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1 INTRODUCTION 

Late blight caused by Phytophthora infestans is one of the most serious diseases of potato 

worldwide causing heavy yield losses. When susceptible varieties are cultivated, several 

fungicide treatments of the foliage are required to control the disease. The massive damages 

have made late blight one of the most studied crop diseases. Nevertheless, efficient control 

of late blight remains a challenge for potato growers worldwide. 

  

The control of late blight is time-consuming and expensive because of the high number of 

treatments needed during growing season and because of the high prices of plant protection 

products. Fungicides are not environmentally friendly and fungicide treatments reduce 

work safety especially if the protective gear is lacking. The mission of the International 

Potato Center (CIP) is to achieve food security to the developing countries (International 

Potato Center 2012b). Essential for this mission is to develop potato populations that are 

adapted to different agro-ecologies in tropics and semi-tropics. In many target areas of CIP, 

late blight has a serious impact on potato cultivation and thus high and stable late blight 

resistance is important for genotypes that are bred for these areas (International Potato 

Center 2012a).  

 

Potato has two types of resistance to late blight; qualitative and quantitative. 

Phenotypically, the qualitative resistance prevents the pathogen from causing any infection 

whereas the quantitative resistance allows the pathogen to infect the host plant but the 

disease progress is slow. At genotype level the difference between the resistances is not so 

clear and thus more argued. Latest studies indicate that qualitative and quantitative 

resistances resemble each other (Rietman et al. 2012) and that the diversity of R genes is 

wider than it was understood when the first late blight resistance R genes were discovered 

(Black 1953).  

 

Late blight resistance breeding at CIP has focused on phenotype based quantitative 

resistance. The genotypes in the breeding program are exposed to extremely high endemic 
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pathogen pressure in the highland of Peru that contains highly virulent populations of P. 

infestans. The genotypes are expected to be free of the 11 Solanum demissum R genes. The 

absence of these R genes was initially determined by inoculating the genotypes with races 

with known virulence patterns on the Black’s (1953) differential potato set.    

 

Late blight resistance can be improved by increasing the number of cycles of recombination 

of a population (Landeo et al. 2000, Yao et al. 2011). According to Landeo et al. (2000), 

late blight resistance of CIP’s population B3 has been improved after every cycle of 

recombination (B3C0, B3C1 and B3C2). The stability of late blight resistance in population 

B3 has been studied less, though. The aims of this study were 1) to determine whether the 

level of late blight resistance in population B3 can be further improved by another cycle of 

recombination and 2) to determine the stability of late blight resistance in population B3. 

The study of inheritance of late blight resistance is done by comparing the data from 

previous cycle of recombination (B3C2) to the data of current cycle of recombination 

(B3C3). The data of population B3C3 was collected in November and December 2012 in 

the Peruvian highlands. The study of stability of late blight resistance was done by studying 

historical data from late blight evaluations of population B3 in nine different environments 

during years 2001–2006. 

2 LITERATURE REVIEW 

2.1 Diversity of genus Solanum  

 

Hawkes (1990) described over 900 species in genus Solanum from which 235 are tuber 

bearing. There are seven cultivated potato species. They are polyploids (haploid 

chromosome number is 12) and range from diploid to pentaploid (Hawkes 1994). The wild 

potato species have the similar numbers of chromosomes as the cultivated species, but 

some species are hexaploids (Hawkes 1990). The most commonly cultivated form Solanum 

tuberosum ssp. tuberosum is a tetraploid. It has four homologues of the 12 different 

chromosomes (2n = 4x =48). It is assumed to be an autotetraploid and exhibits tetrasomic 

inheritance. The autotetraploid potatoes possess an endosperm balance number (EBN) of 4 

(Hawkes 1994).  



8 

 

 

Not only cultivated potato species, but also wild Solanum species are utilized in potato 

breeding. The huge number of species in genus Solanum has enabled the genus to adapt to 

different climates and conditions including different kinds of pests and diseases. The 

species contain many resistance genes that could be potentially used in resistance breeding. 

Resistance genes can be found from commercial cultivars, landraces, wild progenitor 

species, related species and related genera (Niks et al. 2011). However, crossing cultivated 

potato species and wild potato species is not always successful. The genetic differences like 

different ploidies or EBNs may prevent crossing by conventional breeding (Vleeshouwers 

et al. 2008). 

2.2 Genes behind the late blight resistance 

2.2.1 Genes conferring qualitative or quantitative resistance 

 

The resistance of potato to P. infestans has two phenotypes; qualitative and quantitative. 

Phenotypically, the qualitative resistance prevents survival of the pathogen and the host 

plant will be nearly symptomless. In turn, quantitative resistance only inhibits the growth of 

the pathogen or resistance may delay appearance of the symptoms (Tan et al. 2008). 

Quantitative resistance allows the host plant to produce yield by reducing the damage 

caused by the pathogen, but the resistance may be affected by environmental conditions 

(Umaerus and Umaerus 1994, Deadman 2006), inoculum potential, disease progress and 

physiological changes of the host plant (Deadman 2006). Thus, the resistance may vary in 

different years (Mulema et al. 2004, Forbes et al. 2005, Wulff et al 2007, Tatarowska et al. 

2012) and environments (Mulema et al. 2004, Forbes et al. 2005, Tatarowska et al. 2012), 

under different disease pressures (Collins et al. 1999) and even at different stages of 

maturity (Li et al. 2012) or vigor of the host plant (Collins et al. 1999).  

 

Genotypically, the resistances and their differences are more argued. The resistances are 

commonly divided into two groups so that qualitative resistance is based on R genes that 

initiate hypersensitive response (HR) and the quantitative resistance in based on minor 

genes placed in quantitative trait loci (QTLs). However, the studies since the beginning of 
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this century have shown that genetically qualitative and quantitative resistances resemble 

each other more than it was previous understood. The studies show that the qualitative 

resistance genes as well as quantitative resistance genes are located in QTLs, quantitative 

resistance genes have similar structure as the R genes involved in qualitative resistance, and 

HR also exists in quantitative resistance.  

 

QTLs are parts of the genome that have been shown to have an effect to a quantitative trait 

such as late blight resistance. Gebhard and Valkonen (2001) summarized approximate 

locations of the R genes and QTLs for resistance in potato genome. Based on the resistance 

hotspots and genetic clusters they proposed 1) often qualitative resistance genes are located 

in the same parts of the genome as the QTLs and 2) genes with quantitative effects may 

have similar structure (nucleotide-binding site leucine-rich repeat (NB-LRR), explained 

later in Chapter 2.2.3) as R genes. Vleeshouwers et al. (2000) showed that HR, typical for 

R genes, also exists in quantitative resistance. This supports the suggestion that the genes 

responsible for quantitative effect may have similar structure as R genes. Similarly, the 

studies of Rietman et al. (2012) supported the suggestions that R genes are involved in 

quantitative resistance. The study showed that the resistance of the highly resistant potato 

cultivar Sarpo Mira is conferred by at least five different R genes of which four confer 

qualitative resistance and one confers quantitative resistance. In addition, Tan et al. (2008) 

suggested that the quantitative resistance gene Rpi-mcd1 is actually an R gene. Tan et al. 

(2008) and Li et al. (2012) suggested that detection of some QTLs depended on the 

maturity of the host plant. This may be explained by that the locations of the QTLs for late 

blight are linked with QTLs for plant maturity (Gebbhard and Valkonen 2001). In addition, 

Vleeshouwers et al. (2000) proposed that the recognition of the effectors in quantitative 

resistance is inadequate or delayed. Thus, the structure of quantitative and qualitative 

resistances may be similar, i.e. based on NB-LRR type genes, but in the case of quantitative 

resistance the phenotypic response is weaker.  

 

 

 

 



10 

 

2.2.2 Pathogen-host plant interactions 

 

According to Dangl and Jones (2001, 2006) pathogens try to suppress the defense 

mechanisms of the host plant by secreting effectors. Pathogens use the effectors to improve 

the conditions inside host cell for example by promoting nutrient leakage or pathogen 

dispersal. Thus, the effectors enhance the pathogen virulence by changing the conditions 

inside the host cell.  

 

P. infestans is a hemibiotroph meaning that is has both biotrophic and necrotrophic life 

stages. In the early stages of infection, when the pathogen is in its biotrophic stage, it tries 

to suppress the host plant defense mechanisms, like programmed cell death (PCD), that is 

targeted to biotrophic pathogens (Lee and Rose 2010). In the later stages of infection, P. 

infestans undergoes a physiological transformation and turns into highly destructive 

necrotroph. In this stage of infection the pathogen utilizes death cell tissue, and thus the 

defense responses like PCD become beneficial for the pathogen. Little is known about the 

molecular mechanism behind this transformation. Lee and Rose (2010) hypothesized that 

hemibiotrophs secrete effector proteins that suppress plant defense responses like PCD at 

the biotrophic stage. 

 

According to Dangl and Jones (2001 and 2006), to protect themselves against pathogen 

attack, plants have evolved to contain R genes in order to recognize pathogens effectors. 

For example if a potato plant carries the R gene R4 and the pathogen contains the 

corresponding Avr4 gene (Table 1), the potato plant is able to recognize the Avr4 effector 

protein, which recognition triggers the host plants defense mechanisms such as HR. HR 

causes cell death and inhibits the growth of the pathogen by preventing the supply of 

nutrients and/or by causing synthesis of antimicrobial compounds (Kombrink and 

Schmelzer 2001). The triggered defense mechanisms are not fully understood yet especially 

with hemibiotrophic pathogen such as P. infestans where the pathogen is able to utilize 

both living and death cells depending on the time of the disease progress. In the absence of 

the R4 gene the host plant will not recognize the effector Avr4 and the disease can progress 

(Dangl and Jones 2001).  
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To overcome the protection mechanism of the host plant, the pathogen tries to modify its 

effectors so that the R gene proteins will not recognize them (Dangl and Jones 2006). Some 

effectors also inhibit the function of R genes, and the pathogen survives even though 

corresponding R gene is activated (Vleeshouwers et al. 2008).  



 

 

Table 1. Solanum R genes and corresponding Avr genes. 

R gene Solanum species Chromosome Effector Reference 

R1 S. demissum 5 Avr1 Black et al. 1953, Leonards-Schippers et al. 1992, 

Ballvora et al. 2002 

R2 S. demissum 4  

 

PiAvr2, 

PexRD11, 

PITG_21949, 

PITG_21645 

 

 

Black et al. 1953, Li et al. 1998, Lokossou et al. 2009, 

Champouret et al. 2010b 

R2-like unknown/S. edinense  

(according to Vleeshouvers) 

4 Lokossou et al. 2009, Park et al. 2005 b, Park et al. 2005 

c, Champouret et al. 2010c 

Rpi-abpt unknown 4 Lokossou et al. 2009, Park et al. 2005 b, c, Champouret et 

al. 2010c 

Rpi-blb3 S. bulbocastanum 4 Lokossou et al. 2009, Park et al. 2005 a, b, Champouret et 

al. 2010c 

Rpi.edn1.1 S. edinense 4  

PiAvr2, 

PexRD11, 

PITG_21949, 

PITG_21645, 

PITG_13940 

Champouret et al. 2010b, c 

Rpi-snk1.1 S. schenckii 4 Champouret et al. 2010b, c 

Rpi-snk1.2 S. schenckii 4 Champouret et al. 2010b, c 

Rpi-hjt1.1 S. hjertingii 4 Champouret et al. 2010b, c 

Rpi-hjt1.2 S. hjertingii 4 Champouret et al. 2010b, c 

Rpi-hjt1.3 S. hjertingii 4 Champouret et al. 2010b, c 

Rpi-snk1 S. schenckii 4  Jacobs et al. 2010 

Rpi-dmsf1 S. demissum 4  Hein et al.  2009 

R3a S. demissum 11 Avr3a Huang et al. 2004, Huang et al. 2005, 

Rpi-sto2 S. stoloniferum 11  Champouret et al. 2010a 

R3b, R5-R11 S. demissum 11  Malcolmson and Black 1966, El-Kharbotly et al. 1996 , 

Huang et al. 2004, Huang et al. 2005 

(Ma)-R4 S. demissum 11 Avr4 Black et al. 1953, Van Poppel et al. 2008, Verzaux 2010 

Rpi-blb1, also 

known as RB 

S. bulbocastanum 8 Avr-blb1 (ipiO) Van der Vossen et al. 2003 

Rpi-sto1 S. stoloniferum 8 Avr-blb1 (ipiO) Vleeshouwers et al. 2008, Wang et al. 2008 

Rpi-pta1 S. stoloniferum 8 Avr-blb1 (ipiO) Wang et al. 2008, Vleeshouwers et al. 2008, 
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(Vleeshouwers et al. 2011). 

Rpi-plt1 S. polytrichon 8  Wang et al. 2008 

Rpi-blb2 S. bulbocastanum 6 Avr-blb2 Van der Vossen et al. 2005, Oh et al. 2009 

Rpi1 S. pinnatisectum 7  Kuhl et al. 2001 

Rpi-ver1 S. verrucosum 6  Jacobs et al. 2010 

Rpi-edn1 S. x edinenese 4  Verzaux et al. 2010 

Rpi-edn2 S. x edinenese 9  Verzaux et al. 2010 

Rpi-edn3 S. x edinenese 11  Verzaux et al. 2010 

Rpi-mcd1 S. microdontum 4  Tan et al. 2008 

Rpi-moc1 S. mochiquence 9  Smilde et al. 2005 

Rpi-vnt1.1 S. venturii 9 Avr-vnt1 Pel et al. 2009, Foster et al. 2009 

Rpi-vnt1.2 S. venturii 9 Avr-vnt1 Pel et al. 2009, Foster et al. 2009 

Rpi-vnt1.3 S. venturii 9 Avr-vnt1 Pel et al. 2009, Foster et al. 2009 

Rpi-vnt2 S. venturii    

Rpi-cap1 S. capsicibaccatum 11  Verzaux et al. 2012 

Rpi-ber S. berthaultii 10  Rauscher et al. 2006 

Rpi-pcs S. paucissectum 11   

Rpi-avl1 S. avilesii 11  Verzaux et al. 2010, Verzaux et al. 2011 

Rpi-qum1 S. circaeifolium ssp. 

Quimense 

11  Verzaux et al. 2010, Verzaux et al. 2012 

Rpi-phu1 S. phureja 9  Sliwka et al. 2006 

Rpi-mch1 S. michoacanum 7  Sliwka et al. 2012a 

Rpi-rzc1 S. ruiz-ceballosii 10  Sliwka et al. 2012b 

Rpi-smira1 S. demissum likely 

chromosome 

11 

AvrSmira1 Rietman et al. 2012 

Rpi-smira2 S. demissum  AvrSmira2 Rietman et al. 2012 



 

 

2.2.3 Proteins encoded by R genes 

 

R genes encode five classes of proteins (Dangl and Jones 2001). R genes for resistance to 

P. infestans in potato encode proteins that belong to the major R protein class NB-LRR 

(also called NBS-LRR where NBS stands for Nucleotide Binding Site) (Dangl and Jones 

2001, Rietman et al. 2010). NB-LRR consists of a Nucleotide Binding (NB) domain and a 

Leucine Rich Repeat (LRR) domain (Takken and Tameling 2009). LRR domain recognizes 

the pathogen effectors, and NB domain initiates HR (van Ooijen et al. 2007). The NB-LRR 

proteins recognize effectors either directly or indirectly. The indirect recognition is not 

completely understood yet, but one hypothesis of the mechanism is the guard model. Guard 

model postulates that NB-LRR proteins act as guards that recognize biochemical 

modifications in host plant proteins that act as guardees (Rafiqi et al. 2009). The NB-LRR 

structure genes are often in clusters and many of the R genes of potato seem to be located in 

relative few clusters called genetic hotspots (Gebhard and Valkonen 2001).  

 

NB-LRR gene structure is utilized in finding new resistance gene homologs (RGH), in 

other words, potential R genes (Wang et al. 2008). Once a gene is cloned from an R gene 

locus, alleles from a specific genome can be cloned, and in that way allele frequency and 

allelic variation at a specific locus can be determined (Pel et al. 2009).  By allele mining 

Bakker et al. (2011) found in their study a total of 47 NB-LRR loci and together 738 partial 

of full-length NB-LRR encoding genes in the genome of S. tuberosum ssp. tuberosum. In 

turn Jupe et al. (2012) found 438 NB-LRR type genes in the genome of S. tuberosum 

Group Phureja.   

2.2.4 Solanum demissum derived R genes 

 

Black et al. (1953) identified first four R genes for resistance to P. infestans in Solanum 

demissum. Today a total of 11 R genes are known in S. demissum and they are named as 

R1-R11 and used in breeding of potato (Wastie 1991). However, the resistance based on 

single R genes from S. demissum was quickly overcome by P. infestans (Wastie 1991). 

Even the resistance of cultivars with combination of different R genes, like Pentland Dell 

(contains R genes R1, R2 and R3), was not durable (Hein et al. 2009) and the use of R gene 



15 

 

based resistance was criticized (Wastie 1991, Leonards-Schippers et al. 1994, Collins et al. 

1999, Landeo et al. 2000). Quantitative resistance was thought to be more durable than 

qualitative resistance, and therefore plant breeding concentrated on quantitative resistance 

(Wastie 1991, Leonards-Schippers et al. 1994, Landeo et al. 2000).  

 

Based on the common understanding of late blight resistance in the 90’s, CIP developed a 

potato population B with the aim to concentrate on breeding for quantitative resistance in 

the absence of R genes which could mask the residual resistance provided by minor genes 

(Landeo 1995). The population was tested with P. infestans race 0 (the race is unable to 

infect genotypes that contain any of the genes R1 to R11). If race 0 was able to infect a 

genotype, it was assumed that this genotype did not contain any of the genes R1-R11. The 

race 0 test was supported with P. infestans races that were able to overcome some of the 

genes R1-R11, and based on the reactions it was concluded whether the genotype contained 

specific R genes or not. Potato genotypes which based on afore mentioned tests did not 

have the genes R1–R11 were assumed to be R gene free and therefore chosen to population 

B (Landeo 1995). Nevertheless, the diversity of R genes is wider than it was initially 

thought (Table 1), and the R gene resistance seems to be both qualitative and quantitative as 

discussed in Chapter 2.2.1. 

2.2.5 Disease Susceptibility Genes 

 

Besides the resistance genes, resistance can be enhanced by affecting the S genes that make 

the plant susceptible (Eckardt 2002; Pavan et al. 2010). Genetically, Pavan et al. (2010) 

define S genes as “dominant genes whose impairment will lead to recessive resistance”. In 

other words the S genes can work as negative defense regulators or as susceptibility factors. 

Thus, the pathogen effectors can affect the plant immunity system either by suppressing the 

PAMPs (Pathogen Associated Molecular Patterns, defense regulators) or by activating 

targets that work as susceptibility factors. PAMPs are structures in the pathogen, for 

example bacterial flagella that trigger the plant immunity system resulting in PAMP-

triggered immunity (PTI). Susceptibility factors are factors in host plant that the pathogen 

needs for growing and developing. Hence, the resistance can be achieved not only with 

resistance genes, but also by eliminating S genes.  
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Late blight is a hemibiotrophic pathogen meaning that the infection starts with biotrophic 

stage and later turns into necrotrophic stage. One defense mechanism of the plant against 

the pathogen is killing the host cells close to infection site. During the biotrophic stage this 

defense mechanism is in place to restrict the spread of the pathogen. However, if this 

strategy is used when the pathogen is already in the necrotrophic stage, the host plant 

actually improves the conditions of the pathogen. Li et al. (2012) suggested that this way 

the resistance gene may act as a susceptibility factor and enhance the development of the 

pathogen. Furthermore, they found QTLs in potato on the long arm of chromosome IX that 

had both positive and negative effect on late blight development. The study showed as well 

that the function of the QTLs varied depending on the time of the disease development and 

the studied environments.  

 

Success of eliminating S genes and not affecting the growth of the plant has varied 

depending on the gene and the cultivar (Pavan et al. 2010). S genes may have dual function 

like S gene Xa13 in rice. Chu et al. (2006) found that Xa13 has an effect on growth of the 

bacteria Xanthomonas oryzae and on plant pollen development and, thus, eliminating this 

gene has both positive and negative consequences. Furthermore, dual function of a gene 

definitely makes a challenge for the breeder when one gene is acting as resistance as well as 

susceptible factor as may be the case with the QTL found by Li et al. (2012). However, 

with further studies and better understanding of the host plant-pathogen interactions, the S-

genes may show an important role in potato breeding in future. 

 

2.3 Diversity of P. infestans  

2.3.1 Characteristics of the Peruvian P. infestans population 

 

P. infestans populations are generally classified in strains, races, genotypes or clonal 

lineages based on different types of markers, such as mating type, resistance to metalaxyl, 

virulence and molecular markers (Fry et al 2009; Cooke and Lees 2004).  
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Mating type is an important marker because of the heterothallic nature of P. infestans that 

requires different mating types (A1 and A2) to enable sexual reproduction resulting in more 

variability in the population. In Peru only the mating type A1 is found and P. infestans 

populations consist of different clonal lineages (Perez et al. 2001).  

 

Metalaxyl resistance is another important marker to characterize P. infestans populations 

because Metalaxyl is a systemic fungicide which is commonly used in potato production 

against late blight infestation. All isolates collected from Oxapampa and Comas starting 

from the beginning of 21th century are resistant to metalaxyl (Perez et al. 2001).  

 

Clonal lineages of P. infestans are differentiated from each other by molecular markers 

such as allozymes, restriction fragment length polymorphisms (RFLPs), mitochondrial 

haplotypes, amplified fragment length polymorphisms (AFLPs), and simple sequence 

repeats (SSRs) or microsatellites. P. infestans isolates in Peru belong to clonal lineages EC-

1, US-1, PE-3 and PE-7 (Garry et al. 2005). In Oxapmapa three clonal lineages were found 

(EC-1, US-1 and PE-3) and in Comas one clonal lineage was found (EC-1) (Perez et al. 

2001). The most common clonal lineage on cultivated potato is EC-1 and the other lineages 

are found in low frequencies outside the cultivated fields. 

 

Virulence of P. infestans is determined by inoculating a so called differential set of potato 

cultivars (Black 1953, Cooke and Lees 2004). A differential set is a set of genotypes 

containing specific resistance genes. The virulence is defined based on the interactions with 

the pathogen and the plants in the set.  Differential sets for late blight containing genes R1-

R11 were created to be able to characterize the virulence spectrum and to monitor the 

dynamics of the virulence in a P. infestans population. All potato genotypes in the set 

contain a specific R gene and if a P. infestans isolate is able to infect and colonize a 

specific potato genotype, the isolate is defined as virulent in it (Cooke and Lees 2004). If 

for example a differential set genotype with gene R1 recognizes a specific P. infestans 

isolate, the isolate is assumed to contain gene Avr1. For late blight there are two differential 

sets that resemble each other; Mastenbroek's differential set and Black's differential set. 

Black's differential set is identical to the Mastenbroek's differential set from genotypes R5-
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R11 (Jo 2013). However, genotypes in Mastenbroek's differential set are named as MaR1-

MaR11. The P. infestans races can be named after the R genes they are capable to 

overcome, for example race 1.3.4.7.10.11 is able to overcome R genes R1, R3, R4, R7, R10 

and R11 (Peters et al. 1998). The P. infestans races in Peru have complex virulence 

meaning that a single isolate can overcome nearly all genes R1-R11 (Perez et al 2001). The 

Black’s differential set was utilized in the field evaluations of this thesis to determine the 

virulence of P. infestans races in the studied environments.  

2.3.2 Pathogen-host plant interactions in P. infestans populations studies 

 

The availability of P. infestans genome sequences and effector libraries has enabled 

classifying P. infestans populations based on the pathogen-host plant interactions at 

molecular level. Effector genomics, also called effectoromics, studies P. infestans effectors 

and whether they are recognized by the plant.  

 

All known P. infestans effector genes that act as Avr genes belong to the RXLR effector 

class (Vleeshouwers et al. 2011). The effector consists of an N-terminal domain, an RXLR 

(Arg-X-Leu-Arg, where X is any amino acid) motif, and a C-terminal effector domain (Win 

et al. 2012). The N-terminal domain works in secretion and host translocation, the RXLR 

motif works for translocation of effectors into host cells, and the C-terminal domain 

encodes the biochemical activity of the protein.  

 

Because of the identical gene structure, allele mining can be used when studying potential 

P. infestans effectors. The same principle is used when finding new potential R genes as 

described in Chapter 2.2.3. By mining the known structure of effectors, it is possible to find 

new potential effectors from the genome of P.infestans. Furthermore, this knowledge 

enables recognition of R genes (Vleeshouwers et al. 2011) because the effector-R gene 

reaction shows if the corresponding R gene is present.  However, the late blight resistance 

cannot be determined only based on R gene-Avr gene pairs. Vleeshouwers et al. (2008) 

showed that some P. infestans effectors inhibit the function of R genes. In presence of these 

effectors, the pathogen is able to cause disease even when corresponding R gene has been 
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activated. Furthermore, Li et al. (2012) suggested that the development stage of the host 

plant may affect activation of the R genes. 

2.4 Population breeding for late blight resistance at CIP 

 

The aim of CIP is to breed potato populations that have potential for successful cultivation 

in the target regions of the developing world. CIP does not release varieties, but the 

genotypes of CIP are used in breeding and as a source of variety selection in developing 

countries. For all target environments the potatoes are improved for yield and other farmer 

and consumer preferred traits. Furthermore, the material is bred for three different agro-

ecosystems: tropical highlands, subtropical lowlands and temperate Asia. All these 

ecosystems have different demands depending on the stresses that occur in those 

environments. Tropical highlands typically have high late blight pressure. On the other 

hand, in tropical and subtropical lowlands the limiting factors are potato viruses, bacterial 

wilt and heat. 

2.4.1 Late blight resistant potato populations 

 

For improving quantitative late blight resistance of potato, CIP has bred two populations 

from which the first one was aimed to contain R genes (population A) and the second one 

was aimed to be free of R genes (population B). Landeo (1995) named species like S. 

tuberosum, S. demissum, S. andigena, S. phureja, S. acaule and S. bulbocastanum as the 

major sources for horizontal resistance. Population A, which mostly contains the S. 

andigena background and therefore is suitable for highlands, was developed by crossing the 

aforementioned species to get a strong and stable horizontal resistance.   

 

However, it was speculated, whether the R genes might mask the small effects of horizontal 

genes. Therefore, population B, lacking R genes (actually only R genes R1–R11 were 

tested, as described in Chapter 2.2.4), was developed. Population B has mostly S. 

tuberosum background and is adapted to highlands and mid-elevation. The population was 
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developed by choosing from population A genotypes that did not show any signs of HR 

when tested with P. infestans isolates incompatible with the Black’s differential set.  

 

The target of breeding population B is to obtain quantitative resistance to late blight, high 

tuber yield, high dry-matter content, early tuberization and bulking, and good quality for 

potato fries and chips (Landeo 2000). The late blight resistance of population B3 has been 

improved using the recurrent selection scheme by crossing the best genotypes of the 

population with each other. The first three cycles of recombination in population B3 have 

improved the level of late blight resistance considerably since more of the genotypes were 

placed in the categories with lower Area Under Disease Progress Curve (AUDPC) values 

than in the previous cycle (Landeo et al. 2000) (Figure 1).  

 

 

Figure 1. Mean AUDPC values compared between the first two cycles of recombination 

(B3C0 and B3C1) in population B3. The smaller the AUDPC value is the higher the 

resistance is. Adapted from Landeo et al. (2000). 
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2.4.2 Breeding for late blight resistance 

 

In the breeding program at CIP, one cycle of recombination consists of 4 seasons (Figure 

2). Breeding material to a new cycle is got by crossing the best genotypes of the previous 

cycle. Genotypes for next season are chosen based on different characters such as resistance 

to late blight, tuber yield and quality characters such as dry matter content. To be 

considered as resistant, the selected genotype has to have AUDPC value the same or less 

than cultivar Kory, which is used as a control (Manuel Gastelo, International Potato Center, 

personal communication, 18 December 2012). First season of a cycle of recombination is 

executed with 30000–50000 progenies. The next season is always executed with best 

genotypes from the previous season. The most promising genotypes from season 4 are 

selected as trial varieties for further selection in developing countries. The best genotypes 

are also used as new crossing material for next cycle of recombination. 

 

 

 

 

 

Figure 2. Schematic representation of one cycle of population breeding to improve late 

bight resistance in the B3 population. 
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The late blight experiments have been carried out in the Peruvian Andes, in Oxapampa and 

Comas (Figure 3). Oxapampa is not a potato production area but potato is produced widely 

in higher areas above the region. As a wide valley Oxapampa gathers P. infestans strains 

from the potato production areas. The production areas together with alternative host plants 

in Oxapampa serve as a resource of P. infestans and make this location suitable for late 

blight experiments. Until year 2007 the late blight experiments were also carried out in 

Comas. 
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Figure 3. Oxapapma and Comas are locate in the Peruvian Andes. Oxapampa is about 1800 

meters above sea level (m. a. s. l.) and Comas is about 2400 m. a. s. l. The head office of 

the research center CIP is located in Lima. (Permission to publish the figure obtained from 

Manuel Gastelo.) 

Comas 

Oxapampa 

Lima 
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2.5 Strategies for late blight resistance breeding  

2.5.1 Combining quantitative and qualitative resistances and targeted R gene breeding 

 

In the modern late blight breeding of potato three different trends can be found 1) breeding 

quantitative resistance without known R genes, 2) breeding quantitative resistance with 

some known R genes, and 3) targeted R gene breeding based on the pathogen-R gene 

interactions. The first method is used in breeding of population B3 at CIP.  

 

Breeding combination of quantitative and qualitative resistances is one way to reach for 

stable and long lasting late blight resistance. R genes, particularly the 11 genes derived 

from S. demissum, have been avoided in the breeding programs because they may mask the 

effects of minor genes in field evaluations (Landeo 1995). However, The James Hutton 

Institute has concentrated on studying how to distinguish qualitative and quantitative 

resistances in field experiments (Stewart et al. 2003; Solomon-Blackburn et al. 2007) to be 

able to select high levels of quantitative resistance without the masking effect of R genes 

(The James Hutton Institute 2013). The aim of the institute is to achieve a strong and broad 

quantitative resistance so that the genotypes will retain late blight resistance even though 

the pathogen would break the R genes. Besides phenotypic evaluations, qualitative and 

quantitative resistances can be distinguished from each other by molecular studies.  

 

Targeted R gene breeding is based on R genes ability to recognize different spectrum of P. 

infestans effectors (Vleeshouwers et al. 2008). It is thought that so called narrow spectrum 

R genes, like S. demissum R genes R1, R2, R3 and R4, each recognize only one P. infestans 

effector (Vleeshouwers et al. 2008) whereas broad spectrum R genes, like Rpi-blb1 and 

Rpi-blb2 (Song et al. 2003, van der Vossen et al. 2005), may be able to recognize a broader 

range of P. infestans effectors (Vleeshouwers et al. 2008). Hence, studying the effectors 

that an R gene recognizes is an important aspect in late blight resistance breeding. By 

knowing the effector diversity of the P. infestans population in the target area and by the 

effectors that a specific R gene recognizes, specific R genes can be recommended to 

specific areas.  With more knowledge of R gene- effector interactions it is possible to favor 

broad spectrum R genes and combinations that are targeted to specific areas. 
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To get as broad or as specific effector spectrum as possible, the R genes can be pyramided 

i.e. several R genes can be combined. Pyramiding has been used in varieties like Pentland 

Dell (contains R genes R1, R2 and R3) although the variety did not show as stable 

resistance as was expected (Hein et al. 2009). All R genes in Pentland Dell are narrow 

spectrum R genes (Vleeshouwers et al. 2008) and thus the main benefit of pyramiding was 

not achieved. To my knowledge genotypes with pyramided broad spectrum R genes have 

not yet been bred, but for example Verzaux et al. (2012) have already mapped two broad 

spectrum R genes Rpi-cap1 and Rpi-qum1 which both have potential in gene pyramiding.  

2.5.2 Challenges and possibilities in late blight resistance breeding 

 

Despite of all the possibilities that broad spectrum R genes seems to have, potato breeding 

is time-consuming and introducing new R genes into the cultivated potato may be 

challenging. Examples of R genes that offer at the same time huge possibilities as well as 

challenges, are broad spectrum R genes Rpi-blb1 and Rpi-blb2 that confer high late blight 

resistance [excluding some virulent P. infestans races in Mexico that are virulent to Rpi-

blb1 (Champouret et al. 2009)] and thus have a high potential in late blight breeding. 

However, incorporating these genes into the genome of cultivated potato is difficult 

because the donor species S. bulbocastanum is diploid (Hawkes 1990) and therefore 

difficult to cross with cultivated potato S. tuberosum that is tetraploid (Hawkes 1990; 

Vleeshouwers 2008).  

 

Somatic hybridization is one solution to overcome difficulties to cross different species. 

Somatic hybridization is a process where two protoplasts are fused together to form 

hybrids. The method offers a way to overcome crossing barriers and enables formation of a 

cell that contains all the components of two different cytoplasms. For example Helgeson et 

al. (1998) used somatic hybridization to bypass sexual incompatibility between highly late 

blight resistant species S. bulbocastanum and S. tuberosum.  However, the outcome of 

somatic hybridization is not always successful and depends on the crossed species. For 
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example Harding and Millam (2000) found that hybrids between S. tuberosum and S. 

sanctae-rosea retained mainly the genome and mostly the chloroplast of S. tuberosum. 

 

An alternative to somatic hybridization is to find Rpi homologues in species that are more 

crossable with cultivated potato. Wang et al. (2008) for example found an Rpi-blb1 

homologue Rpi-sto1 in the genome of S. stoloniferum. The benefit of the homologue Rpi-

sto1 is that the gene is more easily transferred to cultivated potato from a tetraploid S. 

stoloniferum (Hawkes 1994) than from a diploid S. bulbocastanum (Hawkes 1990). 

However, finding homologues in crossable species may as well be time-consuming.  

 

To speed up the breeding process Haverkort et al. (2008) have proposed gene transfer of 

cisgenes. Cisgenes are, in this context, genes of Solanum species that are currently used or 

could be used in breeding programs. According to the authors, with cisgene transfers at 

least 15 years of backcrossing and selection programs are avoided, although at the moment 

lack of detected and isolated R genes restricts the benefits of this method. Cisgene transfer 

is considered as Genetically Modified (GM) technique and therefore the use of the 

genotypes obtained with this technique is restricted. Wageningen University and Research 

Centre in the Netherlands has started a programme to reduce the costs caused by late blight 

and part of the programme is to influence positively to the use of cigenes (Haverkort et al. 

2008). According to the research centre, conventional breeding is not able to enhance late 

blight resistance as effectively as economic, social and environmental aspects would 

require.  

2.6 Symptoms of late blight 

 

P. infestans, infects potato foliage, stems, flowers and tubers (Fry 2008). The infection 

starts with a biotrophic stage when a spore of P. infestans lands on the surface of the host 

plant. If the pathogen is able to overcome the defense mechanisms of the host plant, P. 

infestans enters the host plant by using a non-melanized appressoria and produces finger-

like haustoria (Giraldo & Valent 2013). The later stages of the infection are necrotrophic 

and the pathogen utilizes death cell tissue of the host plant.  The biotrophic stage of the 
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infection is asymptomatic, and the typical symptoms of late blight appear in the 

necrotrophic stage (Lee and Rose 2010). 

 

According to Agrios (2004), symptoms of late blight usually appear first in the lower parts 

of the plant. Typical symptoms are water-soaked spots at the edges of leaves. In moist 

conditions the spots enlarge and form brown areas with lighter borders (Figure 4). White 

growth, in other words mycelia, appears on the underside of the leaves (Figure 5), and soon 

the entire leaves are infected and die. In moist conditions the infection develops rapidly 

(Figure 6), but in dry conditions the development of the pathogen is reduced, and the plant 

may even grow. In dry weather the existing lesions turn black, curl, wither, and no mycelia 

appear on the underside of the leaves (Figure 7).  

 

 

Figure 4. Typical symptoms of late blight with necrotic spots with lighter border. 
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Figure 5. Typical symptoms of late blight with mycelia on the underside of the leaves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Disease development of control variety Yungay in one week was dramatic.  
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Figure 7. In dry weather the lesions turn black, curl and wither.  

 

 

The symptoms of late blight are not always as clear as shown in the Figures 4–7. As 

mentioned earlier, quantitative resistance has an effect on appearance of late blight 

symptoms by restricting the lesion growth (Vleeshouwers et al. 2011). Quantitative 

resistance may also result in less sporulation (Manuel Gastelo, International Potato Center, 

personal communication, 18 December 2012) (Figure 8). Thus evaluating a population 

exhibiting high quantitative resistance may be challenging, and all the symptoms are not 

necessary recognized in the field conditions.     
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Figure 8. Typical symptoms of quantitative resistance. The lesion will not spread and no 

sporulation can be seen. 

 

 

3 RESEARCH OBJECTIVES 

 

The objectives of this study were to assess the stability and inheritance of late blight 

resistance in CIP’s potato population B3. The aims were: 1) to study whether another cycle 

of recombination improves the level of late blight resistance in population B3 and 2) to 

analyze the stability of late blight resistance in population B3 based on historical data.  

 

The first three cycles of recombination have improved the late blight resistance of 

population B3 (Landeo et al. 2000) and this study focused on the next cycle (C3) to find out 

whether the fourth cycle of recombination will result in further improvement of the late 

blight resistance at the population level. This study compared historical data collected from 

the population B3C2 field experiment in Oxapampa and Comas in 1998 with the data of 
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population B3C3 field experiment in Oxapampa at 2012. The population B3C3 was in its 

second season of cycle of recombination and therefore the study will only show the 

development of the late blight resistance at the population level.   

Previous studies involving a few B3 genotypes and cropping seasons have shown that 

population B3 contains genotypes with stable resistance to late blight (Mulema et al. 2004, 

Wulff et al. 2007). The aim of this research was to test a broader set of B3 genotypes for 

the stability of late blight resistance in a longer time lapse. P. infestans is a highly adaptable 

pathogen and therefore local populations may rapidly change and overcome the resistance 

mechanism of host plant. Therefore, in addition to the level of resistance, it is important to 

include the aspect of stability. The study of stability included 206 genotypes from 

population B3 evaluated between 2001 and 2006 in Comas and Oxapampa.  

4 MATERIALS AND METHODS 

4.1 Studied genotypes and resistance evaluation in the field 

 

The inheritance of late blight resistance was studied by comparing field data of population 

B3C2 (season 2 in Comas and Oxapampa in 1998) to the field data from population B3C3 

(season 2 in Oxapampa in 2012). B3C2 included data of 520 genotypes from 183 families, 

whereas the B3C3 data was from 2797 genotypes from 209 families.  

 

The stability of resistance was studied by comparing field data of population B3C1 and 

B3C2 for 206 potato genotypes (Appendix 1 and 2) in nine different environments (in 

Oxapampa in 2001, 2002, 2005 and 2006, and in Comas in 2001, 2002, 2004, 2005 and 

2006). These genotypes were chosen because they were evaluated in most of the studied 

environments (Appendix 3).  

 

The field experiments were carried out in Oxapampa (1737 m.a.s.l., 12°34′05′′ south, 

75°24′23′′ west) and in Comas (2400 m.a.s.l., 11°46′0′′ south, 75°5′0′′ west) in the central 

Andean highlands of Peru. The field design was randomized complete block. Three or five 

tubers of each genotype were planted. Planting density was 1 m between rows and 30 cm 
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between plants. No replications were used because at this point (at second season of the 

breeding cycle) the interest was to evaluate the disease resistance at the population level. 

The controls were Yungay (susceptible), Amarilis (intermediate resistance) and Kory 

(resistant). To study the virulence of P. infenstans strains, potato genotypes of Black's 

differential set (Black et al. 1953) with different R genes (genes R1–R11) and R gene 

combinations were planted at the evaluation sites. The differential set contained genotypes 

that had one of the genes R1 to R11, and genotypes with following R gene combinations: 

R1R2, R1 to R3, R1 to R4, R1R3, R1R4, R2R3, R3R3R4, R2R4 and R3R4. In addition, the 

differential set contained genotype r which did not contain any of the 11 known S. 

demissum R genes.  The statistical design of this differential set was randomized complete 

block with two replicates. 

During growing season the plants were treated twice with fungicide Dithane M-45 

(producer BASF Peruana S.A., Peru): when 80–100% of the plants had emerged, and 7 

days after the first treatment. The fungicide treatments were needed because if late blight 

infection occurs too early, the differences between resistant and susceptible individuals may 

be difficult to observe (Manuel Gastelo, International Potato Center, personal 

communication, 18 December 2012).      

 

The disease development was evaluated according to the CIP guide (Bonierbale et al. 

2006). To follow the disease development, the percent of infected foliage of each genotype 

was estimated. The first evaluation was conducted 10 days after the second Dithane M-45 

treatment followed by six observation times every 7 days during the growing season. Each 

plot was evaluated by estimating the percentage of late blight symptoms compared with the 

total leaf area of the plot. The severity of infection was evaluated in a scale from 0 to 100 % 

so that values were given every 5 % (5, 10, 15,…90, 95, 100%). If a genotype showed no 

symptoms at all it was given a value 0%. However, if the genotype had just a single lesion 

of late blight in any plant, the genotype was given the minimum value 5%. Value 100% 

was given to clones where every plant of the plot was killed by late blight. 
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4.2 Data analysis  

 

AUDPC values were calculated based on the evaluations, according to the CIP guide 

(Bonierbale et al. 2006), with the following formula where t is time for each evaluation, y is 

the observed percentage of late blight infection at each evaluation and n is number of the 

evaluations. 

 

      ∑(
       

 
)

   

   

          

 

To be able to compare different evaluation years and environments, the collected data was 

turned into susceptibility scale (Yuen and Forbes 2009). In this scale the genotype has 

values from 0–9. The control variety Yungay is given a scale AUDPC (sAUDPC) value of 

6, and the values of other genotypes are proportioned to the given sAUDPC value of 

Yungay. Susceptibility scale reduces the effect of different years and environments 

assuming that the resistance level of the susceptible control remains constant. The sAUDPC 

values were calculated with following formula where Sy is the given sAUDPC value of the 

control variety Yungay, Dx is the AUDPC value of the specific genotype and Dy is the 

mean AUDPC value of Yungay. 

 

         
  

  
 

 

4.2.1 Analysis of inheritance of late blight resistance 

 

The inheritance of late blight resistance in population B3C3 was analyzed with the help of 

expected genetic gain (expected average sAUDPC value), which was calculated using the 

sAUDPC values of 520 genotypes of population B3C2. To be able to calculate estimated 

sAUDPC value, combined analysis of variance, broad sense heritability and gain from 

selection were calculated. Combined analysis of variance was analyzed in SPSS 20.0.   
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Variances were determined by following formulas where l is location, g is genotype and r is 

repetitions. M1 is the mean square (MS) of genotype, M2 is the MS of genotype*location, 

and M3 indicates the MS of error. 

 

Variance of genotype*location: 

 

²gl = 
   –   

 
  

    

Variance of genotypes: 

                            

²g =  
   –         

  
 

 

Total variance: 

 

²total =  ²g+ 
   

 
 

  

  
  

 

Error variance: 

 

²e = M3                

 

Broad sense heritability was calculated by dividing variance of genotypes by total variance. 

 

h²=
  

      
  

 

Gain from selection was calculated by multiplying intensity of selection (k), square root of 

total variance and heritability. Intensity of selection was set to 1.76. 

 

Gs =  k√(total)h² 

 

Expected genetic gain in B3C3 was calculated by subtracting gain of selection from 

average sAUDPC value of B3C2. 
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4.2.2 Analysis in the study of stability of late blight resistance 

 

The historical data was acquired from the global trial data management systems of CIP and 

checked for the presence of outliers and homogenized so that all trials would have the same 

number of replications. Missing values were replaced by experiment means. The analysis 

was done with additive main effects and multiplicative interaction (AMMI) model using the 

sAUDPC values. The statistical software was SAS v. 9.2. 

 

The genotypes in population B3C1 and B3C2 were classified as stable or unstable by 

plotting the coefficient of variation (CV) against the mean sAUDPC value (Lindqvist-

Kreuze et al. 2014). The CV was calculated with the following formula where σ indicates 

standard deviation and x is the mean sAUDPC of each genotype in all environments:  

 

   
 

 
 

 

 

5 RESULTS 

 

5.1 Inheritance and development of late blight resistance in populations B3C2 and 

B3C3 

5.1.1 Infection rate and diversity of P. infestans in Oxapampa in 2012 

 

Based on symptoms, the late blight infection was heavy in Oxapampa and the differences 

between controls were clear (Figure 9). All genotypes of the differential set (R1–R11), 

except for R5 and R9, were infected by P. infestans. Based on the differential set, the P. 

infestans strains were able to overcome all genes R1–R11 except for gene R5 and R9. 

However plants of the differential set plants were weak because they are not well adapted 

to the highlands (Figure 10) and the symptoms of late blight were at times hard to 

recognize. Only differentials R8 and R11 reached the normal size of cultivated varieties.  
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Figure 9. The control varieties (from the left): Amarilis (moderate resistant), Yungay 

(susceptible) and Kory (resistant) in 5
th

 evaluation week.  

 

 

 

Figure 10. Test differentials R5 and R9 were still weak 42 days after planting. 

 

 

Amarilis Yungay Kory 
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5.1.2 Improvement of resistance in B3C3 population 

 

There was a clear improvement in late blight resistance in the fourth cycle of recombination 

of the B3 population. The frequency of families with low sAUDPC values was much higher 

in population B3C3 than in population B3C2 (Figure 11). In the majority of the families the 

average sAUDPC was less than 1.7 and very few families had the average over 4.1 in 

B3C3. In B3C2 in contrast half of the families had sAUDPC values higher than 4.1.   

 

 

 
Figure 11. The y-axis shows the percent of families and the x-axis shows the sAUDPC 

values in the population B3C2 and B3C3 in second season of a cycle of recombination. 

Number of families is shown in every column. The smaller the sAUDPC value is the higher 

the resistance is. 
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The distribution of genotypes based on late blight resistance was clearly different in the two 

populations (Figure 12). Population B3C2 had a high frequency of genotypes with both low 

and high sAUDCP values whereas population B3C3 had high frequency of genotypes with 

low sAUDPC values only.  

 

 

 

Figure 12. The frequency of genotypes in sAUDPC classes in populations B3C2 and B3C3. 

The primary y-axis shows the percentage of genotypes in population B3C2 and the 

secondary y-axis shows the percentage of genotypes in population B3C3. The x-axis shows 

the sAUDPC values of the populations in the second season of a cycle of recombination. 

The distance between the frequencies is 0.5 units. The smaller the sAUDPC value is the 

higher the resistance is. 

 

 

The parameters for gain from selection (total variance and heritability) were calculated 

based on combined analysis of variance of the B3C2 population (Table 2). The calculated 

gain from selection was 2.5 sAUDPC units, and therefore the expected sAUDPC mean for 

the B3C3 population would be 1.8, which is close to the observed mean sAUDPC value 

(1.55) in B3C3 population (Table 3). However, the gain from selection may be 

overestimated, because it was calculated based on heritability in broad sense. The gain from 
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selection should be calculated based on heritability in narrow sense, which requires a 

specific genetic design. Heritability of resistance in broad sense was 65% (Table 3).  The 

broad sense heritability describes the ratio of the genetic variance to the total variance. In 

other words, the higher the broad sense heritability is (in scale from 0 to 1 i.e. 0-100%), the 

more the inherited character is caused by genetic factors and not environmental factors.  

 

 

Table 2. Combined analysis of variance for sAUDPC values in population B3C2.  

Source of variation df MS F P   

Location 1 66.80 123.26 0.00   

Genotype 519 17.58 (MS1) 32.43 0.00   

Genotype*location 439 2.04 (MS2) 3.76 0.00   

Error 1098 0.54 (MS3)     

Total 2059 

 

    

Number of genotypes: 520       

Number of replications: 2       

Number of localities: 2       

 

 

Table 3. Variances calculated based on Table 2, and broad sense heritability, gain from 

selection and expected genetic gain. M1 is mean square (MS) of genotype and M2 is MS of 

genotype*location. 

  

Variance genotype*location: (MS2-MS3)/replications= (2.037-0.542)/2= 0.75 

Variance genotype: (MS1-MS2)/replication*location= (17.579-2.037)/2*2= 3.89 

Variance total: (variance genotype+variance genotype*location/location+variance 

error/(replication*location)= 3.89+0.75/2+0.5/(2*2)= 4.80 

Variance error: M3 0.54 

Broad sense heritability: variance genotype
2
/variance total

2
=

 
3.89

2
/4.80

2
= 0.65 

Intensity of selection 10% 1.76 

Gain from selection: intensity of selection*sqrt variance total*broad sense 

heritability= 1.76*√4.80*0.65= 2.51 
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Mean sAUDPC in B3C2 population 4.31 

Expected genetic gain: mean sAUDPC B3C2-gain from selection 1.80 

Mean sAUDPC in B3C3 population 1.55 

 

5.2 Stability of late blight resistance in population B3 

 

In the studied environments all collected P. infestans isolates (in total 230 isolates) 

belonged into clonal linage EC-1 and were maiting type A1 (Lindqvist-Kreuze et al. 2014). 

All differential set plants expect R5, R8 and R9 were susceptible to P. infestans in all 

environments. R5 was infected in Comas years 2004 and 2005 and in Oxapampa years 

2001 and 2005, and R9 was infected in Comas years 2001 and 2002. R8 was infected in all 

experiments but in Oxapampa year 2005. 

 

According to the principal component analysis, the five environments (Comas in the years 

2001, 2002, 2005, and 2006, and Oxapampa in the year 2006 were similar to each other in 

terms of the resistance (Figure 13). The expression of resistance in Comas in 2004, and in 

Oxapampa in 2001, 2002 and 2005 was unique compared to all other environments. 

Therefore, it seems that the diversity of P. infestans strains was wide in the studied 

environments and suitable for the study of stability of late blight resistance. The 

environments did not group according to geographical localities nor calendar years, which 

also reflects the diversity of P. infestans strains.    
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Figure 13. Bi-plot of the first two dimensions of a principal component (PC) analysis 

showing the relationships among nine environments. Resistance to potato late blight based 

on the sAUDPC was evaluated in 206 potato genotypes. The more in center the 

environment is the lower is the variation of resistance. Similar environments are placed 

next to each other. Oxa is short for Oxapampa.   

  

 

According to the AMMI analysis (Table 4), the genotypes resistance was strongly affected 

by the environment. Most of the variation in the dataset was explained by the genotypes 

and there was a significant genotype x environment interaction indicating that the 

environments were diverse regarding to their effects on the resistance. The first two 

principal components explained in total 62% of the variation.  

 

 

 

 

 

 

 

Comas 2001 

Oxa 2006 

Comas 2004 

Comas 2005 
Comas 2006 

Oxa 2001 

Oxa 2002 

Oxa 2005 

Comas 2002 

-1

-0,5

0

0,5

1

-1 -0,5 0 0,5 1

P
C

2
 

PC1 



42 

 

Table 4.AMMI analysis for sAUDPC values of population B3. The AMMI model analyzes 

the genotype-location interactions. 

Scale AUDPC 

Source df Sum of Square Mean Square   Explained % 

Corrected total            3584 8677.15      

Rep(Env) 9 9.84 1.09     

Genotype 205 4146.15 20.23 ** 48 

Environment     8 1412.54 176.57 ** 16 

Env x Gen 1578 2753.05 1.74 ** 32 

            

PC 1 212 1336.17 6.30 ** 49 

PC 2 210 363.36 1.73 ** 13 

PC 3 208 310.57 1.49 ** 11 

PC 4 206 220.93 1.07 ** 8 

PC 5 204 187.81 0.92 ** 7 

PC 6 202 146.61 0.73 ** 5 

PC 7 200 113.39 0.57 ** 4 

PC 8 198 87.20 0.44 ** 3 

Error  1784 357.38 0.20    

            

Mean   2.12     

Coefficient of variation    21.51       

R-Square       0.96     

H²   0.59       

R   1.99       

** Significant at the 0.01 probability level   

df: degree of freedom 

PC: Principal component  

H²: Broad-Sense Heritability 

R: Repeatability 

 

 

The stability of late blight resistance in the population B3 was diverse so that the 

population contained genotypes with stable and unstable resistance (Figure 14). To be able 

to determine a threshold for stability, the CV was plotted against the mean sAUDPC value. 

This enabled identification of a suitable threshold level for stability at the CV 0.5 (Figure 

15). Using this threshold, the genotypes that had CV under 0.5 were considered to have 

stable late blight resistance and those with CV over 0.5 were considered to have unstable 

late blight resistance (Appendix1 and 2). In total 78 genotypes out of 206 had CV under 0.5 
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and thus these were considered to have stable late blight resistance across the 9 studied 

environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Bi-plot of the first two principal components of the AMMI analysis. The dots 

represent studied genotypes. The genotypes that have similar late blight resistance in the 

same environments are located close to each other. The further the genotype is away from 

the center, the less stable is its resistance across environments. 
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Figure 15. The mean and CV of the sAUDPC values for 206 potato genotypes evaluated in 

nine environments. The CV of 0.5 was considered a cut-off value between stable and 

unstable genotypes. 

 

 

The mean sAUDPC value of the stable genotypes was higher than the value of the unstable 

genotypes (Table 5). However, the mean sAUDPC values of both groups were relative low, 

although only the group of stable genotypes contained sAUDPC values over 4.23. 

 

 

Table 5.  The mean, highest and lowest values and the standard deviation of the mean 

sAUDPC values of the group of stable and unstable late blight resistance. 

 Mean 

sAUDPC 

Highest 

sAUDPC 

Lowest 

sAUDPC 

Standard 

deviation 

Stable 2.75 7.6 0.44 1.46 

Unstable 1.68 4.23 0.5 0.56 

 

 

 

0

1

2

3

4

5

6

7

0 0,2 0,4 0,6 0,8 1 1,2

M
ea

n
 s

ca
le

 A
U

D
P

C
 

CV 

CV 0.5 



45 

 

6 DISCUSSION  

 

CIP developed population B3 in the 90's to fight against late blight, one of the most serious 

diseases of potato concentrating on phenotype based quantitative resistance. The level of 

late blight resistance in population B3 has improved significantly in every breeding cycle. 

According to Landeo et al. (2000), population B3C1 had mean AUDCP value 

approximately one-half of the previous cycle. Previous studies have shown that population 

B3 contains potential genotypes with high and stable late blight resistance (Mulema et al. 

2004; Wulff et al. 2007).  This thesis focused on evaluating the level of late blight 

resistance in population B3 in its fourth cycle of recombination and studying the stability of 

the resistance of 206 genotypes in nine environments. 

 

Based on phenotypic evaluations, the resistance in population B3 has improved 

significantly after fourth cycle of recombination and the population contains genotypes 

with high and stable late blight resistance. The results of this study indicate that the late 

blight resistance in population B3 relies strongly on genetic factors and thus, the population 

has potential to serve as an important material for further late blight resistance breeding at 

least in the studied environments. However, based on the findings of recent studies the 

molecular background of the resistance in the population should be studied further. Recent 

results have indicated that the population may contain some unidentified R gene(s) that 

might affect the stability of the resistance (Li et al. 2012; Lindqvist-Kreuze et al. 2014). 

The results of this thesis support these findings. 

 

6.1 Inheritance of late blight resistance in population B3 

 

The frequency of favorable alleles was increased in population B3C3 compared to 

population B3C2 since a clear improvement in the level of resistance was evident at the 

family level. The frequency of families with low sAUDPC values increased and the mean 

sAUDPC value of the population lowered almost three units in one generation. This 

observed gain from selection was somewhat higher than the expected genetic gain. This 

indicates that the selection of the best clones from population B3C2 to B3C3 for further 

breeding gained a population with higher late blight resistance than the previous 



46 

 

population. The P. infestans populations were diverse in the studied environments and thus, 

gave a good ground for studying the inheritance of the resistance in the population. Based 

on the broad sense heritability most of the phenotypic resistance was explained by genetic 

factors which indicates that the population has strong genetic background for late blight 

resistance breeding. However, it is important to note that in order to evaluate the level of 

resistance at the genotypic level in population B3C3 replicated trials with statistical design 

are required. Those are planned for the next growing season during the second and third 

season of cycle of recombination. These studies will identify the genotypes with highest 

late blight resistance, which can move on to further characterization of other breeders traits, 

or as parents for the next breeding cycle. 

 

As described in Chapter 2.3 population B was developed from population A by choosing 

genotypes that did not show any signs of HR when tested with P. infestans races that can 

overcome the resistance genes present in the Black’s differential set. Known R genes were 

eliminated so that they would not mask the smaller effects of quantitative resistance. The 

screening was done phenotypically based on symptoms of HR. However, screening late 

blight resistance phenotypically is challenging because the resistance may be resulted from 

the presence of several resistance genes. Notably, this is a challenge in the studied 

population, because the crossed species in population A may contain other qualitative 

resistance genes than R1–R11. For example, S. bulbocastanum is one of the resistance 

donors of population A and during recent years R genes Rpi-blb1, Rpi-blb2 and Rpi-blb3 

have been identified from this species. Thus, phenotypic screening alone may not be 

convincing enough to show that a population lacks genes with qualitative effect. The 

dramatic change in the structure of late blight resistance in one cycle of selection might 

support the suggestion that the population B contains R genes.  Population B3C2 has a 

whole range of sAUDPC values while population B3C3 has a clear bias towards resistance 

(very low sAUDPC values). These results could be explained by different pathogen-

genotype interaction in the studied years. In other words, the population B may contain R 

genes that the contemporary P. infestans population was able to overcome in the field tests 

of population B3C2 but not in the field tests of population B3C3.  
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In the current research the virulence of P. infestans strains was measured by planting the 

Black's differential set of R1-R11 test genotypes in the same field as the B3 population. 

The test genotypes R5 and R9 (a.k.a. MaR5 and MaR9 as mentioned in Chapter 2.3.1) 

remained resistant in Oxapampa year 2012 under high pathogen pressure. Similarly, the 

genotypes remained resistance in certain environments in Comas and Oxapampa in studied 

years 2001-2006. Thus, it was considered that genes R5 and R9 were not overcome by the 

P. infestans strains. Genotypes MaR5 and MaR9 have shown low AUDPC values in several 

other studies (for example Haynes et al. 2002 and Swiezynski et al. 2000) as well. 

However, the differential set genotypes have been shown to contain additionally other R 

genes than R5 and R9 and thus, it cannot be concluded based on phenotypic evaluations 

alone that the genes R5 and R9 would not be overcome by P. infestans in the studied 

environments. Both of the genotypes contain gene R1 (Trogniz and Trognitz 2007) and 

gene R3b (Zhu et al. 2015). In addition, genotype MaR5 has been shown to contain gene R2 

(Zhu et al. 2015) and MaR9 has been shown to contain genes Rpi-abpt1, R3a, R4, R8 and 

R9 (Kim et al. 2012). In Oxapampa year 2012 P. infestans was able to infect among others 

differential set plants containing genes R1, R3a, R3b, R4 and R8, but not genotypes known 

to contain genes R5, R9 and Rpi-abpt1. Thus, these genes may have conferred resistance to 

P. infestans in the studied environment. However, the differential set plants may contain 

still unidentified genes that lay behind the resistance and therefore no conclusions about 

this can be done based on phenotypic evaluations.  

 

The molecular studies of population B3 propose that the population contains R genes 

(Lindqvist-Kreuze et al. 2014; Li et al. 2012). Gene R9 has been genetically mapped to 

chromosome IX (Jo et al. 2011), gene R5 is suggested to remain in chromosome XI (Huang 

et al. 2005) and gene Rpi-abpt1 is suggested to remain in chromosome IV (Jo 2013). Li et 

al. (2012) studied the genome of a genotype family from population B3C1 and found in 

total six conditional QTLs for late blight resistance. One of these QTLs was mapped on the 

long arm of chromosome IX and a putative R gene was found in this region. Interestingly, 

this is the same region where gene R9 has been genetically mapped (Jo et al. 2013). Li et al. 

(2012) did not find any QTLs for late blight resistance in chromosomes IV and XI. This 

may indicate that the most stable and resistant genotypes in population B3 might contain 
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resistance genes in chromosome IX from the locus close to gene R9. Other P. infestans 

resistance genes identified in this locus in potato genome are Rpi-vnt1, Rpi-moc1, Rpi-edn2 

and R8 (Jo 2013). However, gene R8 does not seem to be behind the resistance because 

based on the differential set plants in Oxapampa year 2012 the gene did not confer 

resistance in the tested field conditions. Because of the high late blight resistance in 

population B3C3 studying this QTL further might reveal valuable knowledge of important 

resistance genes. 

6.2 Stability of resistance in population B3 

   

The stability of resistance was studied in years 2001-2006 across nine different 

environments, with relatively wide virulence diversity of P. infestans stains. The population 

contained both stable and unstable genotypes. In general the genotypes with higher 

sAUDPC values tended to be more stable. However, the population contained also 

genotypes with extremely low sAUDPC values in all environments. In total 78 genotypes 

(out of 206) were identified with stable level of resistance. Genotypes with highest and 

most stable quantitative resistance could serve as trial genotypes in the tropical highlands 

(to the highlands belong areas in the Andes, Africa and Asia that locate in elevations 1500–

4000 m. a. s. l.) or in areas where the P. infestans population resembles the ones in the 

studied environments. 

 

There was a tendency of the genotypes with average low sAUDPC value across 

environments to be more unstable. This may suggest that the population contains still 

unidentified R genes so that in genotypes with low but unstable sAUDPC value the 

resistance gene might be broken in certain environments by the prevalent P. infestans 

population. However, there was not seen any connection between the differential set plants 

and the genotypes in order to explain that the population would contain some of the 

differential set R genes. In other words, the instability of the studied genotypes did not 

associate with the reactions of the differential set plants. This was also shown by Lindqvist-

Kreuze et al. (2014) who studied at molecular level late blight resistance in same 

environments however with partly other genotypes from population B3. In their study 
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Lindqvist-Kreuze et al. (2014) concluded that R genes could be present in population B3 

but they are most likely not the genes R1-R11 derived from S. demissum.  

 

AUDPC values are commonly used to determine late blight resistance at the phenotypic 

level (for example Tatarowska et al. 2012, Rietman et al. 2012) but the comparison of the 

values between locations and different years is not necessarily recommendable because of 

the strong environmental variation. Therefore, in this study scale value was utilized, where 

the disease progress is standardized using a susceptible variety that maintains a similar 

level of susceptibility from year to year (Yuen and Forbes 2009). The classification of 

genotypes as resistant and susceptible is not straight forward and many different schemes 

have been used. Some researchers divide the level of resistance to resistant and susceptible 

(for example Kim et al. 2011) whereas others use in addition category moderate resistant 

(for example Yao et al. 2011, Wulff et al. 2007, Villamon et al. 2004) but it is difficult to 

determine which are the boundaries between these categories and therefore the 

classification is usually highly subjective. AMMI analysis is used to analyze genotype-

location interactions to determine stability of resistance (for example Joshi et al. 2010, 

Hugh 2006). Also a relatively simple measure of CV has been used to measure the stability 

of late blight resistance (Lindqvist-Kreuze et al. 2014). However, it is hard to determine the 

boundaries between the stability versus instability. In the current research the CV cut off 

value of 0.5 was selected based on data distribution and thus can be considered a 

reasonably objective measure.   

 

Analyzing historical data with missing values was challenging as well. In the study of 

stability of late blight resistance all genotypes were not evaluated in all environments. The 

missing values were replaced by adjusted means, which may have an impact on the results. 

For example variety Tomasa was evaluated only in two locations which are not enough to 

describe the stability, even though the sAUDPC values were close to each other being 7.4 

and 7.8. Ideally the genotypes with too much missing data should be excluded from the 

analysis. However, Tomasa was included into this study because it is used as control 

variety in some studies. In addition, it should be noted that in this study the results of stable 

and unstable genotypes in population B3 are given as mean sAUDPC values (Appendix 1 
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and 2). The mean value does not show the variation of the values. Thus, the mean sAUDPC 

value of for example the control variety Amarilis (4.49) does not show that the values 

varied in different environments from 3.3 to 5.9.  

6.3 Recommendations for further studies in late blight resistance breeding 

 

The results of this study gave a good picture about the stage of late blight resistance in 

population B3. The population B3 seems to serve as a good material for late blight 

resistance breeding and contain suitable genotypes with high and stable late blight 

resistance to be used as trial genotypes in areas that resemble the studied environments.   

The study was done based on phenotypic evaluations and thus, leaves need for further 

studies.  The results indicating possible R genes in the population should be further studied 

at molecular level. This work has been started already at CIP and the results so far are 

indicating that the population may actually contain some still unidentified R genes. In 

addition, this study gives ground for reconsidering the need of the R1–R11 test genotypes. 

Most of the differential set plants were weak and therefore, it was occasionally hard to 

distinguish the symptoms caused by late blight from other pathogens or mechanical 

injuries. In addition, the 11 S. demissum derived R genes contain only a fraction of late 

blight resistance genes identified (Vleeshouwers et al. 2011).  

 

Barrett et al. (2009) described two notable aspects in highly virulent pathogens 1) high 

disease pressure can improve the resistance of host-plant population by selecting 

individuals with favorable mutations that enable the recognition of the invading pathogen 

and 2) the pathogen has to develop races that are able to evade the recognition of the host 

plant. Paying attention to the first aspect, Champouret (2010) gives value for the wild 

Solanum species, which contain unidentified resistance genes. These plants have had a long 

co-evolution with P. infestans and have been forced to develop effective resistance genes. 

Molecular breeding for late blight resistance with desired R genes incorporated into the 

breeding program with the help of molecular markers is expected to speed up the breeding 

process. However, there is a need to discover more R genes to include more diversity for 

breeding since the utilization of only few R genes may lead to monoculture and encourages 

the pathogen to form strains that are able to overcome the resistance genes (Barrett et al. 
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2009). This is why it may be difficult to achieve durable late blight resistance by focusing 

only on breeding. It is recommendable to device a more holistic strategy that combines both 

breeding and disease management.   

 

Crop rotation as suggested by the principles of Integrated Pest Management (European 

Commission 2009) has an important role when controlling pathogens like P. infestans, 

which are able to survive from cropping season to another (Mayton et al. 2000, Fernández-

Pavía et al. 2004). Proper crop rotation scheme and pathogen informed deployment of 

resistant varieties, where potato cultivars are periodically changed to ones with different 

resistance genes could lead to successful management of late blight. To achieve this, 

efficient co-operation between farmers, pathologists and breeders is required. High and 

stable late blight resistance is only achieved by combining knowledge on the genomics of 

potato and P. infestans with constant observing of the changes in the pathogen population 

as well as with professional cultivation methods. 

 

7 CONCLUSIONS 

 

The study gave a good picture about the stage of late blight resistance in population B3 and 

pointed the way towards further resistance breeding. The study showed that 1) the fourth 

cycle of recombination considerably improved the late blight resistance in the population 

and that the resistance is mainly caused by genetic factors, 2) the population contains 

genotypes with stable and extremely high late blight resistance, and 3) the population is 

likely to contain some still unidentified R genes other than the 11 S. demissum derived R 

genes. Thus, the population serves as a good material for further late blight resistance 

breeding and as trial genotypes for tropical highlands. However, the still unidentified R 

genes give ground for further molecular studies of the resistance.  

 

The fourth cycle of recombination increased the frequency of families with low sAUDPC 

value in population B3, indicating that the improvement of resistance was successful.  The 

study of stability of late blight resistance in population B3 revealed 78 genotypes with 

stable late blight resistance. These genotypes were proven to maintain stable resistance in 
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nine different environments in tropical highland conditions in Peru and the most resistant 

ones should be recommended to variety trails. The level of change in resistance achieved in 

one cycle of recombination as well as the negative correlation of lower late blight resistance 

and higher stability indicate that the effect may be due to major R genes. In addition, the 

stability of studied genotypes did not associate with the reaction of the differential set 

plants supporting that the possible R genes in the population most likely are not the S. 

demissum derived R1-R11 (Lindqvist-Kreuze et al. 2014).  

 

In this study population B3 was studied only at phenotypic level. Molecular studies have 

revealed that the population probably contains a still unidentified R gene on the long arm of 

chromosome IX (Li et al. 2012). Thus, breeding only based on phenotypic observations 

may not take into account all the needed aspects related to the resistance. Molecular studies 

of the resistance in the population have been started already and they will reveal more how 

the population should be further utilized. 

 

Late blight has a high influence on potato production worldwide. Studying the inheritance 

and stability of the resistance gives valuable information towards achieving more secure 

potato production. By pointing out the possibilities and the challenges of the population B3, 

this study forwards the research of International Potato Center against one of the most 

devastating pathogens of potato.      
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APPENDIX 1: Genotypes with stable late blight resistance 

 

Genotype Mean sAUDPC CV 

CIP393371.58 (Chucmarina) 0.44 0.35 

CIP396264.14 0.61 0.35 

CIP396240.23 0.65 0.47 

CIP396034.268 1.09 0.48 

CIP393073.179 1.10 0.42 

CIP393371.179 1.11 0.46 

CIP396031.113 1.12 0.40 

CIP396033.102 1.14 0.39 

CIP395123.6 1.30 0.49 

CIP396029.102 1.31 0.48 

CIP393042.50 1.31 0.45 

CIP393077.162 1.38 0.31 

CIP393084.31 1.40 0.37 

CIP395096.5 1.48 0.38 

CIP395016.218 1.51 0.44 

CIP396031.108 1.56 0.35 

CIP396026.101 1.62 0.48 

CIP396004.103 1.69 0.45 

CIP393371.159 1.72 0.42 

CIP391002.6 1.72 0.46 

CIP396017.215 1.74 0.46 

CIP392639.2 1.74 0.42 

CIP396004.263 1.81 0.48 

CIP393339.242 1.84 0.50 

CIP393077.159 1.86 0.40 

CIP396036.201 1.92 0.40 

CIP396036.113 2.03 0.40 

CIP391580.30 2.06 0.39 

CIP395015.6 2.06 0.46 

CIP396004.320 2.10 0.32 

CIP393371.157 2.12 0.32 

CIP396038.101 2.15 0.38 

CIP396039.225 2.16 0.42 

CIP392639.53 2.18 0.46 

CIP392633.23 2.21 0.34 

CIP396236.16 2.29 0.43 

CIP395109.7 2.34 0.28 
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CIP396027.111 2.41 0.36 

CIP395096.2 2.41 0.47 

CIP393077.51 2.54 0.31 

CIP377744.1 (Kory) 2.55 0.25 

CIP396009.225 2.57 0.34 

CIP396004.337 2.62 0.43 

CIP396029.205 2.64 0.35 

CIP393280.64 2.66 0.46 

CIP393385.57 2.79 0.27 

CIP392633.64 2.79 0.34 

CIP393382.44 2.79 0.33 

CIP392633.54 2.86 0.42 

CIP393072.55 2.89 0.30 

CIP396038.107 2.91 0.23 

CIP392639.34 2.94 0.18 

CIP395179.21 3.04 0.44 

CIP395084.9 3.04 0.25 

CIP392633.10 3.13 0.32 

CIP392642.2 3.28 0.29 

CIP396236.5 3.32 0.41 

CIP396009.239 3.36 0.23 

CIP396009.240 3.38 0.22 

CIP392633.6 3.42 0.31 

CIP392639.31 3.46 0.30 

CIP392633.2 3.49 0.38 

CIP396004.309 3.52 0.25 

CIP396009.207 3.58 0.33 

CIP396031.118 3.59 0.17 

CIP391046.27 3.73 0.38 

CIP396009.258 4.12 0.36 

CIP392639.8 4.21 0.28 

CIP384866.5 (Amarilis) 4.49 0.15 

CIP391046.14 4.58 0.17 

CIP391004.4 4.66 0.25 

CIP391013.1 4.94 0.27 

CIP391679.9 5.43 0.24 

CIP391004.15 5.47 0.18 

CIP391125.2 5.62 0.16 

CIP720064 (Yungay) 6.00 0.00 

CIP391679.12 6.41 0.15 

CIP391679.7 6.49 0.12 
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CIP720072 (Tomasa) 7.60 0.04 
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APPENDIX 2: Genotypes with unstable late blight resistance 

 

Genotype  Mean sAUDPC CV 

CIP396263.8 0.51 0.68 

CIP396026.103 0.61 0.63 

CIP393074.86 0.69 0.57 

CIP392617.54 0.71 0.77 

CIP396030.105 0.77 0.54 

CIP396234.2 0.82 0.67 

CIP396043.226 0.87 0.58 

CIP393280.80 0.89 0.72 

CIP396004.301 0.91 0.52 

CIP391585.5 0.93 1.08 

CIP396240.2 0.98 0.80 

CIP393228.67 0.98 0.88 

CIP395037.107 1.03 0.51 

CIP393079.24 1.07 0.61 

CIP393227.66 1.07 0.64 

CIP395017.227 1.09 0.81 

CIP391004.18 1.19 0.69 

CIP391585.167 1.20 0.71 

CIP396034.103 1.21 0.55 

CIP392622.54 1.21 0.73 

CIP393079.4 1.21 0.59 

CIP396236.20 1.22 0.59 

CIP393360.64 1.23 0.77 

CIP392634.49 1.23 0.86 

CIP392650.12 1.23 0.72 

CIP396046.105 1.25 0.81 

CIP396012.266 1.26 0.57 

CIP396037.215 1.28 0.59 

CIP396031.119 1.28 0.53 

CIP391583.30 1.28 0.84 

CIP395007.213 1.29 0.58 

CIP396029.250 1.29 0.59 

CIP392634.52 1.30 0.84 

CIP395011.19 1.33 0.60 

CIP396023.109 1.36 0.82 

CIP392650.49 1.37 0.73 

CIP393349.68 1.38 0.71 

CIP396008.104 1.38 0.54 
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CIP393371.164 1.38 0.51 

CIP391047.20 1.38 0.67 

CIP395011.2 1.40 0.59 

CIP395109.34 1.41 0.53 

CIP393077.54 1.42 0.53 

CIP396010.217 1.42 0.59 

CIP393075.54 1.44 0.54 

CIP395169.17 1.45 0.90 

CIP395112.19 1.46 1.08 

CIP393220.54 1.47 0.83 

CIP395017.242 1.47 0.75 

CIP393280.82 1.49 0.90 

CIP391004.10 1.50 0.69 

CIP396010.218 1.51 0.59 

CIP393280.57 1.52 0.60 

CIP396041.102 1.56 0.68 

CIP391065.81 1.56 0.74 

CIP395109.4 1.56 0.56 

CIP396018.241 1.56 0.57 

CIP396039.103 1.58 0.52 

CIP392657.171 1.58 0.83 

CIP395077.12 1.59 0.92 

CIP395096.3 1.59 0.68 

CIP396247.18 1.60 0.61 

CIP396004.225 1.62 0.52 

CIP393085.5 1.65 0.61 

CIP393243.53 1.65 0.94 

CIP391047.34 1.66 0.66 

CIP396244.12 1.67 0.53 

CIP392637.10 1.67 0.67 

CIP395016.255 1.67 1.03 

CIP395117.3 1.68 0.69 

CIP395109.29 1.68 0.83 

CIP393111.3 1.68 0.73 

CIP396012.288 1.69 0.97 

CIP391583.25 1.70 0.98 

CIP393349.35 1.71 0.82 

CIP392637.27 1.73 0.68 

CIP392640.18 1.73 1.06 

CIP396012.271 1.73 0.70 

CIP396247.15 1.73 0.75 



72 

 

CIP396256.4 1.74 0.56 

CIP393228.21 1.76 0.67 

CIP395017.229 1.77 0.92 

CIP396244.17 1.77 0.66 

CIP395111.13 1.79 0.67 

CIP391585.179 1.80 0.85 

CIP393427.66 1.82 0.66 

CIP393073.197 1.86 0.53 

CIP391065.69 1.88 1.15 

CIP391011.17 1.89 0.92 

CIP395169.4 1.92 0.71 

CIP391058.175 1.92 0.89 

CIP395112.6 1.93 0.92 

CIP395052.11 1.96 0.92 

CIP396240.20 1.97 0.71 

CIP396241.4 2.06 0.55 

CIP395015.5 2.07 0.83 

CIP392622.58 2.07 0.64 

CIP393280.83 2.07 0.72 

CIP395112.36 2.08 0.85 

CIP393242.50 2.08 0.59 

CIP395096.7 2.09 0.52 

CIP395097.4 2.11 0.75 

CIP392640.9 2.12 0.61 

CIP395017.14 2.14 0.80 

CIP393248.52 2.19 0.81 

CIP396027.205 2.19 0.52 

CIP395114.5 2.22 0.93 

CIP393385.47 2.23 0.58 

CIP393349.55 2.26 0.77 

CIP393284.39 2.29 0.72 

CIP395112.9 2.32 0.79 

CIP393438.96 2.37 0.66 

CIP393083.2 2.38 0.62 

CIP396038.105 2.43 0.61 

CIP395112.32 2.43 0.91 

CIP393339.155 2.44 0.78 

CIP391047.60 2.45 0.69 

CIP393453.198 2.46 0.71 

CIP393385.39 2.51 0.54 

CIP395152.16 2.52 0.58 
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CIP393248.55 2.58 0.67 

CIP392657.8 2.59 0.72 

CIP392657.18 2.84 0.86 

CIP391586.12 2.86 0.75 

CIP392652.8 2.91 0.53 

CIP395013.211 2.99 0.65 

CIP391586.109 4.23 0.51 



 

 

APPENDIX: 3 Genotypes that lack observation in some environments.  

Genotype Missing environments           

CIP392637.27 Comas 2001 

      CIP393077.159 Comas 2001 Comas 2005 

     CIP393248.55 Comas 2001 Oxa 2005 

     CIP393427.66 Comas 2001 Comas 2005 

     CIP396247.18 Oxa 2001 

      CIP396240.23 Comas 2004 

      CIP396241.4 Comas 2004 

      CIP396234.2 Comas 2005 Comas 2006 Oxa 2005 

    CIP396043.226 Comas 2005 Oxa 2005 

     CIP396039.225 Oxa 2001 

      CIP396038.105 Comas 2004 

      CIP396038.107 Oxa 2005 

      CIP396036.201 Comas 2005 

      CIP396031.113 Comas 2004 Comas 2005 Comas 2006 Oxa 2002 Oxa 2005 Oxa 2006 

 CIP396027.111 Comas 2002 

      CIP396027.205 Oxa 2005 

      CIP396012.288 Comas 2002 Oxa 2005 

     CIP396017.215 Oxa 2001 

      CIP396018.241 Comas 2005 Oxa 2005 

     CIP396010.218 Comas 2006 

      CIP396009.240 Comas 2002 

      CIP396008.104 Comas 2006 

      CIP395096.5 Comas 2005 Oxa 2005 

     CIP395084.9 Comas 2005 Oxa 2005 

     CIP395096.2 Comas 2004 
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CIP395017.242 Comas 2006 

      CIP395037.107 Oxa 2001 

      CIP395016.218 Comas 2005 Oxa 2005 

     CIP395011.19 Comas 2006 

      CIP395013.211 Oxa 2005 

      CIP395007.213 Oxa 2001 

      CIP393371.159 Comas 2002 Comas 2005 Oxa 2006 

    CIP393349.55 Oxa 2001 Oxa 2002 Oxa 2006 

    CIP393339.155 Oxa 2001 

      CIP393280.83 Oxa 2006 

      CIP393280.80 Oxa 2005 

      CIP393248.52 Oxa 2001 

      CIP393111.3 Comas 2004 Oxa 2006 

     CIP393079.4 Comas 2006 

      CIP393075.54 Oxa 2006 

      CIP393077.162 Comas 2005 Oxa 2005 

     CIP392639.53 Oxa 2001 

      CIP392639.31 Comas 2004 Comas 2006 

     CIP392634.52 Oxa 2001 

      CIP392617.54 Oxa 2005 

      CIP391586.109 Oxa 2001 

      CIP391586.12 Comas 2006 

      CIP391585.179 Comas 2005 

      CIP391583.25 Oxa 2001 

      CIP391583.30 Comas 2004 Oxa 2005 

     CIP391125.2 Comas 2005 Oxa 2005 

     CIP391047.34 Comas 2005 Oxa 2005 

     CIP391047.60 Oxa 2002 

      



76 

 

CIP391011.17 Oxa 2001 

      CIP391004.10 Oxa 2002 Oxa 2005 

     CIP720072 Comas 2001 Comas 2002 Comas 2004 Comas 2005 Oxa 2001 Oxa 2002 Oxa 2005 

 

 

 


