (Blue13) and H30P04 (a T30-4 sibling, T30-4
was the isolate used for genome sequencing (Haas, Kamoun et al. 2009)). For each isolate; 2, 1, 1 and 2 replicate
experiments were performed, respectively. Several segregation patterns were noted, with one recurring theme; when
all isolate data were combined and genotypes resistant (R) to all P. infestans isolates versus genotypes susceptible (S) to
at least one isolate were grouped, a 18S vs 32R ratio was found suggesting a skewed segregation for resistance (full
data set not shown, condensed overview presented in Table 2).
Within the susceptible group found, a second segregation pattern was observed with isolate H30P04 and 5 out of 13
plants were partially resistant (Table 2, only 13 plants out of 18 were brought in vitro and further analyzed). For EC1
another rather quantitative pattern became visible. Namely: a 6:7 ratio (Table 2) for partially resistant versus
susceptible genotypes. This partially resistant phenotype was only seen in the older genotypes during a repeated
experiment; in the first assay all plants were susceptible. Altogether, these observations suggest that more minor QTLs
that are plant age related might contribute to the resistance.
To verify whether some resistance patterns co-segregate with specific responses to effector candidates, all effector
candidates that induced ≥ 30% cell death response in the effector candidate screening of genotype 24 from population
7782 (Chapter 5) were selected, i.e. members of the Avrblb2 family (tribe 5), PBHR_088 (Also known as AVR1),
PBHR_104, PBHR_330 and PBHR_385. Effector candidates PBHR_141, PBHR_083, PBHR_212 and PBHR_142 were not
included as they responded in the majority of genotypes and did not reach a level of cell death exceeding 75%. As a
negative and positive control, pMDC32 and Rpivnt1:Avrvnt1 were included, respectively. Another effector that was
taken along in the assays was INF1, as this effector induced cell death during the PEX-screen (Chapter 3).
The selected effector candidates were functionally tested on population 3015. A summary of the results is shown in
Table 2 and 5.
It can be clearly seen that response to one effector candidate, PBHR_330, significantly correlates with resistance (Table
2B). Response to another effector candidate, PBHR_088 significantly correlates with the Q, R/Q and R phenotypes to
isolate H30P04 in the “susceptible batch” (Table 2A and B). This suggests that response to PBHR_088 is responsible for
the additional resistance found for isolate H30P04 as this isolate is the only isolate that is avirulent on the R1
differential.
Responses to members of the Avrblb2 family and PBHR_385 did not segregate in the population. To AVRblb2 members
some variation in cell death responses were noted, but these differences were considered to be due to transformation
efficiency, as the positive control Rpivnt1:Avrvnt1 showed a somewhat similar display.
Response to PBHR_104 nicely segregated in a putative 1:1 ratio (14 responsive out of 31) (Chi square for significance =
3.81) but this could not be linked to observed resistance responses in either field or detached leaf assays. In the
penultimate paragraph we present the mapping position of the effector candidate response on the potato genome.
Responses to INF1 also seemed to segregate in the population, but phenotypes were less clear, the susceptible parent
showed slight cell death too (22%) (data not shown).
In summary: By population analysis we showed that responses to PBHR_330 and PBHR_088 clearly co-segregated with
resistance patterns, with PBHR_088 co-segregating with P. infestans isolate H30P04 in the susceptible batch.
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A

B

Table 2. Phenotyping studies in population 3015 (7782-24
* S. huancabambense 354-1. A) Phenotyping data on 31
population 3015 genotypes. Averaged data for the
isolates is shown on the left, AUDP is the area under
disease pressure. Effector responses and the positive
control (Rpivnt1:Avrvnt1) as well as the negative control
are shown on the right and the far right, marker data with
marker vnt2-1 (see Table 7) is displayed (The mapping of
Rpi-pur1 is presented later). B) P values resulting from an
analysis of variance between different effector cell death
responses and individual P. infestans isolates (the 1-8
scale was used, see materials and methods).

Table 3. Phenotyping studies in population 7756 (S.
venturii 283-1 and S. venturii 368-6). Phenotyping data on
21 7756 genotypes. Averaged data for the isolates is
shown on the left, Effector responses and the positive
control (R3a:Avr3aKI) as well as the negative control
(Avr3aKI) are shown on the right. On the far left, marker
data with marker vnt2-1 (see Table 7) is displayed and
described later on in the results. An * indicates when
plasmid pK2GW7 was used for the effectors, instead of
pMDC32.
R, S, M and Q respectively mean Resistant, Susceptible, Medium resistant and Questionable (Both Resistant and Susceptilbe lesions are oberved). 1
untill 100 under effectors indicate the percentage of cell death in ATTA-assays.
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Response to PBHR_330 co-segregates with EC1 resistance in the S. venturii population 7756.
Another genotype that responded to PBHR_330 is S. venturii 283-1 (Chapter 5). This genotype also contains Rpi-vnt1,
which is conferring resistance to P. infestans isolate EC1 , which suggest that an additional R-gene that was designated
Rpi-vnt2 is present in this plant ((Pel 2010) & Chapter 6). S. venturii 283-1 was crossed with S. venturii 368-6 (Table 1).
To study isolate dependent segregation patterns, offspring plants of population 7756 (283-1 * 368-6) were inoculated
with isolates PIC99183 (avirulent on Rpi-vnt1, but virulent on putative Rpi-vnt2 plants, see Table 3 in Chapter 5) and EC1
(virulent with Rpi-vnt1 but avirulent on Rpi-vnt2 plants) showed that indeed two segregation patterns could be
observed (Pel 2010). EC1 showed expected segregation in the offspring population. However, the resistance seemed to
be age dependent as young plants (5 weeks old) showed localized cell death, while older plants displayed a trailing cell
death.
To test whether PBHR_330 co-segregates with EC1-specific resistance, population 7756 was extended by sowing a new
batch of seeds in vitro and again phenotyped with EC1 and PIC99183 in a detached leaf assay. Out of 23 plants, 16
offspring plants were susceptible to EC1 (70%).
To test whether the found resistance co-segregates with effector candidate triggered cell death, effector candidates
that induced ≥ 30% cell death response in the prescreen (Chapter 5) were selected for functional tests on population
7756. These include PBHR_402, PBHR_083, PBHR_385, PBHR_105, PBHR_456 and PBHR_330. The first three effector
candidates (PBHR_402, PBHR_083 and PBHR_385) were excluded from this second experiment since they did not show
segregation with the two resistance patterns on the first batch of seedlings (Pel 2010). For the second batch of
seedlings, PBHR_105, PBHR_330 and PBHR_456(internal positive control for Rpi-vnt1) were tested. A clear cosegregation pattern was seen for the response to PBHR_456 (Avrvnt1) and resistance to PIC99183, confirming the
presence of Rpi-vnt1. A distinct segregation pattern was observed for EC1 resistance and PBHR_330 cell death,
suggesting that PBHR_330 is informative for EC1 resistance in this population (Table 3) The found resistance is
designated Rpi-vnt2 (Pel 2010).
S. avilesii 478-2 also responds to PBHR_330
Another genotype from the effector candidate screen, S. avilesii 478-2, was also responsive with PBHR_330. S. avilesii
478-2 was crossed with S. avilesii 477-1 that resulted in population 7155 (Table 1). This population segregated in a 1:1
fashion for isolate NL90128 and the resistance, designated Rpi-avl1 is genetically localized near marker CT182 on
chromosome 11 (Verzaux 2010). Offspring plants of population 7155 (Verzaux 2010) were subjected to detached leaf
assays with the isolates EC1, UK7824, 3928-A and PIC99189. A 1:1 resistance pattern similar to 90128 was found for EC1
and 90128(Verzaux 2010), which suggest a monogenic resistance. In addition, isolate 3928-A and PIC99189 showed
resistance with genotype S8, while UK7824 rendered full susceptibility with all genotypes (Appendix 1).
To test whether this resistance co-segregates with effector candidate cell death found in S. avilesii 478-2 (Chapter 4),
effector candidates that induced more than 30% cell death, (PBHR_538, PBHR_490, PBHR_330, PBHR_139 and
PBHR_331), were infiltrated in population 7155. Segregation studies did not show a clear co-segregation (see Appendix
1). Also the susceptible parent and susceptible batch responded with varying levels, seemingly linked with the positive
control Rpi-vnt1:Avrvnt1, to PBHR_330 and most of the other effector candidates. A negative control was not included
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for technical reasons. From these observations, we cannot rule out that PBHR_330, or another effector candidate,
interacts with Rpi-avl1 mediated resistance.
S. avilesii 478-2, S. piurae 206-1 and S. venturii have a similar resistance spectrum
To verify whether Rpi-vnt2, Rpi-avl1 and Rpi-pur1 have an overall same nature of resistance, their resistance profiles
(presented in Chapter 4) were compared to other PBHR_330 responsive plants from South America, i.e. S. mochiquense
186-2 and S. piurae 206-1 as well as its offspring genotypes 7782-17, -24 and 27 and a genotype carrying the putative
gene Rpi-vnt2, S. venturii 969-2 (Pel 2010) (Table 4). A similar resistance pattern was observed for these plants and all
genotypes are susceptible to isolate PIC99183 and nearly all with UK7824, while all genotypes were resistant to EC1,
SC96.9.5.1 and SC95.173.2. Next to this most other isolates displayed a quantitative, varying, resistance among
genotypes, suggesting that other factors or Rpi-genes might be present too. Profile comparisons revealed that one
more genotype showed a similar pattern, S. phureja 371-7 (Table 4), suggesting that it might be PBHR_330 responsive
as well. From these observations we postulate that the resistance found in S. avilesii 478-2, S. piurae 206-1 and S.
venturii 283-1 could in fact be a similar gene that possibly maps near CT182 on chromosome 11, where Rpi-avl1 is
located.
Rpi-pur1, Rpi-vnt2 and Rpi-avl1 map to the CT182 region of Chromosome 11
To test whether Rpi-vnt2 and Rpi-pur1 also localize near marker CT182, High Resolution Melting (HRM-) markers were
developed based on the sequenced potato genome, DM1-3 516R44 (See Table 7 for the used markers). The resulting
HRM markers were tested on population 7756 and 3015 for co-segregation patterns. From the tested markers, marker
vnt2.9 showed a full segregation with PBHR_330 responses in population 7756 (Table 3). DNA from the first batch of
population 7756 (not tested for PBHR_330 cell death) was also tested with the marker vnt2.9 and fully co-segregated
with EC1 resistance confirming that Rpi-vnt2 maps near or in the same position as Rpi-avl1.
For population 3015, marker vnt2.9 was present in a homozygous mode and therefore, another marker, vnt2.1, was
tested in that region. Marker vnt2.1 did show a clear segregation with PIC99189/ 3928-A resistance and thus PBHR_330
cell death incidence, and 2 recombinants (out of 31) phenotypes were detected (Tables 3 and 6). These data suggest
that Rpi-vnt2 and Rpi-pur1 might localize at a similar locus as Rpi-avl1, near CT182 on chromosome 11.
Various South American Petota species show a response to PBHR_330
The fact that three species, for which the Rpi-gene maps near marker CT182, respond with a cell death response to
PBHR_330 and share common resistance spectra, suggests that a similar resistance gene might be involved. To test
whether additional South American species respond to PBHR_330, 32 South American genotypes were selected. This
was done by searching a database with pictures taken 17-19 days post inoculation, during a heavy field infection with P.
infestans isolate IPO-C on the first of July in 2007. Criteria for the selection were that the genotypes display a resistance
a full or partial resistance at the field, but not necessarily in detached leaf assays. The selection consisted of 32
genotypes belonging to e.g. S. avilesii, S. venturii, S. piurae, S. subandigenum and many more species, but mainly
representatives from the series Tuberosa. Effector candidates were selected based on their (putative) avirulence
function in South American Petota species. Along with PBHR_330, effector candidates were included that were
putatively associated to resistance in population 3015 (PBHR_088), 7756 (i.e. PBHR_456), 7358 (PBHR_012 and
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Table 4. Resistance profiles for the genotypes 7782-24, S. avilesii 478-2, S. venturii 969-2 and S. mochiquense 186-2 and genotypes with similar
resistance profiles (Below the line under VNT367-1). PBHR_456 is indicative for Rpi-vnt1 and PBHR_330 is indicative for Rpi-pur1 and respectively
PIC99183 and EC1 resistance.

Overview of isolates shown: 1) PIC99183, 2) UK7824, 3) IPO-0, 4) EC3364, 5) NL90128, 6) NL05_194, 7) UK7818, 8) CA65, 9) PIC99177, 10) PIC99189, 11) NL91011, 12) NL80029, 13) NL88133,
14) H30P04, 15) NL89094, 16) EC3425, 17) 3928-A (Blue-13), 18) T30_4, 19) EC1, 20) SC96.9.5.1 and 21) SC95.173.2 Red

is resistant, Green susceptible, Yellow moderate resistant

and Orange questionable.

Figure 1A. Effector candidate profiling approach in South American Petota species. ‘species’ represents the species name, ‘UPGMA’ tree represents
the phylogenetic distance between genotypes based on AFLP patterns (Jacobs, van den Berg et al. 2008). disease assays: IPO-C AVG and NL90128
AVG represent the average resistance from various experiments with 2 being very susceptible and 9 extremely resistant. Field 2005 and 2007
represent data from field experiments with IPO-C. R= resistant, M= intermediate resistant and S susceptible to Late Blight. Effector candidates that
yielded cell death in or more species are displayed under ‘effector assay’. The original Genbank numbers (Genbank_#) and the country of origin are
also displayed. Also, an indication is given when a resistance in the genotypes has been mapped to the CT182 region of chromosome 11. Graphical
localization of PBHR_330 responses are given in Figure 1B.
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Figure 1B. Graphical localization of genotypes that responded
with cell death for PBHR_330. Information belonging to the
specified numbers can be found in Figure 1A.

PBHR_017, and the putative candidates PBHR_172 and PBHR_174 see Chapter 6) and 7657 (PBHR_169, see Chapter 4)
were included. The 32 genotypes were assayed for their response to the effector candidates. Out of the 32 Petota’s 18
were inducing ≥39% cell death incidence with PBHR_330 and PBHR_088::pK2GW7 also induced a strong cell death in S.
venturii 283-1, which was not expected based on the large screen with pMDC32 expressed effector candidates (Chapter
5). Response to PBHR_088 seems to be associated with response to PBHR_330, but response to PBHR_088 generally
occurred at lower intensity than to PBHR_330 (Figure 1A). Subsequent tests confirmed the identity of PBHR_088 in
pK2GW7. PBHR_012, PBHR_017, PBHR_172, PBHR_174 and PBHR_169 did not result in cell death in the assayed
genotypes (data not shown in Figure 1).
Response to PBHR_104 co-segregates with a QTL on chromosome 12
At Wageningen UR Plant Breeding, the major focus has been on qualitative Rpi-genes. Other groups focused on more
quantitative resistances for performed QTL mapping and currently a remarkable amount of QTLs have been mapped,
especially from potatoes originating from South America. In our current study we have identified several effector
candidates that segregated for cell death incidence in populations, with the most convincing being PBHR_330,
PBHR_088 and PBHR_104 in population 3015. From research by Villamon and associates (Villamon, Spooner et al.
2005), who performed QTL mapping in the Petota Piurana group member S. paucissectum, it is known that 3 QTLs were
mapped, namely to Chromosome 10, 11 and 12. To test whether PBHR_088 and/or PBHR_104 map to chromosome 12
in the Piurae related population 3015, we searched for DM1-3 516R44 contigs (version 3) (PGSC website) that cover the
region described by Villamon, i.e. the interval between marker CLED29 and TG602. Two contigs, 000879 and 001405,
were selected based on marker similarity from the tomato TG602-CLED29 region (Figure 2). HRM-markers were
developed and spanned intron regions of predicted genes from the contigs 000879 and 001405 (Table 7) and tested in
population 3015. The developed markers DM1405orf25b, DM1405orf47a and DM879orf5c showed a significant linkage
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with PBHR_104 with only one recombinant genotype (3015-26) out of 30 tested (see Table 5 for the one-way ANOVA).
These data show that indeed response to PBHR_104, is genetically localized in the QTL region. Closer investigation of
contig 000879 learned that NBS-LRR genes are present that have high similarity with R1, while more towards the
centromere other Rpi-gene homologues are present as well.

Figure 2. Marker development to test whether PBHR_104 maps in the interval TG28-TG602. In the top box, the physical map of tomato chromosome
12 is displayed based on the tomato genome Sl2.31 annotation (SGN website). Just below, a zoom-in on the TG28-T602 region is displayed and
markers are shown at their physical position. In the box below, potato clone DM1-3 516R44 contigs (version 3) (PGSC website) are linked on their
marker similarity. Depending on their strand, their orientation is shown; DM01405 and DM00178 (-) and DM00879 (+). 1, 2 and 3 are positions for
which markers were developed and correspond with marker DM1405ORF25b, DM1405ORF47a and DM00879ORF5c. respectively. The green box on
contig DM00879 represents an small R-gene cluster (R1 similarity) present in potato, but not in tomato.
Table 5. Analysis of variance for PBHR_330, PBHR_088 and PBHR_104 with markers DM1405ORF25b (Markers DM1405orf47a and DM879orf5c
yielded an exactly similar segregation pattern) and vnt2-9. The combinations vnt2-9:PBHR_330 and DM1405ORF25b:PBHR_104 are clearly significant
with 2 and 1 recombinants, respectively.

PBHR_330 and PBHR_104 are upregulated during infection
Genomic analysis learned that PBHR_330 is highly upregulated during infection in all three isolates for which
microarrays have been performed (Chapter 5 and Figure 3). Besides being present on the most recent microarray
experiment published (Haas, Kamoun et al. 2009), PBHR_330 was also present at a previous microarray for which an
extensive study was published in 2008 (Judelson, Ah-Fong et al. 2008). Although PBHR_330 (Pi005447 at the
microarray) was not mentioned in the paper, it was higher expressed in hyphae and germinating cysts than Avrblb2
(Pi004718) which was significantly upregulated (Judelson, Ah-Fong et al. 2008) and known for its expression during
mycelium growth (Oh, Young et al. 2009). Subsequent searches for PBHR_330 in EST libraries revealed that PBHR_330
was present in 8 out of 38 analyzed EST banks (see Table 1 in Chapter 5). Rather remarkable about this RxLR member is
that it contains not a pure RxLR motif, but an RLLSG motif instead. Nevertheless, it has 45% homology with its closest
RxLR tribe member PBHR_326 that does entail an RxLR-EER motif.
Thus, these PBHRs fulfill the requirements set for avirulence candidates (Chapter 5) and are likely the avirulence factors
of the described genes.
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PBHR_330
PBHR_390
PBHR_104

Figure 3. Expression profiles for PBHR_390 (Avr3aKI), PBHR_330 and PBHR_104, Avr3a was used as a background reference. For details, see Materials
and Methods.

Discussion
South American potato species contain a wealth of Rpi-genes. To investigate the spread and diversity of the genes and
in particular the one previously mapped near chromosome 11 marker CT182 in S. avilesii 478-2, we followed a
multifaceted approach for the genotypes S. avilesii 478-2, S. venturii 283-1 and S piurae 206-1. Using effectoromics,
detached leaf assays and genetic mapping studies we were able to correlate responses to effector candidate PBHR_330
with resistance that localizes near CT182 in S. venturii 283-1 and S. piurae’s descendant 7782-24. Therefore, we
designate PBHR_330 as a candidate Avrvnt2 and Avrpur1. But not in S. avilesii 478-2, to whom the Late Blight resistance
was previously mapped (Verzaux 2010).
Using the effector candidate profiling approach (Chapter 5), several effector candidates were identified, with among
other effector candidate responses, PBHR_330 induced cell death. To study segregation, segregating populations were
established for the assayed genotypes by phenotyping them in detached leaf assays.
Each genotype resulted in a segregating population, although population 7756 and 3015 were skewed for resistance.
Indeed, the parent of population 7756, S. venturii 283-1, was known to carry at least two Rpi-genes (Pel 2010) and Avrvnt1 was identified in it (Chapter 6). Here, we were able to link the other resistance, designated as Rpi-vnt2, with
PBHR_330. For population 3015, (the S. piurae 206-1 population), at least two resistances were identified that
interacted with PBHR_330 and PBHR_088. However, PBHR_330 response was overrepresented in the population and
2/3 of the population responded, suggesting that other factors influenced the segregation as well. For population 7155,
a clear segregation could be established in the detached leaf assays, however, it could not be linked to effector
candidate responses. Nevertheless, PBHR_330 is a good avirulence gene candidate as it gave a response in the whole
population.
As all these three species result with cell death upon PBHR_330 ATTA and yielded a similar resistance profile to 23
isolates (Chapter 4), the spectrum was compared with the other profiles generated in Chapter 4. In total, a similar
pattern could be found for 8 Solanum genotypes (Table 4) and among these genotypes were 7782-17, -24 and -27; S.
piurae 206-1 descendants and S. venturii 969-2, which is believed to contain Rpi-vnt2 (Pel 2010). Other genotypes that
had similar profiles were S. mochiquense 186-2 and S. phureja 371-7. A subsequent agroinfiltration of PBHR_330 in S.
mochiquense 186-2 resulted in cell death, and strengthened the postulation that the found profile and PBHR_330 are
linked.
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Villamon et al. (Villamon, Spooner et al. 2005) report on a mapping study for S. pauscissectum, a close relative of S.
piurae 206-1 (Ames, Salas et al. 2008) in which they traced three QTLs that map to chromosome 10, 11 and 12. The
strongest QTL mapped near marker CT182 and becomes less obvious when the epidemics progresses. We observed a
similar trend for S. avilesii 478-2 and S. venturii 283-1 resistances (co-segregating with PBHR_330 cell death) that
become less effective when leaves start to age suggesting that the resistance mapped by Villamon could be a
PBHR_330 interacting gene.
Subsequent mapping studies were performed in the populations 3015 and 7756 using HRM-markers developed around
marker CT182 on the scaffold 000825 and 002559 of DM1-3 516R44 version 3 (PGSC website) and showed that
response to PBHR_330 cell death genetically localizes to the CT182 region.
Thus we identified that S. venturii 283-1 and 7782-24 resistance is localized near CT182 and that this resistance cosegregates with response to PBHR_330. S. avilesii 478-2 resistance might possibly interact with PBHR_330 too, but
linkage could not be verified in the population as the cell death response did not co-segregate.
What is the nature of S. avilesii 477-1, the susceptible parent of cross 7155?
Although population 7155 (478-1 * 477-1) segregates for resistance, response to PBHR_330 did not segregate. A close
inspection of field experiment data from 2005 and 2007 reveals that S. avilesii 477-1 was intermediate resistant in 2007
(Figure 4), a year with a very good infection efficiency. This suggests that this genotype has a certain level of resistance
under field conditions with isolate IPO-C, but not in detached leaf assays. Possibly, PBHR_330 resistance might be
mediated by allelic variants of the same CT182-linked resistance cluster. Alternatively, the resistance gene interacting
with PBHR_330 is also present in the susceptible parent, as also this plant responds to PBHR_330. This may also
explains the field resistance observed for this plant.
Similar observations as for S. avilesii 477-1 are reported in literature for a resistance found in S. phureja that behaves
moderately in the field, but fails in greenhouse and detached leaf assays as well (Carroll 1982).
It remains to be tested whether allelic variants are responsible for the found resistance, but allele mining might answer
this question once a PBHR_330 interacting NBS-LRR gene has been cloned.
The PBHR_330 related resistance is wide spread in South American species
The original accessions of S. venturii 283-1 (Argentina) and S. piurae 206-1 (Peru) were collected 2632 kilometer apart.
Still, both sources share similar resistance properties connected with PBHR_330 as its resistance maps near CT182. To
verify if more resistances from Southern America have similar properties, a functional effector candidate profiling
approach using the effector candidate PBHR_330 (Table 5) was performed. Numerous wild potatoes showed response
to PBHR_330, suggesting that resistance specificity is widespread along the whole Andean region.
Two genotypes that responded to PBHR_330, S. spp (designation unknown) 416-1 and S. sandemanii 93-4, span the
interval between Bolivia/Argentina and Peru (where Rpi-vnt2 (S. venturii 283-1) and Rpi-pur1 (S. piurae 206-1) originate
from, respectively)(see Figure 1B) and could thus very well map to the CT182 region of chromosome 11 too. If so, this
would strengthen the idea that a PBHR_330 interacting Rpi-gene is widespread among South American Petota species.
Similar studies as presented in this chapter will give an answer to the present enigma whether one Rpi- gene (cluster) is
involved in all these species.
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PBHR_330 induces cell death in S. subandigenum 222-5 a member of the Tuberosa series Andigena (a subclasification of
the cultivated potato), suggesting that it might contain CT182 located resistance. Another genotype related to
cultivated potatoes is S. phureja 371-7 that displays a resistance spectrum similar to that of S. avilesii 478-2 (Table 4). It
remains to be tested whether S. phurja 371-7 also interacts with PBHR_330.
Man-caused activities might have aided the spread of resistance genes
Besides inducing cell death in S. venturii 283-1, S. 7782-24 and S. avilesii 478-2, PBHR_330 also induced cell death in the
Mexican species S. x edinense 150-4 and in S. polyadenium 376-4 (Chapter 5). Interestingly, S. x edinense is a hybrid
between S. tuberosum Andigenum group and S. demissum that originates from Mexico, while S. tuberosum was
probably introduced by the Spanish conquest from Southern America into Mexico (Chapter 1). Presuming that the
PBHR_330 related cell death in S. x edinense comes from the introduced S. tuberosum, Late Blight resistance breeding
might have been an important activity of native Southern American Indians and resulted from careful genotype
selections within their farming systems.
Important characteristics on native Indian farming systems are summarized by Donald Ugent (Ugent 1968), who
describes the selection of potato races by endogenous farmers. Potatoes are often grow by the farmers in close
proximity to wild species, aiding natural hybridization. Although native famers lack basic breeding knowledge and
techniques, they are very skilled in recognizing the added value of hybrid potatoes (i.e. spontaneous crosses with wild
potatoes) and have a keen knowledge on asexual propagation methods. Thus it is not surprisingly that human aided
activities and natural crosses aided the origin of better adapted cultivars (Ugent 1968). It is assumable that under Late
Blight pressure, potatoes are selected for resistance and that once a certain cultivar succeeds, it spread across the
societies were potatoes were grown.
If farmers selected actively for Late Blight resistance, the spread of other Late Blight resistance genes might have been
facilitated as well. Rpi-vnt1, for example was mapped to the Argentinean species S. venturii, while functional Rpi-vnt1
gene homologues could also be found in the Peruvian species S. mochiquense (186-1) and the potato S. phureja (Foster,
Park et al. 2009; Pel 2010). The latter species is used for cultivation purposes in the surroundings of Peru and Colombia.
This could suggest a Rpi-vnt1 spread through potato cultivation. A more elaborate allele mining study for Rpi-vnt1
across indigenous cultivars and species might give a more dedicated insight into ancient Late Blight breeding.
PBHR_088 and PBHR_330 might have a similar effector target
Unexpectedly, a difference between the binary plasmids pMDC32 and pK2GW7 became visible for PBHR_088; the
pMDC32 plasmid was used in all previous expriments, but the pK2GW7 plasmid was used for an effector candidate
profiling approach in wild species (Table 5). PBHR_088 induced cell death in S. venturii 283-1 using the pK2GW7
plasmid, but not with the pMDC32 version. Remarkably, in the effector candidate profiling approach, PBHR_088 only
induced cell death in plants responding with PBHR_330, but always to a lower extent (except for e.g. 7782-24, for which
a specific resistance could be linked to PBHR_088), suggesting that PBHR_330 and PBHR_088 could share a similar
effector candidate target or are directly monitored by the PBHR_330 recognizing Rpi-gene.
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Other segregating effector candidates: Linking species specific QTLs known from literature
In the phenotyped populations, also responses to other effector candidates could be correlated with resistance or
mapped to chromosomes. PBHR_088, PBHR_088, induced response in population 3015 and this could be linked to
H30P04 resistant genotypes.
Another response found in population 3015, PBHR_104, could be linked to the distal end of chromosome 12 near
marker TG602 after implementing literature studies.
A weak QTL was mapped by Villamon et al. to the distal end of chromosome 12 near marker TG602 and becomes more
pronounced when epidemics progress (Villamon, Spooner et al. 2005). As this QTL is very weak, and not detectable in
detached leaf assays, we postulated that the gene causing these phenotypes might recognize PBHR_104. Reponse to
PBHR_104 was clearly segregating in the population, and developed markers around the TG602 region were
significantly linked to PBHR_104 cell death. This is suggesting that this effector candidate could be responsible for the
QTL identified by Villamon and associates. Thus, effector candidatess could be useful markers for QTL-cloning
approaches.
PBHR_330 related resistance might be rather durable
In their study, Villamon and associates suggest that the QTLs found on S. paucissectum’s chromosomes 11 and 12 could
be major constituents for durable Late Blight resistance(Villamon, Spooner et al. 2005). The fact that PBHR_330 cell
death occurs across diverse Petota and spans around 3000 km implicates that it could be a main contributor for Late
Blight resistance. Expression studies for PBHR_330 revealed that it is among the highest expressed effector candidates
(Table 1a and 1b, Chapter 5, Table 1, Chapter 7) along with other avirulence factors like PBHR_375 (Avrblb1) and
PBHR_140 (Avrblb2).
The mere questions still to be answered are:
-

Is PBHR_330 expressed in all P. infestans isolates?

-

Is PBHR_330 essential for virulence?

-

Does PBHR_330 entail allelic variants and do induce cell death in e.g. S. venturii 283-1?

If answered positive, the interacting resistance genes are ideal components for Late Blight resistant potatoes, provided
that they are combined with other Rpi-genes.
Material and Methods
Detached Leaf Assays
See Vleeshouwers et al., 1999 (Vleeshouwers, van Dooijeweert et al. 1999)
Field assay
Two copies of each genotype were planted in the field as 4 week old green-house hardened in vitro plantlets in the
st

beginning of June 2010 in between Bintje volunteer rows. On July the 1 , the field was sprayed with a zoöspore
suspension at the beginning of the evening and sprinkled during the following days to establish an infection. The plants
were scored 40 DPI for the percentage of healthy leaf area, AUDPC.
Effector tests
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See Vleeshouwers and Rietman, 2009 (Vleeshouwers and Rietman 2009). The effectors are described in Chapter 5.
Candidate effectors used for Figure 1a were cloned into pK2GW7 (Karimi, Inzé et al. 2002). Other infiltrations were
carried out according Chapter 5.
Primer development
Using the potato genome (S. phureja version 3) (PGSC website), primers were developed in the region of marker CT182,
where Rpi-avl1 (Verzaux 2010) was previously mapped and in the TG602 marker region based on mapping studies by
Villamon et al (Villamon, Spooner et al. 2005). Markers were run on populations as described in this chapter using high
resolution melting (HRM). Only markers that resulted in linked segregation are displayed in Table 6.
Table 6. Markers used during this study.
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Appendix 1.
Analysis of population 7155. The first column shows results from a detached leaf assay (DLA) conducted by Dr. E. Verzaux (Verzaux 2010),
based on which the genotypes were grouped.

Effector assays are presented in the middle (Green-Yellow-Red scale; 0-50-100 % cell death) and additional DLAs are presented on the left
(R=resistant, S, susceptible, M=moderately resistant, Q=questionable).
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Summary
Recently, the Rpi-cap1 gene that confers resistance to Phytophthora infestans was mapped to potato chromosome 11,
near marker CT182. This Rpi-gene behaves different from the genes reported about in Chapter 7 as it does not interact
with PBHR_330. To identify the avirulence candidates matching Rpi-cap1, an effector candidate profiling study was
performed based on the results gained in Chapter 5. Here we present two potential avirulence candidates, PBHR_012
and PBHR_017 that cause specific cell death on genotypes exhibiting Rpi-cap1 resistance. Both effector candidates are
expressed during the biotrophic phase of the infection. They are both member of RxLR tribe1 and share a tripeptide
RGD motif.
Introduction
Botanical potatoes co-evolving with P. infestans are rich in functional Rpi-genes and in the past several of such genes
have been identified from e.g. S. demissum, S. bulbocastanum and S. venturii (Chapter 2). Here we focus on resistances
found in the series Circaeifolia, a series that does not cross-breed well with the series Tuberosa, to whom our cultivated
potatoes belong.
Solanum circaeifolium and S. capsicibaccatum are self-incompatible diploid potato species belonging to the potato
series Circaeifolia. This Solanum series is native to Bolivia where it grows in moist forests between 1800-3700 m
altitude (Ochoa and International Potato 1990). S. circaeifolium (and other species from its series) hardly cross with
species outside its series, however it was possible to obtain hybrids in some breeding programmes. For example
Solanum circaeifolium crossed with S. bukasovii, a species from the Tuberosa series, led to offspring genotypes that
could be crossed with S. phureja, a cultivated potato species (Ochoa and International Potato 1990). Also crosses with
other species from the series Tuberosa resulted in viable offspring when crossed with S. ciraeifolium (Louwes, Hoekstra
et al. 1992). Other successful S. circaeifolum germplasm introgression methods include somatic hybridization (Mattheij,
Eijlander et al. 1992; Espejo, Cipriani et al. 2008). All these efforts were accomplished as S. circaefolium species are
known for their resistance against diseases. Various race specific resistances against Late Blight from S. circaeifolium
have been reported (Van Soest, Schöber et al. 1984; Morante and Villanueva 2006; Verzaux 2010).
Here we utilized the avirulence candidate mining data from Chapter 5 for hybrid 7358-3B, a genotype that putatively
contains 1 or more resistance genes. The genotype 7358-3B is a hybrid between S. capsicibaccatum 536-1, which
contains Rpi-cap1, and S. circaeifolium 564-3, that contains another Rpi-gene (Verzaux 2010). We assessed the
identified effector candidates for virulence activity in segregating populations, and report on the identification and
initial characterisation of candidate Avrcap1 genes.
Results
To test whether any of the effector candidates identified in Chapter 5 display avirulence activity, all effector candidates
that resulted in >30% cell death incidence in hybrid 7358-3b were selected from the effector candidate database. This
yielded a total of 7 avirulence candidates (see Table 1). The positive control R3a:Avr3a did not result in high levels of
cell death (14 % on average), something already noted in the prescreen for ATTA-feasibility (Table 3 from Chapter 4) for
S. circaeifolium genotypes. However, although the positive control is low in cell death incidence, an effector candidate
profiling approach in the population might still be worthwhile as the 7 identified candidates induce clear cell death
responses (65% and higher).
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Table 1: Effector candidates that resulted in 30% or higher cell death incidence in the effector candidate screen from Chapter 5 (Column parental
screen).

Column ‘Segregation in 7358’ indicates whether effector candidate cell death segregated in the population. ‘No’ implies that cell death was induced
for all effector candidates except for pMDC32, the negative control. Column ‘Segregation with NL90128’ implies whether effector candidates cosegregated with DLA data.

Two effector candidates co-segregate with Rpi-cap1 resistance
In-vitro plantlets of population 7358 (S. circaeifolium 564-3 * S. capsicibaccatum 536-1) were assayed for resistance to
P. infestans isolates PIC99189 and NL90128 by routine detached leaf tests (See (Verzaux 2010)). The population
segregated for resistance to isolate NL90128, and this was attributed to Rpi-cap1 activity (Verzaux 2010), as expected.
In contrast to the segregation pattern observed with isolate NL90128, all genotypes were resistant to isolate PIC99189.
This indicates activity of an additional Rpi-gene, designated Rpi-crc1, which could be present in a homozygous state in
one of the parents.
To identify which effector candidates display avirulence activity to Rpi-cap1 and Rpi-crc1, the 7 selected effector
candidates from Table 1 were tested in the same population and the parents, using ATTA. Cell death responses to 5
effector candidates (PBHR_012, PBHR_017, PBHR_A08, PBHR_A42 and PBHR_A19) segregated in the population (Table
1).
PBHR_017 and PBHR_012 co-segregated with Rpi-cap1 resistance and induced a clear cell death in plants that were
resistant to NL90128, whereas the cell death response was absent in susceptible plants (Figure 1). This suggests that
these two effector candidates are candidates for Avrcap1. Response to PBHR_A42 and PBHR_A19 co-segregated in the
population, however the segregation was not correlated to observed resistance. PBHR_A08 was not tested in this
population, but studies in an sibling cross (not shown) show that cell death to PBHR_A08 co-segregates with cell death
to PBHR_A19. This suggests that those three effectors target a similar cell death mechanism. Response to two other
effectors, PBHR_172 and PBHR_174, did not segregate in the population. As noted earlier, PIC99189 resulted in Late
Blight resistance for the whole 7358 population. Also, two effector candidates, PBHR_172 and PBHR_174 resulted in
cell death in the whole offspring population and S. circaeifolium 564-3, but not in S. capsicibaccatum 536-1. This could
suggest that PBHR_172 and PBHR_174 interact with Rpi-crc1 that is probably homozygous present in S. circaeifolium
564-3.
PBHR_017 and PBHR_012 are distinct proteins
A closer look into the sequences of PBHR_017 and PBHR_012 proteins learned that they share 23% homology at the AA
level. PBHR_017 and PBHR_012 both belong to the RXLR tribe1 family. Investigation of the RXLR tribe1 family showed
that PBHR_012 and PBHR_013 are in fact close homologues, with PBHR_012 being 170 AA longer. PBHR_031 is most
closely related to PBHR_017 and both, PBHR_013 and PBHR_031 did not induce cell death in the initial screen with
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7358-3B (Chapter 3). To recheck these effector candidates for their ability to induce cell death in the resistant batch of
the population, they were infiltrated along with PBHR_012 and PBHR_017 in population 7358. No clear cell death could
be observed for both these additional effector candidates, although some cell death to PBHR_013 was observed
specifically in some resistant offspring plants.

Figure 1. ATTA, DLA and segregation studies in population 7358 and its parents. A) The effector responses in the parents, S. capsicibaccttum 536-1
and S. circaeifolium 564-3 and three of its offspring genotypes 7358-R3B, -R12 and –S6, where S and R refer to absence and presence of Rpi-cap1,
respectively. B) An overview of the segregation of response (+) or no response (-) to effectors in the population. It can be clearly seen that PBHR_017
and PBHR_012 co-segregate with Rpi-cap1 presence (NL90128 resistance), while PBHR_172 and PBHR_174 are only absent for cell death in parental
genotype 536-1. C) All members of the RXLR tribe 1 family in an UPGMA tree (based on protein similarity) that were functionally tested in genotype
7358-R3B during the prescreen (Chapter 5). Presence of cell death is indicated in red, absence in green. Only PBHR_017 and PBHR_012 are inducing
response in 7358-R3B.

Genomic investigations into PBHR_012 and PBHR_017
To check whether PBHR_012 and PBHR_017 have close homologues at the genomic level, a BlastN search was
performed on the T30-4 genome (BroadDB website) using the full open reading frames of PBHR_012 and PBHR_017.
For PBHR_012, 8 similarity hits were retrieved and 6 of them were located on supercontig 51. Among them was a
truncated version of PBHR_012, PBHR_013, that had a frame shift in its C-terminal region resulting in an early stop
codon. Six of the derived hits had similarity with the N-terminal region, however, two of them (“10_3723253-3727500”
(‘10_’ represents supercontig 10) and “51_636391-640644”) had an early stop codon (see Figure 2). PBHR_011 is an
truncated version of PBHR_012. Two other hits, PITG_16701 and PITG_16713 and their vicinity represent
pseudogenized RXLR proteins. These data show that the genomic environment of PBHR_012 displays features that are
typical for avirulence genes such as a high divergence rate.
A BlastN search with the full ORF of PBHR_017, led to two similarity hits PBHR_018 and PBHR_999. Both these
sequences were derived from super contig 33. A closer look into the genomic organization of these hits learned that
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PBHR_999 and PBHR_018 may represent pseudogenized RXLRs that might have resulted from a duplication event for
PBHR_017 followed by an ~3KB DNA insertion (see figure 3).
PBHR_012
PBHR_014
PBHR_013

A

PITG_16701
PITG_16710
PBHR_012
PBHR_014
PBHR_013

B

PITG_16701
PITG_16710

C

PBHR_012
PBHR_014
PBHR_013
PITG_16712/16713
PITG_16701
1156_3809-7716 (+)
PITG_16710
10_3723253-3727500 (+)

Figure 2. Genomic investigations for PBHR_012. A) Results from a BlastN with the full ORF of PBHR_012 (present at super contig 51) against the P.
infestans genome. B) A ClustalW with the translated N-terminal sequences from the BlastN shows two pseuogenized paralogues with early stop
codons (*). C) A minimum evolution tree produced with MEGA4 (Kumar, Nei et al. 2008) shows the relativeness of 8 (full) coverage derived DNA
sequences (PITG_16712/16713 and ‘1156_3809-7716 (+) had no coverage for the N-terminus).

Figure 3 Representation of PBHR_017 in P. infestans genome and the localization of PBHR_999 and PBHR_018 on the same supercontig 1.33. The
black bar in between PBHR_999_14879 and PBHR_018 represents a putative insertion.

PBHR_012 and PBHR_017 are upregulated during infection
To verify whether PBHR_012 and PBHR_017 are expressed during infection, normalized microarray data for various
infection points with P. infestans isolate T30-4 and graphically displayed with AVR3a (PBHR_390) as a reference value
(Armstrong, Whisson et al. 2005; Raffaele, Win et al. 2010) (Figure 4). PBHR_012 and PBHR_017 are highly expressed
during infection and follow a similar trend as AVR3a. Besides being expressed in T30-4, both proteins were also
significantly upregulated in UK3928-A and NL07374 (S. Kamoun, personal communication).
To verify whether RNA transcripts are produced during infection, a tBlastN with PBHR_012 and for PBHR_017 was
performed against the recently released 454-sequenced infection transcriptome of P. infestans on tomato
(Boyce_Thompson_Institute website) at 48, 96 and 144 hours. Remarkably, only transcripts for RXLR proteins
PBHR_312, PBHR_017 and PBHR_012 were detected during all three sampling points (see Table 2). Moreover,
PBHR_017 and PBHR_012 were both present in other EST projects too (Table 1A and 1B, Chapter 5), underpinning their
expression in different isolates and at various time points.
PBHR_012 has an unique RGD motif insertion
To find more common features, a MEME motif finding analysis (Bailey and Elkan 1994) was performed, but no common
features specific for PBHR_012 and PBHR_017 could be identified. Nevertheless, comparing the genes in the FileMaker
database (see Chapter 3 for database description) showed that both genes have an unique RGD motif, which is absent
in all other tested members of the RXLRtribe1.
To test the uniqueness of the RGD motif, the surroundings of the motif were analysed, (See Materials and Methods)
The analyses learned that the RGD motif is only present in PBHR_012 as an insert of 5 amino acids (AA), but was absent
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in 72 related sequences (Figure 5). Only one other sequence with the 5 AA insert was detected, namely the closely
related PBHR_013, but this sequence did not have an RGD motif. No such insert could be detected for PBHR_017.
Altogether, these data suggests that PBHR_017 and PBHR_012 represent candidate Avr-cap1 genes that match with
Rpi-cap1 –specific resistance.

PBHR_390
PBHR_017
PBHR_012

Figure 4. Expression profiles of PBHR_012 and PBHR_017 with PBHR_390 (Avr3aKI) as a background reference.
Table 2. Analysis of RXLR proteins in a tomato-P. infestans interactome 454-library (Boyce_Thompson_Institute website). PBHR_017 and PBHR_012
are present at all three time points.

Figure 5. Protein Logo for the surrounding of the RGD motif of PBHR_012. All used sequences were derived through a BlastP (1E-08) against the RXLR
sequences from P. infestans, P. sojae and P. ramorum. In total 72 hits were obtained and some proteins produced up to three significant hits, due to
the repetitive nature of RXLRfamily1; to whom all hits belonged. As a ruler for the graph the sequence of PBHR_012 is used and the RGD motif is
highlighted in red. It can be clearly seen that the RGD motif was only present in PBHR_012, while all other proteins had a gap in that aligned region
except for PBHR_013 but lacked the RGD motif.

Discussion
Avirulence genes are a major key to predict durability of Rpi-genes and to show its functionality in potatoes that
contain multiple Rpi-genes.
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Here we utilized effector candidate profiling for the S. circaeifolium population 7358, from which Rpi-cap1 was
identified (Verzaux 2010) and a total of 7 effector candidates was tested here and resulted two Rpi-cap1 avirulence
candidates; PBHR_012 and PBHR_017.
Rpi-cap1; two independent Rpi-cap1 genes?
Remarkably, two RxLR effector candidates did co-segregate with NL90128 resistance and thus they both might interact
with Rpi-cap1 or Rpi-cap1 consists of two different Rpi-genes that are close to each other on the potato genetic map.
Rpi-cap1 might be a more durable Rpi-gene
If Rpi-cap1 turns out to be a single gene that interacts with two Avr genes that are both highly expressed during
infection (Chapter 5; Sophien Kamoun, personal communication and (Boyce_Thompson_Institute website)), this would
imply that virulence will only occur when both Avr genes are inactive or disabled for their avirulence properties. Indeed,
all 21 isolates assayed in Chapter 4 on S. capsicibaccatum 536-1, were not able to infect this plant. Allele mining and
expression studies in various isolates will provide a more defined answer on its durability.
The RGD motif is conserved in Avrcap1 candidates
PBHR_012 and PBHR_017 belong to the RxLRtribe1. Careful analysing the RxLR tribe1 showed that both Rpi-cap1
candidates have an RGD motif in common, while only three out of eighty-five RxLRtribe1 members entail an RGD motif
and it might play a role in virulence and/or avirulence. The RGD motif is especially known as an extracellular interaction
motif of integrins and e.g. Foot and Mouth Disease virus uses it to enter its host cells (Jackson, Ellard et al. 1996). Also,
the plant pathogen Pyrenophora tritici-repentis uses it for delivering its host-selective toxin ToxA into the host cell
(Manning, Hamilton et al. 2008). Thus the RGD motif is important for protein-protein interactions and could has a role
inside the cytoplasm as well, as was recently shown in melanoma cells (Aguzzi, Fortugno et al. 2010) and suggested to
play a role in the activation of caspase-3 (a protease) through binding a DDX motif, causing auto processing of the
protein (and thus apoptosis) (Buckley, Pilling et al. 1999). Some other P. infestans avirulence genes have RGD motifs too
(e.g. AVRblb2) and cause cell death in various Solanum species (Chapter 3). Recently, AVRrblb2 was reported as an
(in)direct interactor of C14 (an extracellular plant protease) and inhibited its secretion (Kamoun 2010), suggesting that
auto-processing could be responsible for cell death observed in Chapter 3 for AVRblb2.
Future research will learn whether the RGD motif is important for virulence function and/or RPI-protein activation.
PBHR_017 and PBHR_012 both have pseudogenized relatives
Blast searches learned that both PBHR_017 and PBHR_012 have pseudogenized RxLR proteins in their genomic
surroundings, all being smaller than the genes in question. PBHR_017 may have been duplicated in the genome and
one variant may finally have resulted in the assigned RXLR genes PITG_14879 and PITG_14880. Both genes have an
intron-exon structure not often seen for RxLR proteins (Chapter 5) and only PITG_14880 has a signal peptide. For
PBHR_012 more duplication events may have occurred as PITG_16701, PITG_16708, PITG_16713 and PITG_16726 are
highly similar at the nucleotide level. The highly duplicated fashion of PBHR_012 is also noticed by Martens and van de
Peer who identified PITG_16701-PITG_16702, PITG_16703-PBHR_012 and PITG_16726-16727 as duplicated blocks
(Pin_78) in the P. infestans genome (Martens and Van de Peer 2010). These results could suggest that both PBHR_017
and PBHR_012 are shaped by extreme selection pressure. It remains to be determined whether the related genes all
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encode functional RXLR proteins. Especially PITG_16726 is of interest as it induces specific cell death with S. x edinense
150-4 and genotype 7458-21 (an S. schenckii descendant) (Chapter 5).
Other responses found
Five other effector candidates induced cell death in the parental genotype 7358-3B but were not segregating with
resistance against NL90128 or other tested isolates. Remarkably, the responses to the distinct effector candidates
PBHR_A19 (unknown protein), PBHR_A42 (RxLR protein) and PBHR_A08 (endRxLR protein), co-segregated together but
none of those co-segregated with P. infestans resistance.
Two other effector candidates, PBHR_172 and PBHR_174 responded specifically in the parent S. circaeifolium 564-3
(used as the susceptible parent for the Rpi-cap1 mapping population 7358) and all offspring genotypes, suggesting that
it is present in a homozygous state in 564-3. Also, all genotypes were resistant to isolate PIC99189, suggesting that
PBHR_172 and PBHR_174 could be avirulence factors for Rpi-crc1. Interestingly, PBHR_172 and PBHR_174 are 2 of the 4
Avr2/RD11 RxLR proteins that are upregulated during infection (2DPI) in the sequenced isolate T30-4 ((Haas, Kamoun et
al. 2009; Raffaele, Win et al. 2010), Chapter 3). If Avr2 and the two identified avirulence candidates have a similar
effector target in planta, utilizing both R2 and the putative Rpi-crc1 gene might offer more durable protection against
Late Blight, when combined in on cultivar.
Materials and Methods
Plant material
Population 7358 and the parental genotypes were present in-vitro and handled according (Vleeshouwers and Rietman
2009).
Effector assays
As described by (Vleeshouwers and Rietman 2009) and carried out as performed in Chapter 5.
Protein analyses
To test the specific presence of the RGD motif in PBHR_012, 50 AA upstream and downstream of the RGD motif) were
subjected to a BlastP search in software package Main Workbench 5.7.1 from CLCbio (trial version) (CLCbio,
Finlandsgade 10-12, Katrinebjerg, 8200 Aarhus N, Denmark). against all known P. infestans, P. sojae and P. ramorum
RXLR proteins using an e-value cutoff 1E-8. A total of 72 hits were obtained and parsed into ClustalW for alignment to
be used for generating an protein WebLogo (Crooks, Hon et al. 2004).
Evaluating expression of RxLR genes in a WGS tomato - P. infenstans infected sample
All P. infestans RxLR genes were blasted against the tomato – P. infestans WGS infection library
(Boyce_Thompson_Institute website) using an cut-off of E 1-20 in CLCbio (See above). The significant hits are
summarized in Table 4, and separated for 48, 96 and 144 hours post innoculation.
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Summary
Sarpo Mira is praised for its excellent field resistance to Pythophtora infestans (Pi), but thus far not much is known
about the genetics of its resistance. Here, we present the results of dissecting Sarpo Mira’s Pi-resistance by using
effectoromics, detached leaf assays, and a field assay. Besides finding resistance based on a response to the known
avirulence proteins AVR3a, AVR3b and AVR4, two new avirulence gene candidates, PBHR_480 and PBHR_099, were
identified. The matching Pi Resistance (Rpi)-genes were named Rpi-Smira1 and Rpi-Smira2, after cultivar Sarpo Mira.
Rpi-Smira1 interacts with PBHR_480 and the resistance responses are detectable in detached leaf assays. In contrast,
Rpi-Smira2 appears not effective in detached leaf assays and only confers resistance in a field assay. Significant
correlation between PBHR_099-induced cell death and resistance in the field was detected in a segregating population
resulting from a cross between Sarpo Mira and the susceptible potato plant RH89-039-16. Thus, Sarpo Mira contains at
least 5 Rpi-genes that can halt Late Blight by means of the hypersensitive response.
Introduction
nd

Sarpo Mira, a 2 world breeding product
Clever plant breeding is one of the main anchors of durable Late Blight resistance management. Currently, genetic
modification is praised as a welcome tool to speed up breeding for resistance (Jacobsen and Hutten 2006; Park,
Vleeshouwers et al. 2009) and first achievements become visible. The cloned resistance Rpi-genes Rpi-blb1 and Rpi-blb2
(van der Vossen, Sikkema et al. 2003; van der Vossen, Gros et al. 2005) have been utilized to successfully transform
BASF’s pending GMO potato with the trademark Fortuna (Anonymous 2011) Nevertheless, GMO is a “hot potato”, and
its application is heavily discussed throughout society (reference). Luckily, alternatives are available as years of
breeding efforts enabled plant breeders to introgress genes, like Rpi-blb2 from wild Solanum bulbocastanum that finally
resulted in the cultivars Bionica and Toluca. In the past century, plant breeders all around the world focused on Late
Blight resistance and introgressed resistant germplasm with varying levels of success and through different approaches
(Chapters 1 and 2).
Plant breeders in the UK used dissection breeding with the species Solanum demissum, which means that they started
off with very resistant genotypes harboring several Rpi-genes, dissected the Rpigenes by backcrossings and
characterized them. Eventually, they were bred into cultivars (Malcolmson 1969). Despite the enormous efforts, the
resistant cultivars were soon succumbed by Late Blight. A possible reason could be that Rpi-genes now occurred in
monoculture as separated, single Rpi-genes, which are more easily overcome than stacked or polyculture Rpi-genes
(Rietman, Champouret et al. 2010; Verzaux 2010). Eastern European plant breeders were more successful and leaned
on the heritage of N. I. Vavilov, a Russian botanist and plant breeder. He was the founder of the centre of origin
hypothesis (Vavilov 2009) and collected, together with other Russian botanists ( e.g. Bukasov) numerous accessions of
wild potatoes. In 1936, Bukasov reported that the collection was exploited for various purposes, with Late Blight
resistance as one of its the main breeding goals (Bukasov 1936). Due to political disturbances the successful potato
breeding program of the Russians went downhill, with the rise of Stalin during the Sovjet era. In the 1940s Vavilov was
captured and with the gradual takeover of Russia by the Germans during World War II, Vavilov’s collection nearly
vanished and parts of it were centered in Germany under the supervision of the German officer Heinz Brücher
(Kingsbury 2009). Nevertheless, Sovjet researchers maintained the potato collection in Leningrad (Now Saint
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Petersburg) and despite the terrible siege of 1941-1944, scientists taking care of the collection rather starved than to
eat the potato collection (Kingsbury 2009). In post war years, research teams, like the Hungarian team led by Dr. Istvan
Sárvári, had access to this collection and started working on Late Blight and virus resistance as part of a national
Hungarian program. Despite their tremendous success, the government decided to close down the program and the
Sárvári family moved to Eastern Hungary, where they continued potato breeding during the relative open and liberal
1970s. In 1992, a group of Scottish potato growers and scientists visited Romania and noticed the Sávári potatoes that
had been included in trials (Kingsbury 2009). The Scottish potato grower Adam Anderson could trace back the potatoes
to the Sávári family in 1994 (Sárvári-Trust website). Soon After finding the Sárvári family, Anderson and the Danish
potato company Danespo negotiated a deal after long negotiations as the family was afraid to have their work stolen
(Kingsbury 2009). Currently, the potatoes are being marketed by a trust based in Bangor, Wales under the brand
‘Sarpo’. The surplus of sales flows back into the trust to ensure continuation of research at the Sárvári station, which is
currently based in Zirc, Hungary, near the residence of the family (Kingsbury 2009; Sárvári-Trust website).
Currently, six varieties have been released and among them are the highly Late Blight resistant potato cultivar Sarpo
Mira and Sarpo Axona (Sárvári-Trust website). Sarpo Mira is intriguing as, till now, it has not been reported as overcome
by P. infestans, despite the fact that it was included in various trials over years through Europe (White and Shaw 2010).
Despite their long breeding history, not much is known about the parental lineages, but with current tools and
knowledge we are able to start unraveling its resistance.
Here we study the resistance of Sarpo Mira and using functional assays, we were able to visualize and identify various
resistance spectra and modes of action. We reportthe identification of Avr3a and Avr4 mediated resistance in Sarpo
Mira using Detached Leaf Assays (DLAs). Also we identified an unknown Rpi-gene , hereafter called Rpi-Smira1, that
segregates in a Sarpo Mira population as assessed by detached leaf assays (DLAs). Rpi-Smira1 resistance co-segregated
with the response to effector candidate PBHR_480 Sarpo Mira and its offspring population 3079failed to confer
resistance against IPO-C and PIC99183 in DLAs. However, Sarpo Mira and its off-spring did confer resistance to IPO-C in
a field assay and this trait was independent from Rpi-Smira1.
Effector candidate PBHR_099, that induces responses specifically in plants that express resistance to IPO-C in the field,
is postulated to be recognized by a second new Rpi-gene which is hereafter called Rpi-Smira2.
Results
43 effector candidates induce more than 20% cell death in a pre-screen.
In order to identify which Pi effector candidates are recognized by the Sarpo Mira plants, we used the effector
candidate set described in Chapter 5. Genomic data of P. infestans strain T30-4 were utilized to assemble a set of in
total 270 effector candidates genes. Sarpo Mira and 16 other potato genotypes were assayed by agroinfiltration with
the effector candidates and various effector candidates that induced cell death in Sarpo Mira leaves were revealed. The
43 effector candidates that induced more than 20% cell death were selected, and are summarized in Table 1. 34
effector candidates were tested on the population to test for segregation of the responses. The remaining 9 effector
candidates popped up in later profiling experiments and were not tested in the population (Table 1).
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10 effector candidates show segregation for cell death
To test whether these 43 putative effector candidates are avirulence gene candidates, we developed an F1 population
by crossing Sarpo Mira with the Late Blight susceptible breeding clone RH89-039-16. This resulted in population 3079
from which 17 genotypes were used in this study. Of the 43 RxLR effector candidates that conferred cell death on Sarpo
Mira (Chapter 5), 22 effector candidates had a cell death incidence > 85%. From these 22 effector candidates, 14 caused
cell death in the whole population and among these is Avr3b (Chapter 6), suggesting that R3b could be present in a
homozygous state in Sarpo Mira. The other 10 effector candidates resulted in segregation for cell death and these
effector candidates are considered as potential avirulence candidates and thus interesting to compare them to disease
resistance patterns (Table 2A). Among the 10 candidates that segregated were the known avirulence genes AVR3a
(PBHR_390, pattern ‘f’ in Table 2A) and AVR4 (PBHR_368, pattern ‘c’ in Table 2A). Some effector candidates resulted in
identical segregation patterns and include PBHR_191, PBHR_199 and PBHR_189 (pattern ‘h’ in Table 2A) as well as the
allelic variants PBHR_480, PBHR_480_8 and PBHR_480_9 (pattern ‘b’ in Table 2A).
DLAs reveal different segregation patterns
To test whether response to Avr3a, Avr4 and Avr3b co-segregates with resistance to specific P. infestans isolates, DLAs
were performed with the isolates H30P04 containing Avr4, but not Avr3a and Avr3b; PIC99189, containing Avr4 and
Avr3a, but not Avr3b; and isolate 890148-09, containing Avr3a, Avr3b, and Avr4 (Table 3), and patterns of resistance
were studied. Isolate 89148-09, conferred full resistance on all offspring genotypes (Table 2B, pattern a). This shows
that the presence of AVR3b is sufficient to result in resistance, since the entire progeny responds to Avr3b (Table 2A,
pattern a). Resistance to isolate H30P04 co-segregated with response to Avr4 (Table 2A and B, pattern c). Isolate 99189
was avirulent on all genotypes that respond to AVR3a and/or AVR4 (pattern d, Table 2A and B).
In addition to these known AVRs, responses to other effector candidates segregated in the population. To verify
whether responses to these effector candidates co-segregate with resistance, PIC99177, EC1, NL90128, PIC99183,
IPO428-2 and IPO-C were inoculated on the population, as all these isolates are virulent on R3a, R3b and R4
differentials (see Table 1). A resistance segregation pattern was obtained with isolates NL90128, PIC99177 and EC1
(Table 2, pattern b). Two isolates, PIC99183 and IPO-C that could infect both parents and the entire offspring in one
replicate experiment, suggest that either Sarpo Mira’s resistance is defeated by these isolates or that DLA assays under
these conditions are not suitable to detect other putative resistance factors.
PBHR_480 interacts with an unknown resistance gene
To verify whether effector candidate segregation patterns are significantly correlated with DLAS, an Analysis of
Variance (ANOVA) was performed. The results of the ANOVAs on isolate-effector candidate combinations is displayed in
Table 2C. It can be clearly seen that response to Avr4 significantly correlates with resistance to H30P04. Response to
PBHR_480 is significantly correlated with PIC99177, NL90128 and EC1 resistance (pattern b), suggesting that this
effector candidate might be the avirulence factor matching a yet unknown Rpi-Smira1 that renders resistance to EC1,
NL90128 and PIC99177.
The significance for AVR3b could not be determined as response to Avr3b did not segregate in this population. Another
effector candidate that resulted in significant hits (P= < 0,01) for isolate NL90128 and EC1 was PBHR_390 (Avr3a).
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However, effector candidate response was linked to susceptibility). No significant associations with specific resistance
could be identified for PBHR_099, PBHR_219 and PBHR_191, in this dataset.
Table 1: Effector candidates selected from the prescreen on Sarpo Mira (presented in Chapter 5) from which 43 induced a cell death incidence
exceeding 20%. In the first row the PBHR_# is shown, as well as allelic variants (followed by ‘_#’). ‘RxLR tribe’ refers to the assigned tribe (Haas,
Kamoun et al. 2009). ‘Response’ refers to the incidence of cell death in the Sarpo Mira parent and the incidence of cell death is indicated by a greenred scale (0-100% cell death incidence). ‘# of replicates’ indicates the number of ATTA repeats with the specific effector candidates on population
3079. In the column ‘segregating’ it is indicated whether cell death segregates in the population; those rows have been marked green. ‘Cell death’
indicates if effector candidates induced cell death in the population, if ‘NO’ it was considered as a false positive in the prescreen.

An asterix represents an experiment with variable cell death in the two replicates.

A field assay with IPO-C shows segregation for resistance

DLAs with IPO-C on the population and parents RH89-039-16 and Sarpo Mira resulted in full susceptibility for all tested
genotypes suggesting that Sarpo Mira resistance is broken. However, Sarpo Mira has not been reported yet as Late
Blight susceptible in the field, suggesting that discrepancies exist between DLAs and field resistance.
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Therefore, a field test with the population was performed and parents and offspring were scored for susceptibility
from 22 DPI onwards until 47 DPI and the area under disease progress curve (AUDPC) were determined (see Figure 1).
Different from the DLA, now a segregation for resistance to IPO-C became visible. All offspring genotypes were less
resistant than Sarpo Mira, but were not as susceptible as RH89-039-16.
Table 2. Phenotyping of the 3079 population. 2A) Responses to the effector candidates are displayed in a 1 (cell death) 0 (absence of cell death)
mode. On the lowest row, an alphabetical character to each pattern was assigned and matches with alphabetical characters under Table 2B and in
Table 2C. Also, the patterns for PBHR_368 (Avr4) and PBHR_390 (Avr3a) were combined in order to compare it with isolate PIC99189 (Avr3a, Avr4).
2B) Results from detached leaf assays with 9 different isolates. Most patterns were established from two experiments, except for IPO-C and NL90128,
that were only tested once. On the bottom row, an alphabetical character was assigned when it matched with patterns found under 2A. 2C) P-values
derived from analysis of variance for effector candidate– isolate combinations. It can be clearly seen that PIC99177, EC1 and NL90128 are strongly
correlated with PBHR_480, while PBHR_368 (Avr4) correlates with isolate H30P04 and the combination PBHR_390+368 strongly correlates with
PIC99189. Assigned numbers for the significant combinations (P= <0.0005) correspond with patterns under 2A and 2B.

A

B

C

PBHR_099 correlates with field resistance
To test whether one of the effector candidates segregates with the Late Blight field assay, an one way ANOVA with all
the AUDPC values during the individual scoring dates from the population genotypes was performed and tested for
correlation with segregating effector candidate responses (Table 3). None of the effector candidates that co-segregated
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with DLA-patterns were linked to field resistance. Another effector candidate that was not linked to any of the DLAs,
PBHR_099, displayed a high correlation with IPO-C resistance in the field, with the highest significance at 22 DPI
(P<0.0001). The significance gradually decreased towards 47 DPI (P<0.05) (see Table 3). These data suggest that
another Rpi-gene, Rpi-Smira2, is present in Sarpo Mira that only becomes visible at the field level. PBHR_099 is a
putative Avr-Smira2 candidate.

AUDPC

PBHR_099

16
48

PBHR_099

Figure 1. Field test with Sarpo Mira, RH89-039-16 and the offspring population 3079. On the X-axis days post inoculation (DPI) is shown, while the Yaxis represents the area under disease progression curve (AUDPC). It can be clearly seen that RH89-039-16 is the most susceptible genotype, while
Sarpo Mira is the most resistant; all offspring genotypes were classified in between. Green lines represent genotypes with absence of PBHR_099 cell
death, while red lines induced cell death upon PBHR_099 infiltration. Genotype 16 and 48 are illustrated in Figure 2.

Figure 2. Pictures of the field trial taken August 5th, 2010 (34 DPI). At this time point, RH89-039-16 is fully blighted, while Sarpo Mira is only slightly
affected. Genotypes SarpoRH_16 and SarpoRH48 are stipulated in Figure 1.
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Table 4. Analysis of variance for AUDPC-values and effector candidate responses (1, 0 fashion as presented in Table 2A). Only PBHR_099 resulted in
significant correlation with IPO-C field resistance.

Expression patterns for PBHR_480 and PBHR_099 in P. infestans strain T30-4
To further strengthen the possibility that PBHR_480 and PBHR_099 are avirulence factors, expression profiles were
analyzed (Figure 2) and compared with the expression of avirulence gene Avr3a (PBHR_390). PBHR_480 had a similar
expression pattern as Avr3a, but up-regulation during the biotrophic infection stages occurred at earlier time points (6
and 16 HPI). Remarkable, PBHR_099 does not follow the pattern of AVR3a and PBHR_480, and is only upregulated at 6 16 HPI, but not at 2 dpi (cut-off value =1).
To verify whether the genes are upregulated in other dataset, a tBlastN was run against the EST database at NCBI. One
hit for PBHR_480 was found (CV920103, germinating cysts from isolate 88069), showing that homologous sequences
are expressed in independent experiments. On the other hand PBHR_099 did not result in any positive hit. Altogether
these data show PBHR_480 and PBHR_099 up-regulation in the biotrophic phase, similar to described Avr genes of P.
infestans, further supports the idea that both effector candidates are avirulence genes.
Allelic variance for PBHR_480
In our effector candidate set, two different PBHR_480 alleles are present (PBHR_480_8 & PBHR_480_9) that were
obtained through PCR amplification from different P. infestans strains (P. Birch, personal communication) (Table 5). We
tested these alleles for inducing responses on the population as well, and found that both alleles showed a similar
segregation pattern. No allelic variants for PBHR_099 are currently known.

Figure 2. Relative expression values for PBHR_390 (Avr3a), PBHR_480 and PBHR_099. PBHR_390 is used as a reference. It can be clearly seen that
PBHR_480 follows the pattern of PBHR_390, however, PBHR_099 is not up-regulated from 2DPI onwards.

PBHR_390
PBHR_099
PBHR_480

Table 5. Alleli differences found for PBHR_480. CV920103 represents an EST read from NCBI. Amino acids changes and their positions in the tested
proteins are displayed.
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Conclusions and discussion
Using effector candidate profiling and infection assays we started to dissect the resistances present in potato cultivar
Sarpo Mira. We demonstrated that Sarpo Mira contains at least five functional Rpi-genes that match Avr3a, Avr3b,
Avr4, PBHR_480 and PBHR_099, respectively. Recognition of AVR3a, AVR3b and AVR4 would suggest that Sarpo Mira
contains R3a, R3b and R4 that originally were found in S. demissum and map to chromosome 11 (Huang, van der
Vossen et al. 2005; Verzaux 2010; Li, Huang et al. Submitted). The other two effector candidates, PBHR_480 and
PBHR_099, were not known as avirulence genes yet, and therefore should interact with novel Rpi-genes which we
designated Rpi-Smira1 and Rpi-Smira2, respectively (after Sarpo Mira).
Rpi-Smira1 putatively maps to chromosome 11.
Similar to other known Rpi-genes, Rpi-Smira1 confers race-specific resistance, which is mediated through the
hypersensitive response. Also, its resistance can be monitored in DLA and co-segregates with response to RxLR effector
candidates in the population.
Currently its position on the potato genetic map is not known. However, our results suggest that it may localize on
chromosome 11 (Table 2C). PIC99177, NL90128 and EC1 resistance correlates not only with PBHR_480, but also with
PBHR_390 (Avr3a). However, PBHR_390 recognition does not correlate with resistance, but with susceptibility (P= 0.02;
0.001 and 0.001, respectively) suggesting that this recognition is in a repulsion phase with Rpi-Smira1. As R3a,
presumed to be present in Sarpo Mira, maps to chromosome 11, Rpi-Smira1 could map to a sister chromatide not
carrying R3a and thus the chromatids might have a preferential pairing, possibly resulting from crosses with the
allohexaploid S. demissum. A chromosome 11 position for Sarpo Mira resistance is also reported by Shaw and
associates (White and Shaw 2010).
Rpi-Smira1 might be present in S. x edinense 150-4 too.
In the effector candidate profiling experiment (Chapter 5), PBHR_480 not only caused cell death in Sarpo Mira, but also
in S. x edinense 150-4. S. x edinense, a natural hybrid between the cultivated potato and S. demissum is a rich source of
Rpi-genes (Verzaux 2010) and could also carry Rpi-Smira1. However, this remains to be tested and an S. x edinense
population which is segregating for response to this effector candidate is available, but not tested under field
conditions yet. Known resistances in 150-4 have been mapped to chromosome 4, 9 and 11 (Verzaux 2010).
Rpi-Smira2 contributes to field resistance
Rpi-Smira2 follows some of the rules similar to previously characterized Rpi-genes (Rietman, Champouret et al. 2010) in
that it co-segregates in the population with an RxLR effector candidate, PBHR_099. However, Rpi-Smira2-mediated
resistance was not detectable in DLAs for any of the nine tested P. infestans isolates, including IPO-C. IPO-C, the isolate
used in the field assay bolstered a segregation for resistance that was especially clear at 22 DPI and thereafter gradually
decreased.
If PBHR_099 is responsible for avirulence against IPO-C at the field level, an answer to the difference between DLAs and
the field assay might be found in its expression mode (see Figure 3). Different from the yet identified avirulence genes
of P. infestans , PBHR_099 is not expressed abundantly at two DPI in planta. In contrast, PBHR_099 seems to be
upregulated just a few hours after infection, (Figure 3). This would suggest that the first few hours of infection are very
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critical for avirulence activity. Also, it cannot be ruled out that expression is induced at later stages of infection.
Perhaps, in DLAs, the experimental conditions such as continuous optimal humidity compromise Avr activity of this
effector candidate, while at the field, where humidity is often lower than in DLAs, the intact plant might respond more
adequately. High humidity has been described to suppress disease resistance (Wang, Cai et al. 2005) If PBHR_099
appears not to be responsible for the Rpi-Smira2-mediated resistance, other effector candidates from the PBHR_099
tribe are the first candidates to study. It is known that resistance conferred by R2, various members of two RXLR tribes
7 and 32 were found to be recognized by R2, despite the fact that these members shared low amino acid similarity with
AVR2. In the pre-screen, also cell death responses to PBHR_094 were observed, an effector candidate that belongs to
the PBHR_099 tribe (tribe 2 in Chapter 5). However, cell death induction was not observed in the population analysis.
Rpi-Smira2 resembles the Rpi-mcd1 phenotype
A study on Rpi-mcd1 by Tan et al. (Tan, Hutten et al. 2008) pointed at an Rpi-QTL that mapped to the R2-cluster on
chromosome 4, and they suggested that the Rpi-QTL in fact, could be an NBS-LRR gene. Subsequently, the R2-like genes
were cloned and challenged with P. infestans and indeed one clone suggested to halt P. infestans resistance (Lokossou
2010). Just as in our case, the Rpi-gene could not be detected in their DLAs, but could only be mapped after field assays
with IPO-C. Remarkably, effector candidate profiling in the Rpi-mcd1 Rpi-gene donor accession showed that PBHR_099
also induced strong cell death (data not shown) and could indicate that Sarpo Mira could have more than just S.
demissum blood, or that S. demissum also has a PBHR_099 interacting Rpi-gene, to sum up to its very good field
resistance. Future experiments will have to prove whether Rpi-Smira2 maps to the R2 cluster.
Population size
The population size of cross 3079 used during this study was small. However, various resistance patterns could be
detected and verified with known virulence patterns of isolates H30P04 and PIC99189 for Avr3a and Avr4. Also, the
pattern found with PBHR_480 and isolate PIC99177, NL90128 and EC1 were convincing. For the field trial, less obvious
results were obtained as all phenotypes positioned in between Sarpo Mira and RH89-039-16. The majority of more
resistant plants interact with PBHR_099 and this was statistically significant, especially at the earlier time points where
aging is not interfering yet. It is advisable to repeat the field experiment with more genotypes and in a randomized
mode, including PBHR_099 effector candidate screens, in order to map Rpi-Smira2 to the potato genetic map.
Lessons to be drawn from Sarpo Mira
Sarpo Mira’s field resistance is only visible through field experiments
Unless the fact that Sarpo Mira carries along four Rpi-genes that display segregation patterns in DLAs, i.e. R3a, R3b, R4
and Rpi-Smira1, none of them effectively contributes to field resistance when using isolate IpoC (Table 2 and 3).
Moreover, when isolates lack Avr3a, Avr3b and Avr4, they tend to cause overall susceptibility in DLAs, as is seen for
PIC99183 and IPO-C. Also, isolates tested in DLAs by Chmielarz and associates were found to cause virulence
(Chmielarz, Sobkowiak et al. 2010). In contrast, Rpi-Smira2 does contribute to field resistance. This suggests that its
avirulence factors are conserved in current P. infestans strains, including Blue-13 and Pink-6, as continuous monitoring
showed that Sarpo Mira is overall resistant throughout Europe with a slow blighting phenotype, just as we have
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observed (Figure 1 and 2) (Nyongesa, Shaw et al. 2010; White and Shaw 2010). Also, additional Rpi-Smira genes might
be involved as not all resistance could be linked to avirulence candidate PBHR_099.
PBHR_099 could require a refocus for effector candidate selection
PBHR_099 was not selected within the stringent rules set in Chapter 5, i.e. it was not induced at 2DPI. However, the
effector candidate was included because it was not down-regulated during the first phase of infection (2DPI), as seen
for some other RxLR effector candidates (supplement GSE14880 (Haas, Kamoun et al. 2009)). Later, when expression
values for 6HPI and 16 HPI became available (S. Kamoun, unpublished results) it became apparent that PBHR_099 is
probably upregulated during early infection (Figure 2). This could provide an explanation for the difference observed
between DLAs and the field assay. If true, a reassessment of the composition of the effector candidate collection
becomes necessary in order to include all potential avirulence candidates for such resistance genes.
Field resistance could be different from detached leaf resistance
Other factors that could mediate differences between DLAs and the field assay are for example Rpi-gene modulation
upon infection. Kramer et al. (Kramer, Choudoir et al. 2009) show that Rpi-blb1 (synonym of RB) is upregelated 37 times
upon inoculation with P. infestans in the wild S. bulbocastanum while the induction in potato cultivars transformed with
Rpi-blb1 was much lower and varied among the studied transformants and was correlated with disease resistance
(Kramer, Choudoir et al. 2009). It could well be that Rpi-gene expression and other defence related gene expressions
are different between detached leaf assays and field grown plants. However, this remains to be studied.
Field assays OR effector candidate assays are needed to map and clone Rpi-Smira2
DLAs are cost-effective and preferable to test multiple plant-isolate combinations. Apparently, DLAs are not workable
for Rpi-Smira2 as none of the nine tested isolates gave the slightest indication for correlated resistance. However, field
resistance can be determined in field assays and PBHR_099 screens. Such effector candidate assays are time-effective
as they can be used throughout the year and can guarantee accurate phenotyping for Rpi-gene presence. An example
of such an approach is given in Chapter 8. The response to PBHR_104 was mapped to potato chromosome 12. Thus,
analysis of effector candidate responsiveness can be used to genetically localize Rpi-Smira2 in the potato genome.

Materials and Methods
Plant material
Population 3079 was sown and maintained in vitro on MS20 medium together with RH89-039-16 and Sarpo Mira. Two
weeks prior transfer to the greenhouse, shoot cuttings are produced and incubated on a 8-16 Dark-Light regime.
P. infestans isolates
Nine P. infestans isolates were used (Table 5) and maintained on RSA and inoculated according (Vleeshouwers, van
Dooijeweert et al. 1999).
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Table 5. Isolates used for phenotyping the 3079 population. In general, complex races were used, but to test for the presence of Avr3a, Avr3b and
Avr4 mediated resistance less complex races were used.

*) PIC99177 results in varying phenotypes when tested on the R9 differential ranging from susceptible towards resistant, depending on the
experiment. **)H30P04 was found to be virulent on R3, but ***) partially resistant with R10 (Chapter 6).

Effector ATTA
Performed as described in (Vleeshouwers and Rietman 2009)
Field test
Two copies of each genotype were planted in the field as 4 week old green-house hardened in vitro plantlets in the
st

beginning of June 2010 in between Bintje volunteer rows. On July the 1 , the field was sprayed with a zoöspore
suspension at the beginning of the evening and sprinkled during the following days to establish an infection. From 22
DPI onwards, the plants were scored for the percentage of healthy leaf area, AUDPC.
Detached Leaf Assays
Peformed as described in (Vleeshouwers, van Dooijeweert et al. 1999)
Expression data on PBHR_480 and PBHR_099
Expression data were provided by Sophien Kamoun (partly unpublished results)
Statistical analysis
To calculate the correlation between the effector candidates and the Phytophthora assays, the software package SPSS
version 15 (Inc. 2007) was used.
To test whether observed patterns of effector candidate responses co-segregate with resistance profiles, one-way
ANOVA analyses were performed. Effector candidate responses were generalized from percentages into a 0/1 mode, in
order to be able to designate different groups. In cases where effector candidates induced less than 30% cell death, or
when only visible in one out of multiple experiments, a 0 was assigned. Consistent cell death, exceeding 30% in
replicates and single experiments, were rewarded with 1 (see Table 2A).
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The main aim of this thesis was to identify and characterize novel Phytophthora infestans Avr genes and potato Rpigenes. To better understand the nature and functioning of R-Avr pairs and their complex biology, literature studies
were made into the history of Late Blight resistance breeding (Chapter 1) and the biology and co-evolution of P.
infestans and Solanum (Chapter 2). In this final chapter we discuss the rationale of the results presented in this thesis
and their implications for durable agriculture.
Finding new avirulence genes
Genome sequencing as well as genome wide expression analyses opened a new era in effector biology. With
sequencing the P. infestans genome it became clear that P. infestans contains a vast number (563 estimated by Haas et
al. (Haas, Kamoun et al. 2009)) of RxLR proteins, a class of effectors to which all current Phytophthora and
Hyaloperonospora avirulence genes belong (Rietman, Champouret et al. 2010). The number of RxLR effectors seen in P.
infestans is higher than in any other sequenced Phytophthora species (Jiang, Tripathy et al. 2008), which could be a
result of high co-evolutionary pressures (McDonald and Linde 2002). RxLR proteins inhabit a so-called genome sparse
region (GSR) that is predominated by transposon like elements, gipsy factors and other junk DNA. Only 2.6% of the RxLR
genes are not located in GSR (Raffaele, Win et al. 2010).
To identify candidate avirulence genes, we choose to select RxLR candidate effectors that are expressed during
pathogenesis. Elaborate studies in other labs pinpointed to a set of 155 upregulated RxLR proteins in the strains
UK3928-A and T30-4 (used in Chapter 5).
Focusing on the single motif ‘RxLR’ implies that false candidates are likely to be included as well as that others will be
missed. Lessons can be drawn from literature as can be seen for the ‘non-RXLR’ designated ATR5 that induces a cell
death response with RPP5 in Arabidopsis thaliana. Recently, ATR5 from H. arabidopsidis was revealed as being a nonRXLR member as it lacks a RXLR motif (Bailey, Cevik et al. 2009). However, by performing a tBlastN search with ATR5
(revealed from the H. arabidopsidis genome (VBI_Microbial_Database website)) against oomycete sequences from
NCBI and the VBI Microbial database (NCBI website; VBI_Microbial_Database website), clear hits were obtained with
RxLR proteins (data not shown). This strengthens our – maybe biased- choice to focus primarily on RxLR (related)
proteins as avirulence determinants.
In Chapter 7, we identified PBHR_330 as a candidate avirulence gene, although it lacks the RxLR motif. Nevertheless,
PBHR_330 is highly upregulated during pathogenesis and has likely other means to enter the plant cell.
Besides the 155 RxLR proteins upregulated during pathogenesis, also some other RxLR proteins were included that
were not clearly upregulated, but also not down-regulated during pathogenesis, and thus putatively expressed at lower
levels. PBHR_099 was one of such proteins and in Chapter 9 we could correlate responses to this protein with field
resistance seen in a Sarpo Mira offspring population. Remarkably, detached leaf assay studies with the same isolate
resulted in full susceptibility of the whole population, including the Sarpo Mira parent. This observation suggests that
the assembled effector collection should embrace RxLRs that are not clearly down regulated during the first phase of
infection too. Therefore, the RxLR protein collection has been extended with approximately 100 additional effectors,
and currently the collection encompasses 310 RxLR proteins.
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Table 1. Avirulence genes and candidates identified so far for P. infestans. Thickened borders indicate in which chapter the avirulence genes/
candidates are described. When an Avr gene is in bold, it is identified as an avirulence gene, if in italics, it is a strong putative Avr gene candidate cosegregating with resistance.

Potato genotypes

*) (F. Govers, personal communication) **) Avrpur2 was identified in this thesis and expected to interact with a different Rpi-gene than R1. ***)
Verified in (Pel 2010).
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Figure 1 (Previous page). Graphical visulalization of approach followed in this thesis. A) RxLR effector candidates are selected from the P. infestans
genome and cloned into binary plasimds for A. tumefaciens Transient Transformation Assays (ATTA; upper leaf) or PVX agroinfiction (lower leaf). B)
Some effectors result in general cell death, others are genotype specific. C) (i) Validation of candidateeffector cell death; does cell death co-segregate
with P. infestans rsistance? (ii) Validation of Rpi-gene activity, once cloned, using co-infiltration (Figure published in (Vleeshouwers, Raffaele et al.
2011)).

With this collection in hand, we were able to assign avirulence candidates to all assayed potato populations that
segregated for resistance (Table 1). Using this approach (Figure 1), we are confident that more novel Rpi- and Avr gene
pairs will follow up soon as some good candidates still have to be analyzed.
endRxLR PROTEINS: A role for host attachment and haustoria formation?
During the search for putative effector proteins (Chapter 5), a number of proteins was identified that comprise an RxLR
motif near its very C-terminal tail. Recently, many of these proteins were classified as glycine rich repeat proteins(GRPs)
(Raffaele, Win et al. 2010).
GRPs are reported to be involved in various processes and among them is the development and constitution of cell
walls (Mangeon, Junqueira et al. 2010). The first published GRPs from P. infestans, i.e. IPI-B, were already identified in a
time that P. infestans was about to enter the genomics era (Pieterse, Vanwest et al. 1994). The theme that zoospores
should adhere to their host during the zoosporic stage could indicate (e.g. (Robold and Hardham 2005) and references
therein) a role for the RXLR motif as this motif was recently described to bind certain phospholipid groups that are
abundant in plant cell wall membranes (Kale, Gu et al. 2010).
Such proteins might answer an old enigma, that was raised during the seventies of the last century, using electron
microscopy. Nozue et al. (Nozue, Tomiyama et al. 1979) found evidence for the strong adherence of the host
membrane with infecting hyphae of P. infestans after plasmolysis assays. The adherence was so strong, that during
plasmolysis the membrane was often torn and small, host derived, vesicles adhered to the oomycete cell wall. Despite
the time lapse, the strong adherence has not been resolved to date. The fact that small vesicles, only consisting of
phospholipid bilayers, adhered strongly to the Oomycete cell wall possibly explains the abundant expression of these
putative cell wall constituents with endRXLR motifs. Silencing PITG_12751, PITG_11340 as well as PITG_12666 might
shed light on this hypothesis as they are abundantly expressed during post zoosporic stages. Another protein that may
aid host cell attachment is PITG_16981, which contains thrombospondin-like repeats (Robold and Hardham 2005).
Finding new Rpi-genes
Solanum species contain a wealth of Rpi-genes
During the course of this thesis, only 17 of the more that 100 Solanum genotypes that were screened for resistance
have been assayed with the assembled effector collection. Many of the assayed genotypes contained resistance spectra
different from the genotypes used for effector profiling (Chapter 4) suggesting that many more Rpi-genes are to be
found in the potato collection. Indeed, in literature numerous Petota Rpi-genes are described for which the confluent
avirulence gene is not identified yet. Such Rpi-genes include: Rpi1 from S. pinnatisectum, Rpi-bt1 from S.
bulbocastanum, Rpi-moc1 from S. mochiquense or Rpi-ber1 and Rpi-ber2 from S. berthaultii (Chapter 2).
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Solanum Rpi-genes appear to be location specific and we distinguish two centers of Rpi-genes: Central America and
South America. Extensive studies into the biology and spread of Rpi-genes show that Rpi-genes from e.g. Solanum
bulbocastanum are confined to Central America (Wang, Allefs et al. 2008; Lokossou, Rietman et al. 2010) while Solanum
Rpi-genes from South America are not found in Central America, as is seen for Rpi-vnt1 (Pel 2010). This suggests that
current functional specificities of Rpi-genes is relatively compared to divergence of Petota series, but they can be the
product of arms race co-evolution.
Imagine that, till now, we only have emphasized Rpi-genes belonging to Solanum section Petota. Other Solanum species
with race specific Late Blight resistance belong to the section Lycopersicon (Brouwer, Jones et al. 2004) and several Rpigenes have been identified from it (see Chapter 2, Table 1). The fact that Lycopersicon Rpi-genes map to locations of P.
infestans Rpi-genes, suggests that such resistances are dictated by genes of the NBS-LRR. Screening of Late Blight
resistant Lycopersicon germplasm with RxLRs and dissecting studies will provide ultimate answers.
Finding Rpi-genes that recognize indispensable RxLR proteins
RxLR proteins appear at different modes in P. infestans. While some are indispensable, others can easily be missed,
judging their presence/absence pattern in various isolates as seen for e.g. Avr4 and Avr3b. A gene that was shown to be
indispensable for P. infestans isolate 88069 was PBHR_390 (the virulent variant of Avr3a) and silencing of it rendered
the isolate noninfectious. However, at least 6 variants of PBHR_390 exist (Cardenas, Grajales et al. 2011) and only
variants expressing the 80K103I variant are avirulent on plants containing R3a. Screening botanical Solanum germplasm
with the PBHR_390 variants might yield Rpi-genes recognizing other variants too. In Chapters 3 and 4 we performed
such studies and indeed one genotype recognized the 80E103M variant of PBHR_390, namely S. papita 370-5. Further
studies have to be performed to show the functionality of the 89E103M recognizing gene.
Some RxLR proteins appear to be highly upregulated in various strains and at different points of the infection cyclus
(Chapter 5, Table 1). Prominent examples are the Avrblb2 (PexRD39/40, i.e. PBHR_140 and PBHR_141) family, the
PexRD12 family (e.g. PBHR_198), PBHR_330 and many others. Such genes might be indispensable. Microarrays for
various P. infestans strains during their early in planta infection process will reveal which RxLRs are always upregulated.
Assaying a wide diversity of Late Blight resistant germplasm might provide Rpi-genes recognizing such RxLRs, while gene
silencing studies of those RxLRs will indicate their importance for the infection process (See e.g. for such a study (Bos,
Armstrong et al. 2010)).
Novel approaches in fighting disease susceptiblity
Interchanging Rpi-genes between plant species
Some Phytophthora species are genetically nearly identical to P. infestans, but have different hosts following host
jumps. Such species include P. phaseoli (Evans, Mulrooney et al. 2007), P. mirabilis and P. ipomoea (Flier, Grünwald et
al. 2002), with effector genes and genes involved in epigenetic processes under diversification (Raffaele, Farrer et al.
2010). In line with this, some RxLR genes have been compared between the related species and only differ in a few
amino acids (van Poppel, Guo et al. 2008). P. mirabilis variant of P. infestans’ Avr4, for example, induces cell death with
potato differential R4 (van Poppel, Guo et al. 2008), while P. mirabilis’ IpiOm2 is identical to Avrblb1 for its C-terminus
that induces the hypersensitive response. More similarities are observed for other RxLR proteins among these related
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species (Raffaele, Farrer et al. 2010) suggesting that some potato Rpi-genes can provide resistance against such
oomycetes, in case the RxLR protein is expressed during pathogenesis. Perhaps, using such information, the reservoir of
Rp(i)-genes can be expanded beyond Solanum section Petota. Race specific resistance is observed for the Lima bean
(host of P. phaseoli) and screening Lima bean with our effector candidate library will provide ultimate answers to this
question. Besides potato, the important crop species soybean (Glycine max) suffers from Phytophthora (P. sojae) too
and as a result worldwide production losses account annually for $1-2 billion (Dou, Kale et al. 2008). Could soybean
benefit from Rpi-genes from Solanum and vice versa? Interestingly, a study by Win et al. (Win, Morgan et al. 2007),
demonstrated that the Solanum R3a protein recognizes P. sojae avirulence factor Avh1b, suggesting that similar
pathways are targeted. Thus transforming soybean with R3a might halt P. sojae strains that carry Avh1b.
Complementary studies with e.g. P. sojae RxLR effector repertoires and (cloned) Solanum Rpi-genes (and vice versa)
might broaden the possibilities to acquire more durable R-gene based resistance in major food crops.
QTL mapping and cloning
Genetic mapping and cloning of Late Blight resistance Quantitative Trait Loci (QTL) is generally considered a harsh job
that only can be accomplished through extensively testing large populations. QTL resistance factors were expected to
be different genes than NBS-LLR genes. Recently, a Late Blight QTL Rpi-gene from S. microdontum was cloned that was
previously mapped to potato chromosome 4 (Tan, Hutten et al. 2008; Lokossou, Rietman et al. 2010), and many of the
known potato QTL genes are mapped to Rpi-gene clusters too, suggesting that many genes conferring quantitative
phenotypes in fact could be NBS-LRR genes. Similar to other NBS-LRR, these also may interact with RxLR effectors.
During this research we also analysed populations of genotypes that juding from literature putatively could contain very
weak QTL genes. In Chapter 8, we assayed population 3015, that was initially derived from genotype S. piurae 206-1.
This species belongs to the Solanum series Piurana, to which also S. paucissectum belongs. In a study by Villamon et al.
(Villamon, Spooner et al. 2005), a S. paucissectum population was analysed and 3 QTLs were mapped to chromosome
10, 11 and 12. The chromosome 11 Rpi-gene identified in their study localizes at a similar position as a Rpi-gene we
identified in population 3015. This gene co-segregated with response to PBHR_330. Another gene (PBHR_104) also
segregated in the population 3015, but not linked to resistance (in detached leaf tests). Directed mapping studies led to
localizing the response to PBHR_104 in the QTL region on chromosome 12. The QTL resistance at chromosome 12 was
not detected in detached leaf assays. This is in line with Villamon et al., as the QTL was too weak to be detected in
greenhouse assays, but became visible in a field experiment when disease started to progress. These data suggest that
response to effectors can be used to precisely detect weak QTLs.
Remarkably, PBHR_104 cell death response was one of the fastest seen in our assays and became already visible 1 DPI
in ATTA assays, while it’s gene expression is upregulated during infection 2 days post inoculation for T30-4 (Raffaele,
Win et al. 2010) and two other analysed strains (S. Kamoun, personal communication). The fact that this QTL is hardly
visible in disease assays suggests that the PBHR_104-R protein complex might be interrupted by other effectors as is
postulated by Hein et al. (Hein, Gilroy et al. 2009) in the zig-zag-zig model.
Altogether, by using effectors, QTL mapping and cloning approaches can become as fast and efficient as it is nowadays
for Rpi-genes.
A Rationale for agricultural exploitation
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General discussion

Durable disease resistance can be achieved along several paths and in Chapter 2 we discussed the stacking of Rpi-genes
proven to be effective against a broad range of isolates in combination with virulence monitoring. Stacking of Rpi-genes
can be achieved through cross-breeding, but also with the aid of genetic modification technology (GM).
Stacking through classical breeding
With the availability of the potato genome, numerous markers can be developed to map traits in segregating
populations (called MAS, marker assisted selection) and currently nearly all Rpi-genes used in (pre-)breeding have been
mapped. Using such markers will allow to efficiently stack (Rpi-) genes in breeding lines. Rpi-genes are predominantly
found in a few NBS-LRR clusters and some are very close to each other (Huang, Vleeshouwers et al. 2004) and thus hard
to separate. MAS can be utilized to group several Rpi-genes in one cluster (Robbins, Masud et al. 2010) and thus similar
results can be achieved as by introducing Rpi-gene cassettes in which a few Rpi-genes are grouped together using GM
(Haverkort, Struik et al. 2009). Stacking broad spectrum Rpi-genes implies that DLAs are often not sufficient anymore to
demonstrate the functionality of individual Rpi-genes and effector assays are excellent tools to demonstrate their
functionality. Also in case of broad-spectrum Rpi-genes, when virulent isolates are not available, fundamentally benefit
from functional assays with the matching avirulence gene.
One of the major drawbacks of classical breeding is the so-called linkage drag, the linkage of unwanted characters to
desired ones. Linkage drag is especially unwanted in the case of linkage to toxic compounds like alkaloids as is for
example seen in cultivars derived from S. chacoense (Rommers 2010). In these cases, a GM approach seems to be more
efficient.
Stacking through GM
Some potato cultivars are highly desired by industry as processes have been adapted for their characteristics. Potato
cultivar Bintje, for example, is well known for its frying quality (Keijbets 2001) and industries are thus not eagerly to
switch to other (more disease resistant) cultivars. For such constraints, GM can be an outcome and multiple Rpi-genes
can be inserted into one cultivar with a single transformation event (Haverkort, Struik et al. 2009).
Adapting existing cultivars with GM implies that retrieved clones should be true to type, i.e. not deviating from the
parental clone. An in-house study evaluated transformation experiment learned that 51% of the generated clones
complies those standards (Hutten, Vossen et al. 2010). Off-types are assumed to be caused by a combination of the
transformation process and the instability of the wild type genotype.
Despite its benefit, GM is a highly debated topic in the European Union and consumer acceptance is not too high as
23% of the EU-27 citizens are willing to support GM-food (Anonymous 2010). Cisgenesis, a philosophy that encourages
a breeding exemption for GM with genes from within a crossable gene pool (Schouten, Krens et al. 2006), is more
accepted with 55% of the respondents being positive in the case of disease resistance apples versus 33% for transgenic
apples (Anonymous 2010).
Zinc-finger technology (ZFN)
Zinc Finger Nucleases (ZFN) are able to induce specific mutations in the genome and using this technique, the genome
can be edited locally (Townsend, Wright et al. 2009). Some RxLR effectors are known to interact with intracellular host
targets as is seen for e.g. P. infestans AVR3a that interacts with CMPG1 (Bos, Armstrong et al. 2010). AVR3a stabilizes
CMPG1 and as such inactivates the basal immune system. Identifying the sites of protein-protein interactions and re139
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editing the host target towards a non-AVR3a-interacting, but active CMPG1 could restore the basal immune system.
Together with basal immune system components, like an INF1 receptor (Verzaux 2010), durable resistance should be
achievable.
Besides editing genes, ZFN can be used to disable genes that promote disease susceptibility (also called S-genes (Pavan,
Jacobsen et al. 2010)).
Intellectual property
The field of gene cloning to protect plants against (a)biotic stresses is also called ‘gene revolution’ and rules of the
industrial patent system can be applied to such genes (Jacobsen, Beers et al. 2011). Cloned Rpi-genes are thus
protected by industrial patents and could make stacking and application of Rpi-genes inefficient for several reasons: 1)
Companies want to regain their investments and are reluctant to evaluate the durability of the gene, which can result in
the emergence of virulent populations. On the other hand, such problems can also result from classical breeding
(Rietman, Champouret et al. 2010). 2) Another case represents the co-occurrence of two systems that protect plant
breeding innovations. Before 1980, Plant Breeders Rights (PBR) was the single way to protect cultivars in the USA. After
1980, the Bayh-Dole Act was set which allowed that universities could patent inventions (e.g. genes) (IPR) and provide
exclusive licenses to individual companies. Currently open innovation is under threat (created genetic material in the
form of cultivars can be freely used to develop new cultivars) as varieties with patented (Rpi-) genes are not freely
available as crossing parent anymore. Moreover, exclusive licenses are a threat to combine and generate robust
cultivars with multiple Rpi-genes (Jacobsen and Bedö 2011).
In fact, the ideology of IPR versus the flexibility of P. infestans are counteractive in the case of disease management. P.
infestans has the ability to variegate with a high number of effectors of which many are redundant (Birch, Boevink et al.
2008; Rietman, Champouret et al. 2010). Companies, on the other hand, only have the possession of few Rpi-genes and
monocultures makes them inflexible towards adapting to changes of the pathogen.
To make stacking efficient, regulation bodies, like the European Union, should spell out rules that allow the optimal
creation of durable resistance against biotic stress. In the ideal case, all (potato) breeding companies can use all
patented Rpi-genes, while the inventor receives still a reasonable reward. The most practical solution is that PBR is
dominating IPR allowing free use of such varieties for making crosses which is the case with normal varieties (Louwaars,
Dons et al. 2009).
Summarizing,
In this thesis, we successfully applied current knowledge to isolate effector candidates from the P. infestans genome.
Following a sophisticated pipeline, we were able to identify 11 new avirulence candidates and three of them were
confirmed. Moreover, as segregating potato populations were used, some cell death responses could be mapped to the
potato genome.
With gained knowledge, the scientific community can further study the (molecular) interaction of identified R-Avr pairs.
Also, with this gained knowledge, commercial companies can stack and identify the function of found Rpi-genes using
the avirulence (candidate) effectors. With avirulence factor sequence information, they can monitor the appearance of
virulent strains and take sophisticated actions in cooperation with the scientific community and regulation bodies.
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Summary
Phytophthora infestans is one of the most intriguing organisms to study. It has an impressive means of reproduction, its
infection process is characterized by distinguishable infection stages and it has numerous combinations of expressed
effector repertoires due to a highly flexible part of its recently sequenced genome. Besides that, P. infestans infects
various Solanaceous plant species, to whom our cultivated potato and tomato belong. The common name of the
disease caused by P. infestans is Late Blight.
Potato (Solanum tuberosum) belongs to the Solanum section Petota which encompasses 200 diversified tuber forming
Solanum species that grow in Central and South America. To halt Late Blight, Petota utilizes so-called Rpi (resistance
against P. infestans) – genes. The gene products recognize specific compounds, called avirulence (Avr) determinants,
which are secreted by P. infestans. This results in localized cell death upon recognition which often leads to resistance.
So far, Rpi-genes are the only known effective barrier used by Solanum species to defend against P. infestans. To-date,
numerous Rpi-genes have been identified in Solanum species since the start of Late Blight resistance breeding in the
th

early 20

century. Nine distinct Rpi-genes (R1, R2 (and various similar homologues), R3a, R3b, Rpi-blb1 (and

homologues Rpi-sto1 and Rpi-pta1), Rpi-blb2, Rpi-bt1, Rpi-vnt1 and Rpi-chc1), have been cloned so far, and most are
from Central American origin.
Less interest and research has been paid to the identification of the matching avirulence genes. However, in recent
years, the avirulence genes Avr1, Avr3a, Avr4 and Avrblb2 were identified. Comparing these sequences learned that Avr
genes share a so-called RxLR domain. In the reference whole genome sequence of P. infestans over 500 RxLR proteins
were detected.
This thesis describes a functional genomics approach to identify avirulence genes that match Rpi-genes from Solanum.
The work is focussed specifically on RxLR gene candidates that are upregulated during the first phase of host infection.
By using effector candidates, also yet unknown Rpi-genes were detected.
To better understand the nature of potato breeding and the intimate relationship between P. infestans and Solanum,
literature studies were performed (Chapter 1 and 2). From these studies it became apparent that Petota species
contain a valuable treasure vault of Rpi-genes that are thought to have co-evolved with P. infestans according to the
arms race model. Rpi-genes appear to be confined to either South or Central America, both endemic centres of coevolution for P. infestans and Petota.
To test which Petota genotypes from the Wageningen UR Plant Breeding in-vitro collection contain novel Rpi-genes, the
plant material was characterized using different methods (Chapter 3 and 4). In Chapter 3, we functionally profiled more
than 100 Solanum genotypes for response to effector candidates by PVX agroinfection. For this we utilized a library of
84 effector candidates that include predicted extracellular proteins (Pex) and RXLR effectorcandiates (PexRD) of P.
infestans. A matrix with responses was obtained from which some patterns could be subtracted. The RxLR effector
candidates induced many cell death reactions in Solanum species that coevolved with P. infestans, whereas only few
responses were detected in species that are not co-evolving.
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Some responses were studied in more detail. Specific responses to PexRD6 were detected in some resistant Solanum
sources, including S. stoloniferum and S. bulbocastanum. The responses to PexRD6 co-segregated with resistance in a
segregating population, and PexRD6 was identified as Avrblb1. For PexRD11, associations between response to
PexRD11 and presence of R2 homologues were detected, which led to the hypothesis that R2 homologues respond to
PexRD11. A family of PexRD11/Avr2 effectors was retrieved from the P. infestans genome sequence. Agroinfiltration of
PexRD11/Avr2 effectors with R2 homologues led to a matrix of responses that supports the gene-for-gene model for
this R-Avr pair.
For some known Rpi-AVR pairs, we noted that responses were macroscopically not detected because of extremely fast
cell death responses. Therefore, a technical conclusion from this screening is that agroinfection is not always suitable
for our purposes. This prompted us to investigate another method, the Agrobacterium Transient Transformation Assay
(ATTA).
In Chapter 4, over 100 Petota genotypes were inoculated with a collection of 6-20 P. infestans strains in detached leaf
assays and various resistance patterns were revealed. In addition, 124 Petota genotypes were tested for their suitability
to the ATTA method. Avr1, Avr2, Avr3a, Avr4, Avrblb1 and Avrblb2 reliably showed responses in genotypes that contain
the matching Rpi-genes. The ATTA method was regarded as promising and 15 Solanum genotypes were selected for
further screening for response to RxLR proteins.
For Chapter 5, we used expression analyses made on the P. infestans genomes of T30-4 and UK3928-A and selected all
RxLR proteins that are upregulated during early infection. Some other effector candidates were added from other
genomics sources, which led to a final collection of 270 effector candidates. Subsequently, the 270 effector candidates
were functionally profiled for responses in 17 selected Solanum genotypes by ATTA. This resulted in a list of 135
avirulence candidates, which were studied further in Chapter 6-9.
Recently, the R3b gene was cloned from the Central American Solanum demissum in our laboratory. However, its
avirulence gene candidate was not known yet. We co-infiltrated R3b with promising Avr gene candidates in the model
plant N. benthamiana and identified PBHR_490 as Avr3b (Chapter 6). Analysis of the genomic region of PBHR_490
learned that Avr3b inhabits a genomic region of around 238 KB that is partly absent in some virulent P. infestans
strains. Moreover, other virulent strains had an allelic variant of PBHR_490 indicating that both absence and
polymorphism dictate virulence on R3b containing genotypes.
In the P. infestans genome, Avr3b is known to be associated with Avr10 and Avr11. We found that Avr3b also induced
cell death in the potatoes carrying R10 (Chapter 5). Analysing a population that segregated for R10 Late Blight
resistance revealed that response to AVR3b co-segregated with R10 resistance for some P. infestans strains. By studying
the virulence profile of a panel of P. infestans strains on potatoes that are genetically diverse for R3b and R10, it
appeared that R10 resistance is conferred by at least two R genes, R3b and R10a. Subsequent effector candidate
screening and population studies led to the identification of a candidate Avr10a (PBHR_484).
In Chapter 7, emphasis was put on South American Solanum genotypes S. venturii 283-1, S. piurae 206-1 descendant
7782-24 and S. avilesii 478-2. Segregating populations were assayed with at least two P. infestans strains and with the
cell death inducing effector candidates identified in Chapter 5. In various cases, response to an effector candidate was
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co-segregating with resistance to a P. infestans strain. For S. venturii 283-1, this led to the identification of Avrvnt1
(PBHR_456) and Avrvnt2 (PBHR_330). The responsible resistance gene Rpivnt2 localized near marker CT182 on
chromosome 11. In a S. piurae 206-1 derived population, the same effector candidate (PBHR_330) response cosegregated with resistance. In line with these PBHR_330 cell death, also the resistance profiles to 21 P. infestans strains
of S. venturii 283-1, S. piurae 206-1 and S. avilesii 478-2, suggest that a similar Rpi-gene is present in these species. A
second effector candidate, (PBHR_088) segregated with an additional Late Blight resistance profile. A third response to
effector candidate PBHR_104 segregated in the S. piurae 206-1 derived population. The response was genetically
localized on chromosome 12, near marker TG602, at a very weak quantitative resistance locus (QTL) for Late Blight
resistance. This suggests that even very weak resistances can be detected with effector candidates.
Chapter 8 is dedicated to resistance from the South American Solanum Circaeifolium section, which is sexually not
compatible with cultivated potatoes and therefore an untapped source of Rpi-genes. Avirulence candidates (Chapter 5)
for a S. circaeifolium * S. capsicibaccatum hybrid that carries Rpi-cap1 resistance were tested on a segregating
population. Responses to two candidates (PBHR_012 and PBHR_017) were co-segregating with resistance. It remains to
be determined whether Rpi-cap1 resistance is conferred by a combination of two Rpi-genes or whether a single Rpicap1 protein recognizes both Avr-cap1 candidates.
Sarpo Mira is a potato cultivar that is well-known for its durable Late Blight resistance in the field. In Chapter 9, we
dissected its resistance using a segregating population which we assayed for effector candidate response and resistance
to 9 P. infestans strains. In total, 5 Rpi-genes could be traced that recognize PBHR_390 (Avr3a), PBHR_490 (Avr3b),
PBHR_368 (Avr4), PBHR_480 (AvrSmira1) and PBHR_099 (AvrSmira2). The first four avirulence candidates showed cosegregation in detached leaf assays. The last avirulence candidate, PBHR_099 co-segregated with field resistance. These
results confirm that field resistance can be detected by effector candidates, and indicate that cultivar Sarpo Mira
acquired its resistance through the stacking of multiple Rpi-genes.
The research presented in this thesis illustrates the power of focussing on and screening with RxLR effector candidates
for response in resistant Solanum germplasm. Functional studies with the assembled set:
-

Revealed 11 avirulence gene candidates which we designated: Avr3b, Avrblb1, Avrvnt1, Avr10a, Avrpur1 (also
Avrvnt2), Avrpur2, Avrpur3, Avrcap1.1, Avrcap1.2, AvrSmira1 and AvrSmira2. Among these, the identity of
three new avirulence genes; Avr3b, Avrblb1 and Avrvnt1 was confirmed.

-

Provides the community with tools for fine mapping of weak QTLs for Late Blight resistance.

To summarize, this thesis demonstrated the power of utilizing effector candidate genes and strengthened the view that
RxLR proteins are main avirulence determinants. Moreover, (RxLR) effector candidates can be effectively used to mine
wild Solanum germplasm for novel Rpi-genes.
For potato breeders, designated avirulence genes can be used to verify whether genes mapped to known Rpi-clusters
entail novel specificities. Also, breeders can verify which Rpi-genes are stacked in their promising Late Blight resistant
cultivars / breeding lines.

153

Samenvatting

Samenvatting
Phytophthora infestans is een prachtig organisme om onderzoek aan te doen. P. infestans heeft indrukwekkende
reproductiemethoden. Haar infectieproces wordt gekenmerkt door verschillende infectiestadia en ze kan haar arsenaal
aan effectoren afwisselend inzetten dankzij een flexibel gedeelte van haar onlangs ontrafelde genoom. Daarnaast
infecteert P. infestans verschillende Solanum soorten, waaronder onze gecultiveerde aardappel en tomaat. In de
volksmond wordt deze aantasting ook wel de aardappelziekte genoemd.
Aardappel (Solanum tuberosum) behoort tot de sectie Petota van het geslacht Solanum. De sectie Petota beslaat
ongeveer 200 wilde aardappelsoorten die voorkomen in Centraal- en Zuid-Amerika. Deze wilde aardappels gebruiken
zogenaamde Rpi (Resistentie tegen Phytophthora infestans) – genen om zich te weren tegen de aardappelziekte. Rpieiwitten herkennen specifieke effector eiwitten (hierna genoemd Avirulentie of Avr-determinanten of Avr-kandidaten)
die uitgescheiden worden door P. infestans. Een dergelijke herkenning resulteert in lokale celdood (HR) en stopt
hierdoor vaak een initiële infectie. Tot nu toe bieden alleen resistenties gebaseerd op Rpi-genen effectieve resistentie
tegen P. infestans, zowel in gecultiveerde als in wilde soorten. Mede dankzij het veredelingsproces dat meer dan een
eeuw geleden startte, is er nu een grote verscheidenheid aan Rpi-genen bekend. Negen van zulke Rpi-genen zijn op dit
moment geïsoleerd en omvatten R1, R2 (en een aantal functionele homologen), R3a, R3b, Rpi-blb1 (en de functionele
homologen Rpi-sto1 en Rpi-pta1), Rpi-blb2, Rpi-bt1, Rpi-vnt1 en Rpi-chc1. Zij kunnen bijvoorbeeld gebruikt worden om
met genetische modificatie resistente rassen te creëren. De meeste van deze genen komen uit Centraal-Amerikaanse
aardappelsoorten.
Aan de identificatie van bijbehorende Avr-determinanten is de afgelopen eeuw minder aandacht besteed. Desondanks
zijn in het laatste decennium vier Avr-genen geïdentificeerd (te weten: Avr1, Avr3a, Avr4 en Avrblb2). Door de
aminozuur volgorde van deze eiwitten onderling te vergelijken werd een steeds terugkomend eiwitmotief, genaamd
RxLR, geïdentificeerd. Een speurtocht in het ontrafelde P. infestans genoom leverde meer dan 500 eiwitten op die
voldeden aan de criteria die gesteld waren aan RxLR-effectoren.
Dit proefschrift beschrijft aan de hand van functionele genomica een benadering om Avr-genen te identificeren die
herkend worden door Rpi-genen. Dit werk heeft zich specifiek toegelegd op RxLR-kandidaat eiwitten die geïnduceerd
zijn tijdens de initiële infectie. Door gebruik te maken van deze Avr-genkandidaten zijn, naast bekende, ook nieuwe Rpigen kandidaten geïdentificeerd.
Om een goed beeld te krijgen van de oorsprong van aardappelresistentieveredeling en de interactie tussen P. infestans
en Solanum, zijn literatuurstudies uitgevoerd (Hoofdstuk 1 en 2). Uit de verzamelde informatie kwam naar voren dat
Petota soorten een waardevolle bron zijn voor Rpi-genen die ontstaan zijn aan de hand van, onder andere, het
evolutionaire wapenwedloop model. Verder werd duidelijk dat individuele Rpi-genen geconcentreerd zijn in bepaalde
soorten die alleen voorkomen in Centraal- óf Zuid-Amerika. Beiden endemische centra van co-evolutie tussen P.
infestans en Petota.
Om te bepalen welke Petota genotypen van de in-vitro collectie van Wageningen UR Plant Breeding (onbekende) Rpigenen bevatten, is het materiaal op verschillende manieren gekarakteriseerd (Hoofdstuk 3 en 4). In hoofdstuk 3
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werden meer dan 100 Petota genotypen functioneel door middel van PVX-agroinfectie gekarakteriseerd. Hierbij werd
gebruik gemaakt van een potentiële effectorcollectie die 84 voorspelde extracellulaire eiwitten (Pex) en RxLReiwitkandidaten (PexRD) van P. infestans bevat. Hiermee werd een matrix verkregen waaruit patronen konden worden
geëxtraheerd. Zo induceerden RxLR-effectorkandidaten vooral HR in Solanum soorten die geco-evolueerd waren met P.
infestans, terwijl slechts enkele responsen werden gedetecteerd in niet co-evoluerende soorten.
Enkele van de gevonden interacties zijn uitvoeriger bestudeerd. Zo werden specifieke responsen tegen PexRD6
gevonden in een aantal resistente Solanum bronnen, waaronder S. stoloniferum en S. bulbocastanum. PexRD6 HR cosegregeerde met resistentie in een splitsende populatie. Met deze studies werd Avrblb1 geïdentificeerd en
gekarakteriseerd. Voor HR met PexRD11 werd een associatie gevonden met aanwezigheid van R2 homologen.
Vervolgens werd de hypothese opgesteld dat PexRD11 interacteert met R2. Uit de genoomsequentie van P. infestans
kon een familie van eiwitten die homologie vertonen met Avr2 én PexRD11 geselecteerd worden. Agro-infiltratie
(Agrobacterium Transient Transformatie Assay, ATTA) van PexRD11/Avr2 familieleden met R2 homologen resulteerde
in een matrix van HR-responsen die een gen-om-gen interactie voor dit R-Avr paar ondersteunen.
Voor een aantal bekende R-Avr combinaties werd vastgesteld dat hypersensitiviteitsresponsen niet macroscopisch
zichtbaar waren vanwege erg snelle HR-initiaties in combinatie met PVX-agroinfectie. Op basis van deze observatie
hebben we de (technische) conclusie getrokken dat agroinfectie niet in alle gevallen geschikt is voor onze doeleinden.
ATTA, een methode waarbij HR-respons altijd macroscopisch zichtbaar kan zijn, werd vervolgens aan de praktijk
onderworpen.
In Hoofdstuk 4 zijn 124 Petota genotypen getest voor hun geschiktheid voor ATTA. Ook werden de al bekende Avrdeterminanten Avr1, Avr2, Avr3a, Avr4, Avrblb1 en Avrblb2 getest voor HR-inductie en de toegevoegde positieve
controles (planten met de bijbehorende Rpi-genen) vertoonden allen HR. Op basis van verkregen resultaten werd het
ATTA systeem gekozen voor verdere studies. Vervolgens zijn meer dan 100 Petota genotypen getest op aanwezigheid
van P. infestans resistentie. Hiervoor werden 6-20 P. infestans isolaten in een bladtoets geïnoculeerd, en verschillende
resistentiepatronen konden worden blootgelegd. Er werd een selectie gemaakt van Solanum genotypen met
veelbelovende resistenties voor verdere experimenten met RxLR-eiwitten.
Hoofdstuk 5 beschrijft een selectie van RxLR-effectoren die vanaf nu verder gebruikt worden in dit proefschrift. Naast
de geïnduceerde RXLR-effectoren uit het genoom van het referentie P. infestans isolaat T30-4 werd een aantal andere
veelbelovende effectorkandidaten geselecteerd uit andere isolaten. Dit resulteerde uiteindelijk in een collectie van 270
effectorkandidaten. Deze zijn overgebracht in A. tumefaciens en met ATTA getest in 17 Solanum genotypen. Deze
functionele studies resulteerden in een aantal Avr-kandidaten, welke verder onderzocht zijn in Hoofdstuk 6-9.
Onlangs werd het R3b gen gekloneerd uit de Centraal Amerikaanse aardappelsoort S. demissum. De bijbehorende
Avr3b was tot dus ver onbekend. In Hoofdstuk 6 hebben we het R3b gen tezamen met de veelbelovende effector
kandidaten uit Hoofdstuk 5 tot expressie gebracht in de modelplant N. benthamiana, waarna Avr3b werd
geïdentificeerd. Genoomanalyse toonde aan dat Avr3b in een regio van ongeveer 238 KB ligt die gedeeltelijk afwezig is
in sommige virulente isolaten (P. infestans isolaten die vatbaarheid bewerkstelligen). Daarnaast is er aangetoond dat
virulente isolaten mét de intacte 238 KB regio een allelische variant van Avr3b bevatten. Dit wijst er op dat in virulente
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P. infestans isolaten zowel Avr3b afwezigheid als polymorfisme zorg dragen voor virulentie op R3b bevattende
aardappel planten.
Uit de literatuur is bekend dat de Avr3b regio is geassocieerd met Phytophthora resistentie van de R10 en R11
Mastenbroek aardappelklonen. In Hoofdstuk 5 vonden dat Avr3b HR induceerde in aardappelklonen met R10.
Vervolgens werd in een splitsende populatie aangetoond dat Avr3b HR inderdaad co-segregeert met R10 resistentie .
Echter, een meer gedetailleerde studie suggereerde dat R10 mogelijk 2 functionele Rpi-genen bevat, namelijk R3b en
R10a.
Een achtereenvolgende zoektocht naar een mogelijke Avr-kandidaat voor R10a leverde ook een kandidaat op voor
Avr10a.
In Hoofdstuk 7 is een uitstapje gemaakt naar de Zuid-Amerikaanse genotypen S. venturii 283-1, S. piurae 206-1’s
nakomeling 7782-24 en S. avilesii 478-2. Populaties van deze planten die splitsten voor resistentie werden getoetst met
minimaal twee P. infestans isolaten alsmede met de Avr- kandidaten die in Hoofdstuk 5 geïdentificeerd waren. In een
aantal gevallen co-segregeerde een effector respons met resistentie tegen P. infestans. Dit leidde tot de identificatie
van Avrvnt1 en Avrvnt2 voor S. venturii 283-1. Het verantwoordelijke Rpi-vnt2 resistentiegen werd op chromosoom 11
in de buurt van merker CT182 gelokaliseerd. In een splitsende populatie die afgeleid was van S. piurae 206-1, werd een
vergelijkbare co-segregatie met resistentie gevonden voor Avrpur1 (dezelfde effector als Avrvnt2). Een resistentie
profilering met 21 P. infestans isolaten op S. venturii 283-1, S. piurae 206-1 en S. avilesii 478-2 suggereerde dat een
vergelijkbaar Rpi-gen aanwezig is in deze soorten. HR-reactie tegen een tweede Avr-kandidaat (Avrpur2) cosegregeerde met een additioneel resistentieprofiel in de populatie. HR-reactie met een derde effector (Avrpur3)
segregeerde ook in de populatie, maar kon niet aan een resistentiegen gekoppeld worden. Achtereenvolgende
genetische studies toonden aan dat de Avrpur3 HR-reactie lokaliseert in de buurt van merker TG602, op chromosoom
12, waar een zwakke resistentie tegen P. infestans is gelokaliseerd. Dit suggereert dat misschien ook kwantitatief
reagerende resistenties gedetecteerd kunnen worden met behulp van effectoren.
Hoofdstuk 8 behandelt P. infestans resistenties die gevonden zijn in Petota sectie Circaeifolium, welke nagenoeg
incompatibel is met gecultiveerde aardappel én daardoor een nog onaangebroken bron van Rpi-genen is. Avrkandidaten die voor een HR-reactie met S. circaeifolium * S. capsicibaccatum gevonden waren in Hoofdstuk 5 werden
getest op een voor P. infestans resistentie splitsende populatie. HR-reactie van twee Avr-kandidaten (Avrcap1.1 en
Avrcap1.2) co-segregeerden met resistentie. Het is nog onduidelijk 1. of Rpi-cap1 uit één of twee Rpi-genen bestaat, 2.
of dat één Rpi-gen beide kandidaten herkent.
Sarpo Mira is een aardappel cultivar die geprezen wordt voor zijn duurzame P. infestans resistentie. In Hoofdstuk 9 is
deze cultivar onder de loep genomen en zijn resistenties tegen negen P. infestans isolaten aan de hand van een
kruisingspopulatie getest. Ook zijn hier alle Avr- kandidaten welke in Hoofdstuk 5 gevonden waren getest. De
resultaten wezen uit dat Sarpo Mira minimaal vijf verschillende Rpi-genen bevat die Avr3a, Avr3b, Avr4, AvrSmira1 en
AvrSmira2 herkennen. HR-reactie op de eerste vier genoemde kandidaten co-segregeerden met resistentie in een
bladtoets. HR-reactie op de laatste Avr- kandidaat co-segregeerde met de veldresistentie van deze populatie. Deze data
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bevestigen dat ook veldresistentie gevolgd kan worden met effectorkandidaten en suggereren dat Sarpo Mira haar
duurzame resistentie te danken heeft aan Rpi-gen stapeling.
Het onderzoek dat in dit proefschrift gepresenteerd is illustreert de kracht van profileringsstudies met RxLR
effectorkandidaten voor functionele HR-reacties in P. infestans resistente Solanum genotypen. Functionele studies met
de samengestelde effectorkandidaat set resulteerde in:
-

De identificatie van elf Avr-kandidaten, welke met Avr3b, Avrblb1, Avrvnt1, Avr10a, Avrpur1 (Avrvnt2),
Avrpur2, Avrpur3, Avrcap1.1, Avrcap1.2, AvrSmira1 en AvrSmira2 aangeduid worden. Functionele studies
hebben voor Avr3b, Avrblb1 en Avrvnt1 de Avr- functie bevestigd.

-

Een methode voor de identificatie en lokalisatie van Rpi-genen met een kwantitatief effect, ook wel QTL’s
genoemd.

Samenvattend, dit proefschrift, heeft de kracht van profileringsstudies met effectorkandidaten aangetoond en de
eerdere aanwijzing dat de meeste, zo niet alle, Avr- determinanten RxLR eiwitten zijn verder bevestigd. Deze
kandidaten kunnen effectief gebruikt worden om nog niet gebruikte resistentiegenen op te sporen in Solanum
accessies.
Aardappelveredelaars kunnen de verkregen informatie aanwenden om te verifiëren of Rpi-genen, die in bekende
clusters gelokaliseerd zijn, nieuwe specificiteit bevatten. Ook kunnen Avr- determinanten gebruikt worden om aan te
tonen dat Rpi-genen functioneel actief zijn, in het geval Rpi-genen in één genotype gestapeld zijn.
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Na het schrijven van een proefschrift is het tijd voor een dankwoord. Veel mensen hebben bijgedragen en sommigen in
het bijzonder allen dank daarvoor.
Vivianne, mijn co-promotor, alles is eigenlijk begonnen in de zomer van 2005 toen ik voor het eerst langskwam voor
een verkennend gesprek over een afstudeervak naar Phytophthora infestans resistentie in aardappel. Na een
interessante rondleiding bij verschillende proeven was mijn enthousiasme gewekt en ben ik begin 2006 begonnen met
een afstudeervak. Toen het einde naderde en het rondkijken in de grote wereld begon, polste je mij voor een eventueel
tijdelijk contract via Start uitzendbuerau, om veldproeven te scoren en een aantal experimenten voort te zetten. Na
een positief antwoord, heb ik met veel plezier tot 15 februari 2008 hand- en spandiensten verricht. Na 15 februari van
dat jaar, zijn we een promotietraject ingeslagen. Ik als promovendus en jij samen met Edwin als dagelijkse begeleiders.
Tijdens het promoveren heb ik genoten van de mij toevertrouwde vrijheid om al onderzoekend de wetenschap te
verkennen. Aangezien schrijven niet mijn sterkste kant was zijn we al tijdens het begin van het promotietraject
begonnen met het schrijven van een boekhoofdstuk en een overzichtsartikel. Vooral het laatste vroeg meer tijd dan
verwacht, maar dankzij jouw goede sturing hebben we een mooi product neergezet en was de basis gelegd om
uiteindelijk de rest van mijn proefschrifthoofdstukken wél in een vrij vlot tempo uit de pen te laten rollen.
Edwin, dankzij jouw overtuigingskracht ben ik uiteindelijk aan het promotietraject begonnen. Al voor mijn
promotietraject begeleide je mij in de moleculaire kant van het aardappel-Phytophthora verhaal en mocht ik in veel
verschillende projecten participeren. Toen je midden 2008 een gesprek met een persoonlijke vraag inleidde, voelde ik
dat er iets minder makkelijks gezegd ging worden. Je kondigde je vertrek aan. Ondanks de korte periode van
begeleiding zijn er samen met Vivianne toch verschillende fundamenten voor het uiteindelijke proefschrift gelegd.
Richard, mijn promotor, na een kort sollicitatiegesprek was ik dan ineens promovendus. We hebben elkaar tijdens de
promotiefase niet veel gesproken; maar als ik je nodig had, dan was je er. Vooral tijdens de laatste fase van schrijven
was je hulp onmisbaar en kwam de eindstreep met een paar maand contractverlenging in zicht. Mijn dank daarvoor.
Evert, ook jij hebt de laatste maanden op de achtergrond veel bijgedragen aan de uiteindelijke totstandkoming van het
proefschrift. Met name voor wat betreft hoofdstuk 5, wat ik in het bijzijn van Vivianne altijd smalend het
‘molensteenhoofdstuk’ noemde, heb je met goede suggesties stukken leesbaarder gemaakt. Daarnaast heb je mijn
interesse gewekt voor het grensvlak van wetenschap, ethiek, bedrijfsleven en politiek door de actieve promotie van het
begrip cisgenese. Alhoewel we het op veel punten eerst oneens leken te zijn, heb ik nu erg veel bewondering voor de
manier waarop je plantenveredeling en biodiversiteit voor de toekomst veilig wil stellen.
Jack, op de achtergrond heb ook jij veel bijgedragen aan dit proefschrift. Toen we, bijvoorbeeld, wisten welke
effectorenkandidaten we wilden gaan testen heb je uitgezocht hoe we snel en effectief de kandidaatgenen konden
aanschaffen. Verder hebben we veel discussies gevoerd over wetenschappelijke en politieke aspecten van aardappelPhytophthora interacties. Dank daarvoor.
Dirk, ik zal jouw inzet voor het Phytophthora onderzoek, maar vooral je altijd vrolijke stemming, als warme herinnering
blijven bewaren. Veel bladproeven hebben we samen mogen doen en de kneepjes van het groene vinger gedeelte heb
jíj mij geleerd. Zelfs tijdens onze laatste ontmoeting wist je ondanks je vergevorderde ziekte vrolijkheid in het samenzijn
te brengen.
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Gert en Marcel, mijn kamergenoten. Afgelopen jaren hebben we veel momenten met elkaar mogen delen en
gesprekken over allerlei uiteenlopende onderwerpen gevoerd. Vaak hadden we aan een half woord al genoeg om
elkaar te begrijpen. Altijd stonden jullie samen met Doret, Gerard, Tim, Suxian en vele anderen voor mij klaar als een
experiment (on)verwacht weer eens (uit)liep.
Gerard, zonder jouw hulp was dit proefschrift er in zijn huidige vorm niet gekomen. Zo goed als al het voorbereidende
moleculaire werk heb jij in een recordtempo tot stand weten te brengen. Daarnaast ben je erg goed in de groene kant
van het werk en dacht je op een plezierige manier mee over het uitvoeren van de vele experimenten.
Tim, ‘mijn student’. Jij bent de motor geweest achter hoofdstuk 6 en net als Gerard ben jij van alle markten thuis.
Ondanks dat je overspoeld bent met informatie wist je alles verbluffend goed op te nemen en toe te passen, iets dat je
nu zeker van pas komt tijdens je vervolgstudie. Daarnaast wist je kasexperimenten tot een feest te maken door o.a.
achtergrondmuziek te introduceren.
Anoma, een paar jaar geleden vroeg je mij als co-auteur voor een artikel, dat heb ik erg op prijs gesteld. Mede dankzij
de frequente meetings die we met Ben hadden heb ik veel mogen leren over allel-diversiteit en verspreiding.
Nico, we worked together in many of the projects. I appreciated your devotion and enthusiasm and enjoyed the plenty
good (work) discussions we had. Mathieu, we cooperated in some other projects and I never forget your excitement
after the final identification of Avrvnt1. Pavel, we worked together on projects regarding Rpi-blb1 and together with
Maarten we had many memorable moments and laughed a lot about many different subjects. Ingo and Rients, I very
much appreciated your help, participation and critical comments while writing the review article. Guangcun, I admired
your continuous search for the R3b gene; finally it was R3b, that allowed the quick identification of Avr3b.
Sophien, Paul, Francine, Elly, Ingo, Liliana, Rob and Trudy. Without your help and your material and knowledge sharing,
this thesis would never have come to the current blossom. I enjoyed the presence of the broader background team on
which I always could fall back for in depth discussions and inquiries when it came to Phytophthora or ‘plant-microbeinteraction’ subjects.
Verder gaat veel dank uit naar personen die geholpen hebben bij de verzorging en voorbereiding van proeven. Henk,
Gerda en andere kasmedewerkers, met volste vertrouwen konden planten aan jullie overgelaten worden, en keer op
keer waren ze (ondanks de hoeveelheid) weer in topconditie! Dirk-Jan, jij zorgde ervoor dat vergeten proeven
uiteindelijk toch snel opgeruimd werden en hebt veel bijgedragen door de vele kruisingen die in dit proefschrift
gebruikt zijn. Daarnaast wil ik Annie et al. bedanken voor de administratieve hulp.
Verder wil ik mijn oud studie/vriendengroep (Bram, Caroline, Elias, Jaap-Jan, Kristel, Menno en Tanja) bedanken voor
de vele mooie momenten die we de afgelopen jaren hebben mogen beleven.
Natuurlijk ben ik ook veel dank verschuldigd aan mijn ouders, broers en zussen. Veel weekenden hebben we samen
doorgebracht op de boerderij in Tolbert, waar ik mij kon uitleven in mijn grootste hobby; evaluatie en veredeling van
minder bekende gewassen. Even uitwaaien van de ‘denktank Wageningen’. Ik heb het ervaren als een onmisbare
burcht in de branding.
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The author was born on June 11th, 1982 in Leek, Groningen, the Netherlands. After obtaining his HAVO diploma in
1999, he obtained a propedeutical certificate (Biotechnology) from the NHL university of applied sciences and enrolled
in the Wageningen University study Plant and Crop Sciences in 2000. In 2006 an MSc degree in Plant Breeding and
Genetic Resources was obtained. After completing University, he started temporary work on the same subject as his
master thesis - Phytophthora infestans – potato interactions - in the laboratory of Plant Breeding, Wageningen
University.
From Februari 2008 until March 2011 he worked as a PhD student in the same laboratory to futher investigate
Phytophthora infestans – potato interactions. The work is summarized in this booklet.
In the mean time the author gained a passion for soybean, Glycine max, and is currently adapting the crop to the NorthWestern European climate. He hopes to build a plant breeding company (BioBred.nl) around it in the near future.
Currently the author is looking forward to another yob position in the area of science and plant breeding.
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