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Abstract 

Late blight (LB) is one of the most devastating diseases for potato worldwide. It is 

caused by the pathogen Phytophthora infestans which has re-emerged more aggressively 

because of the A2 mating type. The US-8 strain of late blight is difficult to control due to 

its resistance to metalaxy, the most common used fungicide. This disease affects potato 

foliage as well tubers. Resistance to diseases is generally evaluated late in breeding 

process. Selection to LB is done after selection for other traits has been done, when the 

population has been reduced. Early generation selection (EGS) allows for an increased 

number of desirable genotype to be evaluated. EGS strategy could be utilized to select for 

resistance to LB using minituber (Mt) or transplant seedling (Ts) populations. Progenies 

from 22 tetraploid families from parents with different levels of resistance were 

combined and evaluated. Mt and Ts progenies were planted at the LB disease nursery at 

Rosemount, MN in June 2002 and 2003 respectively. Area under disease progress curve 

(AUDPC) was calculated based on visual evaluations of plant percent necrosis. Families 

were divided in to six mating categories based on parent’s resistance. Differences were 

observed in families within mating categories and across propagule sources. Mt 

populations had a mean AUDPC of 10.25 with 9.74% resistant genotype. Mean AUDPC 

in Ts populations was 11.02 and 4.74% of the genotypes were selected. However, the 

method of propagation had no influence for the proportion of selected genotypes. Thus, 

EGS for LB resistance is possible when experimental material is evaluated in field 

conditions. Maternal effects were statistically different indicating a great contribution of 

resistance to both progenies.  
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Resources such as human, money, time, genetic material among others are 

important in breeding programs, usually because a large number of genotypes are 

evaluated and many are discarded in the first year. Thus, it will be beneficial to know 

how many visual assessments are required for selection in EGS. A total of nine and ten 

visual evaluations were taken in 2002 and 2003, for Mt and Ts, respectively. Data subsets 

were formed by combining the total number of assessment days (AD), and average 

number of interval days (ID) between given assessments. Ts progenies had higher mean 

AUDPC scores than Mt. Three or more AD: ID combinations for Mt, and four or more 

AD: ID combinations for Ts were highly correlated with the final disease ratings, 

respectively. Low correlations with the method of propagation sources were observed for 

AD: ID combinations. Thus, a minimum of three and four visual assessments are required 

for Mt and Ts populations in an EGS for LB evaluation in a breeding program. Year-to 

year variation in disease scores of families in Mt and Ts was different to the similar 

response of the families as a population when propagation sources were compared. Thus, 

low correlations observed across Mt and Ts populations indicate the independence of 

propagation type. This independence in propagation need to be considerate when 

evaluations for LB resistance are done in first progenies assessed in the field.  

LB disease is partially controlled by agrochemical fungicides such as metalaxil 

that are expensive and harmful for the environment. After selecting genotypes with 

resistant to LB it is desirable to see the resistance remain stable across years. Late blight 

resistance of 75 resistant clones selected from single hill plots was evaluated across years 

and two seasons as four hills per genotype were considered in disease environment. 

Agronomic performance included total tuber number (TTN), total tuber weight (TTW) 
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and specific gravity (SG)  were evaluated as four hills per genotype in disease and non-

disease environments. Decrease in resistance among the clones based on Relative area 

under disease progress curve (RAUDPC) was observed from 2002 (22.22) to 2004 

(58.91). However, after three years of evaluation, up to 20% of the resistance originally 

identified hold over years.  

Differences in yield and yield components were observed within disease 

environment and across disease and non-disease environment. RAUDPC had a low 

correlation with yield and its components; a similar result was observed for (SG). Thus, 

selection for yield and yield components should be made later in the breeding process if 

resistance to LB is a priority.  
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Literature Review 
 
World and USA potato production   

 
The total area of potato (S. tuberosum) harvested worldwide during 2007 was 

over 18 x 106 ha, with a total production exceeding 300 x 106 tons; The United States 

contributed with 456,906 ha and 20,373,267 tons, respectively (FAOSTAT, 2009) while 

the top five potato production countries during 2007 were China, the Russian Federation, 

India, the United States and Ukraine. FAOSTAT (2009) also lists 237 countries where 

potatoes are grown.  

Potato consumption was estimated in 2003 for developing counties as 21 kg year -

1, while in Europe and North America those values were 76 kg year -1 and 66 kg year -1, 

respectively (FAOSTAT 2009). Between 50-60% of potato production is destined for 

human consumption, while the difference is divided between animal consumption, 

industry and seed tubers (Börnke et al. 2007). The importance of these statistics reflects 

potatoes significance as a staple food crop worldwide, and how threats to global 

production would have devastated effects.   

Many diseases affect the potato crop and Hooker (1981) published a 

Compendium of Potato Diseases. Hooker (1981), followed by Rich (1983) classified 

these diseases into main categories such as: bacteria, fungus, virus, viroids and 

mycoplasmas, nematodes, insects and non-infectious diseases. One of the most 

devastating diseases in potato is late blight (LB) caused by the fungus Phytophthora 

infestans (Mont. de Bary). This disease has been affecting potato crops since the 

nineteenth century, when it became known for causing the Irish Potato Famine (Fry and 

Mizubuti 1998). 



 2 

Late blight: Disease 

Late blight is one of the most destructive fungal diseases (Fry and Mizubuti 1998) 

affecting potato, tomato, and other Solanaceous plants like eggplant and pepper (Agrios 

1997; Stevenson 1993). This disease can destroy a potato or tomato field in two or three 

weeks (Kucharek and Weingartner 2000). Premature defoliation in the crop affects the 

yield (James et al. 1972), and further losses can occur in storage if the tubers are infected 

with spores. Spores can penetrate the soil by rain (Hirst et al. 1965). The pathogen 

survives in these infected tubers reducing later tuber emergence (Platt et al. 1999) and/or 

begins a new infection cycle after plants emerge (Kaur and Mukerji 2004). Worldwide 

annually about $3 billion dollars are spent on protection and on crop losses due to this 

disease (Anonymous 1996). In the Netherlands cost of control and damage from the 

disease is estimate at more than €1 billion (Haverkort et al. 2008); in the UK a value of 

£0.67 million are nearly spent in fungicide applications (Carlisle et al. 2001), while in the 

US costs are ascending to over $287.8 million (Guenthner et al. 2001), and it is estimated 

that cost of production has increase by more than 10% mainly due to a new strains of this 

pathogen (Smart and Fry 2001).  

Late blight has been known since the nineteenth century, when it provoked the 

Irish Potato Famine (Mizubuti and Fry 1998). But, studies have determined that the 

pathogen is originally from Mexico (Andrivon 1996), and that with infected tubers it has 

migrated worldwide (Fry et al. 1993). Late blight is an especially serious disease in areas 

where the weather is cool, moist and rainy (Agrios 1997; Stevenson 1993). When cool 

and humid conditions are present for long periods of time, pathogen sporulation increases 

considerably (Crosier 1934). Temperature influences spore germination, mycelium 
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growth, inoculum and survival of the pathogen (Mizubuti and Fry 1998). Temperatures 

ranging from 12 to 24 C favor sporangia germination which increases the pathogen load 

and disease outbreak (Mizubuti and Fry 1998).   

 

Late blight: Biology, life cycle and symptoms  

Phytophthora infestans (PI) (Mont. de Bary) is a heterothallic watermold in the 

class Oomycetes (Judelson 1997), which belongs to the stremenopila kingdom 

(Alexopoulus et al. 1996). PI is considered an aerial, almost obligate parasite (Andrivon 

1995). PI has a polycyclic lifecycle where many generations per season are produced (Fry 

and Mizubuti 1998). Infection is produced in aerial and tuber parts of the plant. The 

pathogen reproduces by asexual (sporangia, zoospore, spores and mycelium) and sexual 

(oospores) forms (Andrivon 1995; Stevenson et al. 2008).  

In its asexual form, spores are produced in the foliage (Andrivon 1995) and there 

are two conditions favoring spore germination: 1) high temperature favors mycelial 

development, and invasion; and 2) under cooler temperatures and wet conditions 

sporangia release zoospores that encyst and penetrate plant tissue directly (Kaur and 

Mukerji 2004). In contact with the ground and water zoospores can swim short distances 

and infect tubers. Tubers can become infected by contact with sporangia during cool, rain 

or wet conditions at harvest (Arora 2004), as well as if they are exposed to airborne 

sporangia. Mycelium survives in plant debris in a saprophytic way (Andrivon 1995). It 

has been studied that mycelium can survive in vitro to   – 3C (Shaw and Kirk 2001) and 

depending on exposure time can survive to temperatures –5C for periods up to five days 
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(Kirk 2003). Sporangia can survive on infected seed potato tubers or infected volunteer 

potatoes, while the zoospores can survive in soil for several weeks (Andrivon 1995). 

PI has two, the A1 and A2 mating types (Galindo and Gallegly 1960), based on 

hormone production, and represent two compatibility types rather than morphological 

sexual forms (Brasier 1992; Judelson 1997). The two mating types are required for 

oospore formation (Gallegly and Galindo 1958). It is hypothesized that mating type is 

determined by a single locus, where heterozygosity produces the A1 mating type 

condition and homozygosity produces the A2 mating type condition (Judelson et al. 

1995; Fabritius and Judelson 1997). Before the late 1970’s, the A1 mating type was 

distributed worldwide (Andrivon 1995). In the 1980’s the presence of the A2 mating type 

was discovered in Europe, Asia, South America, and North America (Umaerus and 

Umaerus 1994). Now, it’s been reported that the A2 mating type seems to have displaced 

the A1 mating type, and that the most prevalent clonal lineage is the US-8 (Gavino et al. 

2000).  

The presence of both mating types allows for the pathogen to produce oospores 

(Peters et al. 1998; Punja et al. 1998). Formation of oospores creates more variability of 

the pathogen because A1 and A2 pathogen populations can recombine sexually (Gavino 

et al. 2000). Sexual recombinant PI populations have been reported to have high levels of 

pathogenicity (Flier and Turkensteen 1999). Moreover, oospores can survive in soil in 

absence of potato plants up to at least two years (Fernandez-Pavia et al. 2004) with the 

potential to infect potatoes over this time period (Deahl et al. 1995).  

Late blight symptoms can be observed in foliage as well as tubers. Symptoms first 

appear on lower leaves as small spots of pale to dark green color, and depending on 
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humidity can change to brown or black lesions (Henfling 1987). These lesions are first 

seen on leaf tips and leaf margins (Henfling 1987).  During favorable conditions lesions 

enlarge and it is possible to observe pale green water soaked spots on leaf edges, 

surrounded by a pale yellowish green border of collapsed tissue (Stevenson 1993). 

Surrounding this tissue, white downy mycelium is often observed along its border on the 

undersides of the leaves (Agrios 1997). After leaves become infected, they become 

necrotic, die, and turn limp (Agrios 1997). 

 In tubers, infection is observed as superficial and irregular discoloration 

(Henfling 1987) with reddish brown to purplish depressed areas that extend into the tuber 

(Arora et al 2004). Infected tubers can get secondary infections from other pathogens 

(Henfling 1987) that continue decaying tuber tissue (Agrios 1997). Gees and Hohl (1987) 

suggest that foliar and tuber resistances are controlled by different mechanisms that slow 

the pathogen’s development. These mechanisms are related to the variations histological 

and/or cytological in the canopy or tuber (Gees and Hohl 1987).   Platt and Tai (1998) 

found correlations between foliar and tuber resistance using US-1 genotype. In their 

work, Dorrance and Inglis (1998), and recent studies by Kirk et al. (2001) and Douches et 

al. (2002) no correlation was found between foliar and tuber susceptibility to late blight 

US-8 genotype.  

 

Late blight: Control  

Integrated disease management strategies are required to reduce the pathogen 

growth rate and population proliferation (Fry et al. 1993; Carlisle et al. 2001). Combining 

cultural practices, eliminating volunteer plants and cull piles, planting resistant cultivars, 
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and chemical fungicide applications all help to control the disease (Kaur and Mukerji 

2004). Sanitary measures work well for preventing the disease, but not controlling it 

(Inglis et al 1996). Weather forecasting systems allow early warning to growers when 

environmental conditions favor late blight development (Taylor et al 2003). Chemical 

compounds used for controlling this disease include mancozeb, metalaxyl and copper 

oxychloride (Agrios 1997). Applications of these fungicides are expensive and have an 

ecological and environmental cost (Cristinzio and Testa 1999; Haverkort et al. 2008). 

Resistant isolates of PI to metalaxyl have been found in Ireland (Dowley and O’Sullivan 

1981), the Netherlands (Davidse et al. 1981), and the United States (Deahl et al. 1991). 

Studies have found that metalaxyl resistance is controlled by a single gene (Lee et al. 

1999).  

  

Late blight: Host plant resistance  

Until only recently no US cultivar (Corsini et al. 1999; Douches et al. 2001; Novy 

et al. 2006; Bizimungu et al. 2007) and few new breeding lines of potato were resistant to 

the US-8 genotype of the pathogen (Staples 2004). Cultivated potatoes are tetraploid, 

(2n=4x=48) and have a relatively narrow genetic base (Mendoza and Haynes 1975); and 

wild Solanum species have been used for improving agronomic, horticultural, quality and 

host plant resistance traits.   

The ability of the host plant to prevent or impede parasitism is defined as 

resistance (Robinson 1996). Two types of resistance have been identified in potato: 

vertical and horizontal (Robinson 1996). Horizontal resistance is controlled by polygenes 

(Robinson 1996), and seems to be of non-race-specific nature. Thus, some breeding 
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efforts are oriented to this type of resistance since it presents greater barriers to evolving 

virulent strains (Micheletto et al. 1999). Vertical resistance is controlled by single genes, 

and results from the gene-for-gene relationship (Flor 1955). It has been reported that 

vertical resistance encourages pathogens to evolve more quickly than normally, thus 

vertical is not as durable horizontal resistance (Micheletto et al 1999).  

Micheletto et al. (1999) identified the South American species S. commersonii, S. 

microdontum and S. chacoence as having vertical late blight resistance.  S. chacoence is 

also reported to have field or horizontal resistance (Arora and Khurama, 2004). In 

contrast, S. bulbocastanum, a Mexican species, is highly resistant to late blight and 

results show that hybrids between S. bulbocastanum and S. tuberosum have effective 

resistance to late blight (Helgeson et al. 1998). Zlesak and Thill (2004) studying diploid 

and tetraploid Mexican and South American species found that S. bulbocastanum had 

two times lower AUDPC scores than any other species, suggesting more general than 

race-specific resistance as found in S. demissum (Helgeson et al. 1998). Moreover, 

resistance genes can be transferred from the 2x wild species to 4x cultivated using 

hybridization breeding approaches (Jansky and Peloquin 2005).  

Forbes and Jarvis (1994) mention that host plant resistance has advantages over 

chemical control because it is economical and ecological. Incorporation of resistance to 

late blight is a high priority among North America and worldwide potato breeding 

programs (Fry and Smart 1999; Malcolmson and Killick 1980).  
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Potato breeding: Potato seedlings - transplanting populations 

Screening for disease resistance in early clonal generations can be done as early 

as the seedling stage of development. Screening seedlings may be a cost effective way of 

reducing population sizes while simultaneously selecting for resistance (Tai and Hodgson 

1975; Malcolmson and Killick 1980). Potato seedlings have been used to determine 

resistance to different potato diseases and pathogens such as potato leaf roll virus 

(Butkiewicz and Dziewońska 1982), Globodera pallida (Phillips 1981), and early blight 

(Stewart et al. 1994) among others.  

 

Potato breeding: Breeding method - early generation selection (EGS) 

Early generation selection (EGS) is used by breeders to increase the number of 

favorable genotypes (Swiezyński 1984). Success in EGS for diseases requires that 

susceptible genotypes develop the disease faster; thus, selection is based on differences in 

genotypic response between resistant and susceptible types (Bae et al. 2008). It is 

important to recognize that success using any EGS strategy is important since resources 

among breeders differ and any strategy reducing the timeline to characterize breeding 

populations or cultivar development would be considered successful. In separate studies, 

Caligari et al. (1984) and Bradshaw et al. (1995) demonstrate that the use of seedlings 

screened in the greenhouse in the first year helped eliminate late blight susceptible 

genotypes. While these studies focused on (EGS) greenhouse strategies, Posch (2003) 

suggested that resistance selection could be done on single-hill populations using field 

strategies; tubers of resistant selections could be retain at harvest. Despite this, success of 

EGS strategies, per se, have met mixed results as many authors have cited its low 
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efficiency for some traits (Brown et al. 1984; Caligari et al. 1986), contrasted by other 

research reporting useful selection efficiency for agronomic characters (Gopal et al. 

1992); including components of yield (Ruiz de Galarreta et al. 2006). For quality traits 

such as selecting for resistance to cold induce sweetening (CIS) or “cold chipping” 

(Sowokinos 2001), authors are in general agreement as to the merits of EGS (Neele and 

Lowes 1989; Thill and Peloquin 1995; Hayes and Thill 2002, and Xiong et al. 2002).  

 
Potato breeding: genotype x environment interaction – number of assessments 

 In any crop, new varieties become successful, for example, if they perform 

favorably across environments. Environmental stress like drought or diseases evoke 

response differences in genotypes because of their genotype x environment interactions 

(Becker and Leon, 1988).  The optimum condition for any disease development includes 

a susceptible host, infectious pathogen, and a favorable environment (Singh 1986). In late 

blight development the environment plays an important role in disease progression 

(Umaerus and Umaerus 1994). Thus, breeders need to consider the importance of 

environmental factors when selecting for resistance to the disease. Haynes et al. (2002) 

found that resistant or susceptible clones generally ranked similarly to LB response 

across locations. However, clones have been classified as intermediate resistance was 

unstable across environments.  

In the literature, typically five or more visual evaluations have been used by 

researchers to determine resistance of genotypes or clones to LB (Haynes and 

Weingartner 2004; Jenkins and Jones 2003; Posch 2003; Haynes et al. 2002).  Recent 

studies suggest that perhaps only two observations are required to provide sufficient 
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information to classify clones for resistance (Hayes and Weingartner 2004; Jeger and 

Viljanen-Rollison 2001).  

The objectives of this research were to determine if: 1) EGS can be applied for 

selecting resistance between two propagation sources (transplant seedling and minituber), 

2) the optimum number of visual assessment required for selection in EGS, and 3) late 

blight and agronomic response of selected clones across years and environments.   
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Overview 

Late blight (LB) is known to be one of the most devastating potato diseases 

worldwide. In the last three decades, a new and more virulent strain of the pathogen, A2 

mating type has spread globally. It has resistance to metalaxyl, a systemic fungicide used 

for its control. Early generation selection (EGS) in potatoes has demonstrated to have 

good potential for some traits, but not much information is reported for LB. Potato 

seedlings have been reported to serve as means for screening for LB resistance in 

greenhouse studies as a form of EGS. The objectives of this research were to determine 

if: 1) an EGS strategy could be applied to selection for LB resistance, 2) differences in 

selection response exists among two propagation sources: minituber (Mt) and transplant 

seedling (Ts) populations when evaluated in a field disease screening nursery, and 3) the 

importance of predicting family performance analysis comparing Mt and Ts half-sib 

families. Genotypes from 22 families from 4x-4x crosses were evaluated for resistance to 

LB as (Mt) and (Ts) in a disease screening nursery at the University of Minnesota 

Outreach Research and Education (UMORE) Park in Rosemount, MN. On June 15, 2002, 

and June 17, 2003, Mt and Ts were planted in the field in a randomized complete block 

design with two and three replications used 2002 and 2003 respectively. Family plots 

consisted of single hill genotypes spaced by 30 cm. Approximately 60 days after planting 

genotypes were inoculated with a suspension of zoospores and sporangia of PI (US-8 

strain) at a concentration of 6,000 - 7,000 sporangia /ml. In 2003, up to three inoculations 

were required to maintain pathogenicity in the field.  A week after inoculation and 

continuing biweekly thereafter for 9 and 10 readings in 2002 and 2003 respectively, 

visual readings were recorded using a nonlinear disease severity scale from 1 to 9 where 
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1=0% and 9=100% defoliation. Readings were transformed to percent defoliation to 

calculate the area under the disease progress curve (AUDPC). After all readings were 

taken, plants having a score ≤ 50% defoliation were flagged and selected as foliar late 

blight resistant genotypes. Data analysis included mean, variance, and confident interval 

of families in each propagule source. Families were assigned to mating type categories 

based on parental resistance resulting in six groups. An ANOVA and LSD test was used 

to test differences. Families segregate for foliar LB resistance in both propagule sources. 

Differences in replication were observed in Ts probably because the number of 

replications and the multiple inoculations required in 2003. Lower AUDPC mean scores 

and a large number of resistant genotypes were found in moderate resistant categories for 

Mt and Ts populations, thus selection was possible in EGS when experimental material 

was evaluated in field. High AUDPC score were observed in the susceptible categories as 

expected. No differences were observed in the proportion of selected resistant genotypes 

when families where evaluated as Mt or Ts populations. Maternal effects were observed 

in contribution to LB resistance in the breeding population. Categorization of the families 

allows identifying where resistance genotypes are found. 

  

Introduction 

Late blight caused by Phytopthora infestans (PI) is recognized worldwide as the 

most severe (Andrivon et al. 2003) and devastating oomycete plant disease (Fry and 

Smart 1999; Mizubuti and Fry 2006) in potatoes; affecting both foliage and tubers (Fry 

and Mizubuti 1998). The annual economic impact of this disease is reported at $3 billion 

dollars worldwide (Anonymous 1996). Until now, (Corsini et al. 1999; Douches et al. 
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2001; Novy et al. 2006; Bizimungu et al. 2007) no major US cultivar was resistant to the 

US-8 genotype of this pathogen (Staples 2004). The PI US-8 strain having an A2 mating 

type is known to be more aggressive than the other, A1 mating type (Fry and Smart 

1999). Moreover, the US-8 A2 genotype has spread within the United States (Goodwin et 

al. 1995; Miller et al. 1998), and is reportedly insensitive to metalaxyl, a systemic 

fungicide used for its control (Davidse et al. 1983; Goodwin et al. 1996; Kato et al. 1997; 

Marshall-Farrar et al. 1998). Thus, breeding for host-plant resistance to late blight is a 

high priority for breeding programs worldwide (Malcolmson and Killick 1980; Colon 

1995; Fry and Smart 1999). 

Potato breeding programs spend more than ten years developing new cultivars 

with approximately 99.99% of these new hybrid seedlings being discarded in the first few 

years of selection (Tai and Young 1984; Thill 1993; Plaisted et al. 1984). Typically 

disease resistance screenings are performed after initial selection for other agronomic 

traits when a sufficient quantity of seed becomes available. The genetic base of the 

breeding populations is reduced after several years. Thill and Peloquin (1995) suggested 

developing an early generation selection (EGS) strategy that exploited genetic variation 

in the first progeny generation; in their case selecting for resistance to cold induce 

sweetening (CIS) (Sowokinos 2001; Thill 1993). They proposed that EGS could reduce 

cultivar development time because it provides an objective measure of the full range of 

variation for a given trait in a particular progeny or cross; whereby selections not meeting 

a minimum standard are discarded.  

Howard (1978) noted that selecting clones in the first clonal year is difficult and 

errors occur in selection because tubers vary in size and there is only one plant per clone. 
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Bradshaw et al. (1998) confirmed that predicted yield by visual selection is ineffective, 

but worthwhile progress can be achieved from selection in the second clonal generation. 

More than a decade earlier, Anderson and Howard (1981) suggested that selection in 

seedling, first and second clonal generations could be effective but only with selected 

character better define such as yield, number of tubers, tuber shape.  

Most studies using EGS for agronomic traits focus on the first or second clonal 

generation. Stewart et al. (1983) used seedling tests to screen for resistance to LB. Their 

results identified a valid method for screen resistance in an early stage of potato breeding 

program. Plaisted et al. (1984) discussed the potential of using EGS in seedlings and the 

first clonal generations as a cost-effective, population-reducing way to manage breeding 

populations and identify and retain disease resistance modifying the potential lost of 

resistance to LB. Caligari et al. (1985) confirmed that susceptible genotypes and 

undesirable agronomic traits are eliminated from the population when seedlings are 

screening for late blight in the field.  

Thus, having parents with variable levels of resistance, and evaluating for foliar 

LB resistance can be done with Mt and Ts populations early in a breeding program. The 

objectives of this research were to determine if: 1) an EGS strategy could be used to 

selected for LB resistance, 2) differences in selection response exists among two 

propagation sources: minituber (Mt) and transplant seedling (Ts) populations when 

evaluated in a field disease screening nursery, and 3) the importance in predicting family 

performance analysis comparing Mt and Ts half-sib families. 

 

Materials and Methods 
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Parental 4x-4x crosses among susceptible cultivars Atlantic, ND 860-2, 

NorValley (Douches et al. 1997; Bisognin et al. 2002), and resistant or moderately 

resistant cultivars Tollocan, Atzimba (Douches et al. 2004; Grünwald et al. 2002) or 

Minnesota experimental genotypes (Posch 2003) were made in the Horticultural 

Greenhouses at the University of Minnesota, St. Paul to produce 22 families in the spring 

of 2001 (Table 1). Botanical seed from these crosses was extracted sixty days after hand 

pollination of emasculated flowers. The resultant botanical seed was handled in two 

ways: developing minituber (Mt) and transplant seedling (Ts) populations for their 

evaluation to foliar late blight. 

 

Mt and Ts populations, and field design 

In September 2001, approximately 80 randomly selected seeds per family were 

divided into 2 replications of 40 seeds and sown into 8 cm x 6 cm pots containing SB300 

Universal Sunshine Mix, (Sungro Horticulture Distribution Inc.). Seedlings were grown 

with supplemental fertilization applied once a week with 200-ppm nitrogen (20-20-20), 

and with a supplemental 16-hour photoperiod (lamps 1000 watts) for producing 

minitubers. In January 2002, minitubers within each pot were harvested, family and 

clonally identified, labeled, placed into mesh plastic bags by family and stored at 4C for 

four months to break tuber dormancy. On June 15, 2002 tubers from each family bag 

were planted as single hills in the late blight disease screening nursery at the University 

of Minnesota Outreach Research and Education (UMORE) Park in Rosemount, MN.  

On May 15, 2003 remnant seed from the 2001 crosses was again sampled and 

seventy-two randomly selected seeds were divided into three replications per family and 
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sown into 2 cm x 2 cm greenhouse cell plug trays containing SB300 Sunshine Mix. 

Seedlings were grown in the greenhouse for four weeks prior to transplanting them into 

the late blight nursery at Rosemount, MN on June 17, 2003.  

Mt and Ts families were arranged in a randomized complete block design with 

two and three replications in 2002 and 2003 respectively. Family plots consisted of single 

hill genotypes spaced by 30 cm. Family plots were separated by 90 cm from each other, 

and field rows were spaced by 90 cm. Experimental units were genotypes (individual 

seedling or minituber) that were individually evaluated for late blight. Family means 

were calculated after multiple visual observations were completed for all genotypes. 

  

LB nursery design, inoculation and disease assessment 

The UMORE Park late blight nursery is located in Southeast-central MN and was 

selected for this research based on isolation from commercial potato-growing regions in 

MN, ability to inoculate plants with PI, and availability of irrigation water to maintain 

humid field conditions for pathogen proliferation. The soil at UMORE Park is Waukegan 

silt loam having moderate or rapid permeability, in the upper and lower soil profiles, 

respectively (Hundley 1983). The LB nursery is divided into three sections rotating 

potatoes with corn and soybean every third year. Unless noted otherwise, standard 

cultural management practices were used in the nursery. 

Nursery design was such that Mt and Ts populations were not directly inoculated 

with PI; rather, border rows of the susceptible cultivar Norchip planted adjacent to 

experimental rows were sprayed with inoculum. Thus experimental plants received 

inoculum directly from border plants to mimic natural disease movement between plants.  
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Following sufficient plant growth, approximately 60 days after planting, border 

rows were inoculated with a suspension of zoospores and sporangia of PI (US-8 strain) at 

a concentration of 6,000 - 7,000 sporangia/ml. Inoculations took place during the evening 

hours August 15, 2002 and August 12, 2003. The inoculum was applied with a CO2 

backpack sprayer at 20 psi using a single nozzle (6502 tip) wand. Plots were sprinkle 

irrigated using a low-volume overhead mist-type sprinkler system for thirty minutes prior 

to inoculation and again the next morning. Also, 1.3 cm of water was applied three times 

per week in the early morning hours to prolong leaf wetness. Due to unfavorable 

environmental conditions two additional inoculations were made in 2003 at 

approximately 2 weeks intervals to maintain the LB pathogen population in the field. 

One week after inoculation, and continuing biweekly thereafter 9 and 10 visual 

defoliation readings in 2002 and 2003 respectively were recorded on individual 

genotypes using a nonlinear scale from 1 to 9 where 1=0% and 9=100% infection (Table 

1) (Henfling 1987). Readings were transformed to percent defoliation to calculate the 

area under the disease progress curve (AUDPC) as described by Campbell and Madden 

(1990). After all readings were taken, plants having a score ≤ 50% defoliation were 

flagged and selected as foliar late blight resistant genotypes. Resistant plants were 

harvested on October 10 and 15 of 2002 and 2003, respectively. All tubers from selected 

plants were harvested, identified by family and clonal selection and labeled, prior to 4C 

storage for future experimentation. 

 

Statistical analysis 
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Disease assessments were made using a nonlinear scale 1 to 9 (Table 1), where 

1=0% and 9=100% infection (Henfling 1987). To determine the area under the disease 

progress curve (AUDPC) as described by Campbell and Madden (1990), disease readings 

were transformed to percent defoliation from the nonlinear scale. The formula AUDPC 

was: 

                  P

n-1 

AUDPC =  Σ  yRiR + y Ri +1 R/2R R   (t Ri+1R  -  tR1R)  
                   i 

Where yRi = Rpercent of foliage with blight at the ith observation. 

 t  = days after planting at the ith observation.  

 n  = number of assessment days. 

 

Data analysis included AUDPC mean, variance, and confidence interval of family 

means within each propagule source. To compare foliar resistance to LB between Mt and 

Ts populations, families were divided into six mating type categories depending on 

parent’s reported resistance (Table 2). Analysis of variance (ANOVA) (Table 3) and 

comparison of means with least square difference (LSD) were made for families within 

propagule source (Table 4) using SAS statistical software (SAS 2003). 

Chi square (χ²) was used to determine if a difference in selection across propagule 

sources exists (Table 4) and was calculated using the formula (Brown and Caligari 2008): 

 Eq. 1:  χ²  = Σ (d P

2
P / e) 

Where d = observed – expected. 

 e = corresponding expected values. 

To analyze parental contributions to LB resistance two females: Atlantic 

(susceptible cultivar) and Atzimba, (moderate resistance to late blight) and four MN 
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clones: DP 00127-2 – DP 00289-1, DP 00285-4 – DP 00395-5 (moderate resistance) 

were used. Half-sib families were combined across years to compare mean AUDPC with 

an LSD test for females and males, and the proportion of selected vs. evaluated genotypes 

(Table 5).  

 

Results 

A total of 1051 genotypes were visually assessed for resistance to late blight, 554 

genotypes were assessed as Mt and 497 were screened as Ts. Family comparisons were 

made within Mt and Ts populations for resistance to LB and families were significantly 

different, while no difference in genotypes was found (Table 3). Mean family AUDPC 

scores range from 1.8 to 21.5 in Mt and 4.3 to 20.2 in Ts. Overall mean AUDPC infection 

was slightly less (10.25) in Mt than Ts propagules (11.0)  (Table 4). 

Differences in mean AUDPC between families were observed in each mating 

category in both propagation sources. Moderate (M) mating categories had the lowest 

AUDPC score in both populations, while Resistant x Moderate (RxM) and Susceptible x 

Moderate (SxM) had the highest AUDPC scores in Mt and Ts, respectively. The 

moderate Resistant x Resistant (MRxR) category had the highest number of genotypes 

selected in Mt and Ts. No resistant genotype was identified or selected in the SxM 

category in Ts. 

No differences in propagation source populations (Mt or Ts) was identified. A 

chi-square test did not show difference in the proportion of selected genotypes in each 

mating type category (Table 4). 
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Half-sib family mean AUDPC differences were observed when susceptible 

Atlantic or moderately resistant Atzimba were crossed to a common set of moderately 

resistance MN breeding lines. All half-sib male means were significant except DP-00285-

4. More resistant genotypes were selected from Atzimba families than Atlantic. MN 

DP00289-1 had the largest number of selected resistant genotypes, and MN DP00395-5 

had the least (Table 5).    

 

Discussion 

Segregation for LB resistance was observed in the 22 families evaluated as Mt 

and Ts populations. In each population families were found to be significantly different. 

Like other studies (Simmonds and Wastie 1987; Gopal and Singh 2003/04; Kumar et al. 

(2007) field replications were not significant in Mt, indicating that disease infection in the 

field was uniform. Replications in Ts were significantly different and likely due to the 

multiple inoculations required in the field. The three replications suggest that disease was 

not uniform in the LB nursery when Ts was evaluated. A large number of genotypes were 

eliminated by isolated environmental factors (Colorado potato beetle infestation). 

Genotypes were not significantly different within each population (Table 3).    

The six mating type categories based on a parent’s reported resistance allowed the 

classification of the families. Mean AUDPC scores for mating categories were different 

from Mt to Ts populations. Thus, different levels of resistant were observed not only 

between families but also within families, indicating that transmission of resistance 

varied from parent to offspring.  Ts had a larger AUDPC mean in comparison to Mt, 

except for Tollocan and some MN experimental lines from the RxR mating categories. 
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The highest mean infection in a Mt population was found in RxMR, along with the S 

categories, while in Ts the highest levels of susceptibility was found in the S categories 

(Table 4). These results vary with Posch (2003) who studied resistant genotypes from 

RxS and SxR crosses. However, moderate resistant categories that contained resistant 

females (Atzimba and MSG274) were reported as having lower AUDPC mean scores. It 

has been shown that families within S. tuberosum with one parent having some degree of 

resistance to LB (SxR), have greater resistance than families resulting from two 

susceptible parents (Zlezak and Thill 2004). Susceptible parents produce susceptible 

progenies as expected. Our results agreed with Bisognin et al. (2002) with high mean 

infection observed in progenies where the susceptible Atlantic was a female parent. 

The genetic variability in the families allows the identification of susceptible 

families and genotypes, and it also allows for the selection of resistant genotypes. Mt had 

more selected genotypes than Ts. In Mt, the MR category contributed 44.6% of the 

selected genotypes, while the same category in Ts contributed 43.7%. The common 

parent in these MR categories was Tollocan as female parent. Tollocan likewise was 

present in the RxMR category which had the largest AUDPC score. Bisogning and 

Douches (2002) and Douches et al. (2004) identify Tollocan as resistant to LB under 

Michigan conditions with acceptable vine maturity and tuber size. This difference in 

resistance within population can be response to environmental conditions. Factors such as 

temperature (Becktell et al. 2005), high humidity (Grünwald et al. 2000), rain (Romero-

Montes et al. 2008) and sprinkler irrigation (Cohen et al. 2000) that change during the 

season and over years affect oospore production, and disease progression.  
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Several different studies on potato seedlings identify them as a good estimator of 

foliar LB resistance (Malcolmson and Killick 1980; Caligari et al. 1985; Cristinzo and 

Testa 1999). Those studies have demonstrated that potato seedling serve as an effective 

predictor of field resistance and are also able to provide a valid method of screening for 

resistance early in the breeding program (Stewart et al. 1983). Our study, which evaluated 

seedlings and minitubers directly in the field, showed that it is possible to identify 

resistant and susceptible genotypes to LB disease in first year Mt and Ts progenies. Our 

study corroborated Douches et al. (2004) who suggested that field screening to evaluate 

foliar LB resistance can be an effective method for cultivars and advance breeding line 

development.  

The lack of significant differences in the proportion of selected genotypes in each 

mating category across propagation sources corroborates the non difference found in the 

overall proportion of selected genotypes across propagule sources. These no differences 

in selection indicate the independency in the type of propagation. Likewise, in a study of 

yield, height and canopy growth in potato derived from synthetic seeds Nyende et al. 

(2005) also reported not differences in Mt and Ts propagations. The only category that 

did not have selected genotypes was the SxMR in Ts, probably due to its high AUDPC 

mean in our study. Thus, both propagation sources can be used to evaluate for LB even 

from different parent combinations. We would expect elimination of susceptible material 

from the population as well as allowing for the identification of resistance clones to be 

kept, evaluated or used later in crosses to produce new and improved populations 

(Caligari et al. 1985; Calegari et al. 1984). The advantages of Mt in potato breeding is the 

pre-multiplied tuber, thus, one clone is represented by many plants (Simmonds 1997).    
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The analyses of half-sib families from resistant and susceptible females allowed 

for observing the big difference in mean AUDPC (Table 4). In our study, significant 

differences were observed in the females; with Atzimba showing a 2.4x lower AUDPC 

mean scores compared to Atlantic. Likewise, significant differences for half-sib males 

were observed except in Atzimba x DP 00285-4 (Table 5). Strong maternal influence in 

resistance is observed in selection when half-sib females and males were compared. 

While Atzimba half-sib families contributed with 23.4% in selection, Atlantic represents 

only 3.3% of selection, similar to DP 00395-5 half-sib families. The other half-sib family 

males range from 9.6% - 16.5%.   

Thus, based on our results, EGS strategy for LB resistance seems possible in Mt 

and Ts populations. The field screening in Mt and Ts provides a good estimation of the 

experimental material resistant to LB; it eliminates susceptible clones and reduces 

populations to a manageable size. Resistant parents contribute to the progenies allowing 

the selection of resistant genotypes. Categorization of the families allows the 

identification of lower AUDPC values and where resistance genotypes are found. 
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Table 1. Evaluation scale used to assess quantitative late blight disease severity in 
minitubers (Mt) and transplant seedling (Ts) populations in 2002 and 2003, 
respectively. 

     
  

% Necrotic tissue 
 Field rating   Mean   Limits 

1 
 

0 
 

0 
2 

 
2.5 

 
trace to 5 

3 
 

10 
 

5 - 15 
4 

 
25 

 
15 - 35 

5 
 

50 
 

35 - 65 
6 

 
75 

 
65 - 85 

7 
 

90 
 

85 - 95 
8 

 
97.5 

 
95 - 100 

9   100   100 
Evaluation scale from Henfling (1987). 
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Family Female Mating type7

1 Atlantic1        (USDA B5141-6 x Wauseon) DP 00127-2       (MN17941 x Zarewo) S x R 
2 Atlantic DP 00194-1       (MN96006-3 x Zarewo S x MR
3 Atlantic DP 00285-4       (Zarewo x MN19245) S x R 
4 Atlantic DP 00289-1       (Zarewo x MN86105) S x R 
5 Atlantic DP 00395-2       (MN194534 x Atzimba) S x R 
6 Atlantic DP 00395-5       (MN194534 x Atzimba) S x R 
7 Atzimba2            ( US 133 3 x 53 AT 1) DP 00127-2       (MN17941 x Zarewo) MR x R
8 Atzimba DP 00285-4       (Zarewo x MN19245) MR x R
9 Atzimba DP 00289-1       (Zarewo x MN86105) MR x R

10 Atzimba DP 00395-5       (MN194534 x Atzimba) MR x R
11 Atzimba DP 00RH42-2    (MSG274-3 x S440) MR x R
12 ND 860-23        (ND 78-3 x ND 9583-1) DP 00289-1       (Zarewo x MN86105) S x R 
13 ND 860-2 DP 00395-2       (MN194534 x Atzimba) S x R 
14 NorValley4           (Norchip x ND 860-2) DP 00289-1       (Zarewo x MN86105) S x R 
15 Tollocan a5  DP 00194-1       (MN96006-3 x Zarewo) R x MR
16 Tollocan DP 00221-1       (MN96038-5 x Zarewo) R x R
17 Tollocan DP 00289-1       (Zarewo x MN86105) R x R
18 DP 00RH41-46      (MSG274-3 x S438) DP 00RH41-4    (MSG274-3 x S438) MR x MR
19 DP 00253-1         (MN96092 x Zarewo) DP 00253-1       (MN96092 x Zarewo) R x R
20 DP 00289-1         (Zarewo x MN86105) DP 00289-1       (Zarewo x MN86105) R x R
21 DP 00395-2         (MN194534 x Atzimba) DP 00395-2       (MN194534 x Atzimba) R x R
22 DP 00RH63-1      (Tollocan x S438) DP 00RH63-1    (Tollocan x S438) R x R

a ((58-ER-1 x Loman x Hol-32)) x (((( Juanita x (((Loman x ((Anita x (AC25953 x USDA 2131-3))))
1 Atlantic - Susceptible (Bisognin 2002); 2 Atzimba - Moderate Resistant (Grünwald et al. 2002); 3 ND 860-2- Susceptible (Douches et al. 1997);
4 NorValley - Susceptible, (Bisognin et al. 2002); 5 Tollocan- Resistant (Douches et al. 2004); 6 All DP clones-Resistant & Moderate Resistant (Posch 2003);
7 S, susceptible; R, resistant; MR, moderate resistant.

Male

Table 2. Pedigree of 22 families evaluated as minitubers (Mt) and Transplant seedlings (Ts) populations for foliar late blight resistance 
during the summers of  2002 and 2003 in Rosemount, MN . 
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Table 3. Analysis of variance of families and genotypes evaluated for foliar late blight resistance as minituber (Mt) 
and transplant seedling (Ts) populations in 2002 and 2003, respectively. 

          
Population

Source of 
Variation 1 df 

Mean 
square F value P > F 

    Mt Families 21 203.1 5.12 <0.0001 
    

 
Replications 1 10.07 0.26 0.61 

    

 
Genotypes 65 27.17 0.69 0.92 

    

          Ts Families 21 424.43 14.46 <0.0001 
    

 
Replications 2 336.37 11.46 <0.0001 

      Genotypes 97 35.76 1.22 0.15         
1

 
Mt, minituber (Mt) and Ts, transplant seedlings. 
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Fam. No. Mean2 95% No. No. Mean 95% No.
I.D. Female Male progeny AUDPC C.I. selected progeny AUDPC C.I. selected

Resistant x Resistant crosses 
16 Tollocan DP 00221-1 35 12.9 10.2/15.6 2 20 10 7.4/12.6 4
17 Tollocan DP 00289-1 22 10.7 8.3/13.1 4 22 7.8 6.1/9.5 8
19 DP 00253-1 DP 00253-1 10 12.6 5.9/19.2 2 40 6.2 5.0/7.3 1
20 DP 00289-1 DP 00289-1 31 7.4 5.8/9.0 3 19 6.7 4.1/9.4 0
21 DP 00395-2 DP 00395-2 15 6.4 5.1/7.7 0 6 4.3 2.9/5.7 0
22 DP 00RH63-1 DP 00RH63-1 8 4.8 2.4/7.2 2 18 6 3.9/8.1 0

Total 121 9.7 C 13 (10.7%) 125 7.0 D 13 (10.4%)
   χ2, 1df, 0 .007 P=0.05

Resistant x Moderate Resistant crosses
15 Tollocan DP 00194-1 34 16.4 A 14.0/18.7 2 (5.8%) 19 12.1 C 8.8/15.4 2 (10.5%)

   χ2, 1df,  0.37 P=0.05

Moderate Resistant x Resistant crosses
7 Atzimba DP 00127-2 40 5.4 4.4/6.3 6 8 5.8 -0.22/11.9 2
8 Atzimba DP 00285-4 5 1.8 0.7/3.0 1 34 8.8 6.8/10.8 10
9 Atzimba DP 00289-1 33 5.4 3.8/6.9 18 28 6.9b 5.31/8.6 4
10 Atzimba DP 00395-5 12 4.8 3.5/6.0 0 28 5.3 4.0/6.5 3
11 Atzimba DP 00RH42-2 20 7.9 4.8/11.1 1 27 12.8 9.8/15.9 1

Total 110 5.6 D 26 (23.6%) 125 8.3 D 20 (16%)
   χ2, 1df,  2.16 P=0.05

2002 Mt1 2003 Ts1

Parentage

Table 4. Family progeny mean AUDPC, confident interval and number of selected genotypes referenced by parental LB resistant 
categories for minituber (Mt) and transplant seedling (Ts) populations evaluated in 2002 and 2003,  respectively.
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Moderate Resistant x Moderate Resistant crosses 
       

18 DP 00RH41-4 DP 00RH41-4 19 3.7 D 1.3/6.1 
4 

(21.0%)   18 7.5 D 4.4/10.6 
5 

(27.7%) 
   χ2, 1df, 0.22 P=0.05 

          
            Susceptible x Resistant crosses 

         1 Atlantic DP 00127-2 26 12.4 10.2/14.7 1 
 

40 16.8 14.8/18.7 2 
3 Atlantic DP 00285-4 30 11.9 9.2/14.5 1 

 
19 15.1 12.4/17.8 2 

4 Atlantic DP 00289-1 34 13.3 11.3/15.2 2 
 

50 16.3 14.6/18.1 0 
5 Atlantic DP 00395-2 28 10.6 7.7/13.4 2 

 
4 20.2 14.9/25.6 0 

6 Atlantic DP 00395-5 31 11.1 8.9/13.3 0 
 

31 12.9 11/14.7 1 
12 ND 860-2 DP 00289-1  35 21.5 18.2/22.7 0 

 
11 17.1 11.5/22.8 0 

13 ND 860-2 DP 00395-2  33 11.4 8.4/14.4 1 
 

5 16 9.7/22.2 0 
14 NorValley DP 00289-1 24 14.2 11.5/16.8 0   16 10.2 6.8/13.6 0 

Total 
  

241 13.3 B 
 

7 (2.9%) 
 

176 15.3B 
 

5 (2.8%) 
   χ2, 1df, 0.001 P=0.05 

          
            Susceptible x Moderate Resistant crosses 

        2 Atlantic DP 00194-1 29 14.3 AB 10.9/17.7 2 (6.8%)   34 18.9 A 16.7/21.1 0 (0%) 
Total 

              χ2, 1df, 2.42 P=0.05 
          

            
Grand Total 

 
554 10.25 

 

54 
(9.74%) 

 
497 11.02 

 

45 
(4.74%) 

   χ2, 1df 0.14 P=0.05                     
1 Mt, 

 
minituber; Ts, transplant seedlings. 

        2

 
Letters indicate differences between parental categories within populations at p-value=0.05. 
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Table 5: Half sib family mean AUDPC comparisons from matings between two female cultivars and four male 
clones combining two years evaluation for LB resistance in an early breeding generation.  

        
        
  

Mean AUDPC Males
 

3 
 Female

 
12 DP 00127-2 DP 00285-4 DP 00289-1 DP 00395-5 

 
Mean Females 

Atlantic 
 

14.6a 13.5a 14.8a 15.4a 
 

14.5A 
Atzimba 

 
5.5b 7.9a 6.1b 5.1b 

 
5.9 B 

Total mean Male 
 

10.05 10.7 10.4 10.2 
  

        
        
  

n selected/n evaluated 
 

Total 
Atlantic 

 
3/66 3/49 2/84 1/62 

 
11/324 

Atzimba 
 

8/48 11/39 22/61 3/40 
 

44/188 
Total   11/114 14/88 24/145 4/102     
1 Atlantic - Susceptible (Bisognin 2002); 2/ Atzimba - Moderate Resistant (Grünwald et al. 2002); 3/ DP clones-Resistant & Moderate Resistant (Posch 2003) 
2

 
Letters indicate differences between half-sib familes at p-value=0.05. 
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Overview 

Late blight (LB) (Phytopthora infestans (PI) is one of the most devastating potato 

diseases worldwide. This is due to the fact that new strain (A2) of PI is resistant to the 

fungicide metalaxil, and cultural control measures have limited effect in preventing and 

controlling the disease. Disease resistance is often tested later in a breeding program 

when genetic variation of the breeding population reduced due to selection for other 

breeding parameters. Early generation selection (EGS) strategies seem to have the 

advantage of identify favorable genotypes when population variation is at its greatest. 

Breeders may choose to evaluate populations as minituber (Mt) or transplant seedling 

(Ts). In addition to EGS for LB resistance, and the type of propagation source, it will be 

beneficial to know how many visual assessments would accurately determine clonal or 

population level resistance. Thus, the objectives of this research were to determine: 1) the 

number of assessments required to obtain reliable information on LB resistance, 2) the 

response differences between propagule sources over multiple assessments, and 3) the 

relationship between propagule sources depending on the number of assessment. Twenty-

two families from 4x-4x crosses were evaluated, in 2002 as minituber (Mt), and in 2003 

as transplant seedling (Ts) populations at the University of Minnesota Outreach Research 

and Education (UMORE) Park in Rosemount, MN. Experimental plants received 

inoculum indirectly from surrounding bordering plants that received directly applied 

6,000 – 7,000 sporangia/ml of PI, US-8 strain. A total of nine and ten visual defoliation 

readings were recorded for Mt and Ts populations. Data subsets were formed by 

combining the total number of assessment days (AD) and average number of interval 

days (ID) between given assessments. Results showed that families segregated for foliar 
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LB resistant and differences were observed within propagule sources. Families responded 

similarly from Mt to Ts, except for some exceptions such as families 5, 8 and 19. The Ts 

population had higher mean AUDPC scores than Mt. Two AD: ID combinations had a 

larger mean AUDPC in comparison to all other combinations. No differences were 

observed between three or more AD: ID combinations in each population. Three or more 

AD: ID combinations and four or more AD: ID combinations were highly correlated for 

Mt and Ts populations, respectively. Very low correlation was found between the 

propagation sources and AD: ID combinations. Thus, in first year progenies evaluated for 

LB resistance, three or more AD: ID combinations are required if Mt are used; four or 

more AD: ID combinations will be necessary for Ts propagation. Despite evaluation of 

the same genetic materials, low correlation between propagation sources (Mt vs Ts) was 

observed. This indicates the presence of other variables such as environment which 

resulting in the independency of the propagation types as well differences in selection.   

 

Introduction 

Phytopthora infestans (PI) L (Mont. de Bary) is a pathogen that caused one of the 

most devastating diseases in potatoes, late blight (LB) (Stevenson et al. 2001). Measures 

to control the disease eventually reduced the impact of LB for almost 150 years after 

introduction of PI to Europe (Fry and Smart 1999). Nearly three decades ago, studies 

revealed that a new and more aggressive strain of PI, the A2 mating type, (Goodwin et al. 

1995; Miller et al. 1998) emerged. The significance of this is that until recently none of 

the major cultivars of potatoes grown in the United States was resistant to the new strain 

(Staples 2004). Because cultural and chemical control measures have limited 
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effectiveness in the prevention of this disease, Inglis et al. (1996) suggests that breeding 

for resistance is needed. Host resistance to LB has become a priority among North 

American (Macolmson and Killick 1980; Bisognin and Douches 2002; Bisognin et al. 

2002) and international breeding programs (Fry and Smart 1999). 

Potato is vegetative propagated through tubers (Kaur and Mujerki 2004). 

Therefore, selected genotypes can be propagated true-to-type following fertilization 

and/or hybridization as long as vegetative reproduction is maintained (Howard 1978). 

One advantage of this reproductive system is that favorable segregants can be identified 

and selected early in breeding generations and maintained vegetatively. Traditionally, one 

clone in 200,000 seedlings in a breeding population is found worthy of release (Plaisted 

et al. 1984). However another study reports only 1:500,000 – 2,000,000 are worthy of 

release (Lowe et al. 1997). Early generation selection (EGS) is used to increase the 

number of favorable genotypes available for selection for critical traits (Swiezyński 

1984). Selection in EGS breeding program is important because up to 99.99% of 

seedlings in a breeding program are discarded in the first three years based on visual 

evaluation and a combination of horticultural and agronomic tubers characteristics (Thill 

1993). The efficiency of this EGS strategy depends upon the trait under selection. EGS 

has been studied for various traits including agronomic characters (Gopal et al. 1992), 

components of yield (Ruiz de Galarreta et al. 2006) as well as for quality traits such as 

selecting for resistance to cold induced sweetening (CIS) or “cold chipping” (Sowokinos 

2001; Thill and Peloquin 1995; Hayes and Thill 2002) and processing quality traits 

(Xiong et al. 2002). Screening for disease resistant can also be done early in a breeding 



47 
 

program. Thus, EGS breeding strategies have also been used for selecting against late 

blight in the greenhouse (Wastie et al. 1993) and the field (Posch 2003).  

For LB, it would be beneficial to know how many assessments would be required 

to accurately determine clonal or population level resistance. Up to five visual 

assessments were used to evaluate for foliar LB resistance in cultivars and advanced 

breeding clones (Andrivon et al. 2006; Haynes and Weingartner 2004; Jenkins and Jones 

2003; Haynes et al. 2002; Haynes et al. 1998); five evaluations were used by Zlesak and 

Thill (2004) evaluating diploid and tetraploid Mexican and South American Solanum 

species; and more than six visual evaluations for foliar late blight resistance were 

reported by Posch (2003) in her field study of first clonal progenies. In separate studies, 

Jeger and Viljanen-Rollison (2001) and Haynes and Weingartner (2004) provide 

evidence that many fewer observations can provide equivalent information; thus, 

allowing breeders to save on breeding program resources.  

To evaluate for resistance to PI in early breeding generations breeders can use 

transplant seedling (Ts) or minituber (Mt) and/or other early clonal generations in the 

field or greenhouse facilities. In their glasshouse study, Stewart et al. (1983) grew Ts 

from crosses designed to produce progenies with LB resistance, to compare later with the 

same progenies grown from tubers. Kumar et al. (2007) used Mt for determining LB 

resistance in the field when evaluating second and third clonal generations. Calegari et al. 

(1984) reported that Ts tests provide a good estimation of potato foliar LB resistant and 

susceptible progenies because it allows for the elimination of susceptible genotypes at a 

very early stage and it provides family mean information to generate new and improve 

populations.  
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Thus, combining EGS with an optimal number of assessments could further help 

determine allocation of breeding resources. The objectives of this research were to study 

the response of Mt and Ts breeding populations to LB disease and determine: 1) the 

number of assessments required to obtain reliable information on LB performance, 2) the 

response differences in propagule sources upon number of assessments, and 3) the 

relationship between propagule sources depending on the number of assessment. 

 

Materials and Methods 

Tetraploid potato clones having variable levels of LB resistance including 

susceptible clones Atlantic and ND 860-2, and resistant clones MSG 274-3, Zarevo and 

Tollocan (Bisognin et al. 2002; Douches et al. 1997; Douches et al. 2004); along with 

moderately resistant Minnesota experimental genotypes (Posch 2003) were crossed in the 

spring 2001 to produce 22 families (Table 1). Crosses were performed in the horticultural 

greenhouses at the University of Minnesota. Botanical seed from these crosses was 

extracted sixty days after hand pollination of emasculated flowers. The resultant botanical 

seed which formed the base experimental populations for these experiments was handled 

in two ways: developing a minituber (Mt) and transplant seedling (Ts) populations for 

evaluation and response to foliar late blight disease. 

 

Minituber (Mt) and transplant seedling (Ts) population and field design  

In September 2001, approximately eighty randomly selected seeds per family 

were divided into two replications of 40 and sown into 8 cm x 6 cm pots containing 

SB300 Universal Sunshine Mix. Seedlings were grown for the production of minitubers 
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(Mt). Greenhouse conditions included adding supplemental fertilization applied once a 

week with 200-ppm nitrogen (20-20-20), and supplemental 16-hour photoperiod (lamps 

1000 wt) to promote Mt formation. In January 2002, Mt within each pot were harvested, 

clonally identified and labeled, and then placed at 4C for four months to break tuber 

dormancy.  

On June 15, 2002 Mts were planted in replicated single hill family plots in the late 

blight disease screening nursery, at the University of Minnesota Outreach Research and 

Education (UMORE) Park in Rosemount, MN.  

On May 15, 2003 remnant seed from the 2001 crosses was sampled by family and 

72 randomly selected seeds were divided into three replications per family and sown into 

2 cm x 2 cm greenhouse cell plug trays containing SB300 Sunshine Mix. Seedlings were 

grown in the greenhouse for four weeks prior to transplanting them into the late blight 

nursery at Rosemount, MN on June 17, 2003.  

 In their respective years Mt (2002) and Ts (2003), family plots were planted in 

two (Mt) replications and three (Ts) replications using a randomized complete block 

design. Family plots consisting of single genotypes per hill were separated by 90 cm. 

Genotypes were considered as separate experimental units, thus, were individually 

evaluated for resistant to LB.  

 

LB disease screening nursery design, inoculation and evaluation protocol 

The University of Minnesota, UMORE Park is located in southeast-central MN 

and was selected for LB research based on its isolation from commercial potato 

production, ability to inoculate plants with PI, and availability of irrigation water to 
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maintain humid field conditions for pathogen proliferation. Nursery design was such that 

selected genotypes were not directly inoculated with PI but rather border rows of the 

susceptible cultivar Norchip planted adjacent to experimental rows were sprayed with 

inoculum. Experimental plants received inoculum directly from border plants to mimic 

natural disease movement between plants. 

Inoculations were performed approximately 60 days after field planting when 

plants had grown to the point where and the canopy was large enough that plants between 

adjacent rows were nearly touching. Inoculations were performed during the evening 

hours of August 15, 2002, and August 12, 2003 and involved application of a suspension 

of 6,000 – 7,000 sporangia/ml of PI, US-8 strain. Inoculum was applied with a CO2

One week after inoculation, and continuing biweekly thereafter for 9 and 10 

evaluations in 2002 and 2003, respectively, visual defoliation readings were recorded on 

an individual plant basis using a nonlinear scale from 1 to 9, where 1=0% and 9=100% 

defoliation (Table 1) (Henfling 1987).  

 

backpack sprayer at 20 psi using a single nozzle (6502 tip) wand. Plots were sprinkle 

irrigated using a low-volume overhead mist-type sprinkler system for thirty minutes prior 

to inoculation and again the morning following inoculation. Irrigation water was sprinkler 

applied (1.3 cm) three times per week in the early morning hours to prolong leaf wetness. 

Two additional inoculations were made in 2003 at approximately 2 week intervals to 

maintain the LB pathogen in the field. 

To calculate the area under the disease progress curve (AUDPC) as described by 

Campbell and Madden (1990) ratings were transformed to percent defoliation and applied 

to the following formula:  
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AUDPC =  Σ  yRiR + y Ri +1 R/ 2R R   (t Ri+1R  -  tR1R)  

                               i 
Where yRi = Rpercent of foliage with blight at the ith observation. 

 t = days after planting at the ith observation.  

 n = number of assessment days. 

 

Statistical analysis 

A total of nine and ten visual evaluations were recorded for Mt and Ts 

populations, respectively. In each year at the conclusion of the field evaluation period 

experiment data subsets could be formed based on 1) the total number of assessment days 

(AD), and 2) the average number of interval days (ID) between given assessments. For 

example, the code AUDPC 2:36 corresponds to two LB assessments 36 days apart. 

AUDPCs were calculated for two, three, four, five, nine and ten AD: ID combinations.  

Statistical analyses were performed using SAS statistical software (SAS 2003). 

Analyses of variance (ANOVA) using Proc glm were calculated to determine the 

significance of families and AD, and mean comparisons were done using least square 

differences test (LSD). Pearson correlations were calculated using Proc corr to determine 

correlations between different AD: ID combinations within and among populations.  

 

Results 

Parental crosses between LB susceptible and resistant potato clones segregated for 

foliar resistance to LB and significant differences were observed between families 

evaluated from either Mt or Ts populations in 2002 and 2003, respectively (Table 2). 

Generally, families responded similarly from one year to the next but this trend was not 
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absolute. For example, family number eight (Atzimba x DP 00285-4) had an AUDPC 

that was 4x lower when Mt were evaluated as compared to Ts, while family 7 (Atzimba x 

DP 00127-2) had the minimum absolute difference between the two propagule sources 

(Table 2). 

n-1 

Data subsets were created based upon the number of assessment days (AD) and 

interval days (ID) between assessments and an AUDPC code was assigned for each of 

these AD:ID combinations (Table 3). Consistently, no significant differences were 

observed among all AD: ID combinations within Mt and Ts populations, except when 

only two assessments were considered. The Ts population responded similarly to the Mt 

population in this way but consistently had higher AUDPC scores (Table 3). 

The correlations between AD: ID combinations within populations was high and 

all were significant (P<0.001) (Table 4).  The highest correlations were observed when 

making three or more assessment in Mt, and four or more for Ts. Correlations between 

Mt and Ts populations were low and with only three exceptions not significant (Table 5).   

 

Discussion 

Genetic variability was observed in the evaluated families when they were tested 

for LB resistance in Mt and Ts populations (Table 2). Difference in family means within 

and across propagule source was expected due to the parental difference in the levels of 

resistance to LB. AUDPC mean differences were also noted in families across 

propagation sources. The Ts populations showed slightly higher defoliation than Mt 

except for the Tollocan families. These means difference in families as well as 

propagation type are thought to results from genotype x environment interactions. In Ts 
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populations, the disease nursery was inoculated three times because environmental 

conditions did not help the pathogen to growth enough to spread disease in the 

experimental lines. In spite of this, the disease did progress sufficiently to observe 

differences between susceptible and resistant genotypes by the end of the visual 

evaluation period. Because the experimental material was from first generation (Mt and 

Ts), variation was expected between families. Variation in response to LB resistance in 

families was likely observed because host genotype and pathogen genotype interaction 

with environment may influence the response of the families to the disease. Bisognin at 

al. (2002) reported Tollocan families with the highest degree of resistance in the 

greenhouse and field, while in our study its mean AUDPC was higher in comparison to 

other families such as Atzimba and MN experimental lines. It is known that environment 

factors such as temperature (Becktell et al. 2005), high humidity (Grünwald et al. 2000), 

rain (Romero-Montes et al. 2008) and even sprinkler irrigation (Cohen et al. 2000) has an 

effect on the oospore production, and disease progression. Thus, genotype x environment 

interaction likely had some influence on the performance of Tollocan. The MN 

experimental lines did have the lowest AUDPC mean differences indicating that 

resistance was present in their parentage. 

Analyzing the number of assessments in each propagation source, it is evident 

that two assessments resulted in higher means in both years in comparison to the other 

AD: ID combinations (Table 3). However, mean AUDPC for the other AD: ID 

combinations, no significant difference found between them. Thus, for both propagule 

types more than two assessments will produce similar results. When correlations were 

performed between AD: ID combinations within each propagation source, all were 
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significant.  Among Mt, three or more assessments were most highly correlated. In Ts 

four or more AD: ID combinations were most highly correlated. Similar to Jenkins and 

Jones (2003) these results suggest that as the disease progress the correlations between 

AD: ID combinations did not change but correlations get stronger as the number of 

assessments increases (Jenkins and Jones 2003). Mt propagule may tend to have more 

shoots, allowing for more photosynthetic capacity in the plant (Stoskopf et al. 1993).  

Increased photosynthesis likely allows for more foliar development sooner in comparison 

to Ts. The vigorous Mt populations had lower AUDPC scores which imply greater 

resistance. This result is in concordance with Van Oijen (1991) who reported a 

correlation between lateness and resistance to LB. Ts populations developed   only a 

main shoot which provided lower photosynthetic capacity which produced less vigorous 

plants (Stoskopf et al. 1993). Planting Ts populations early in the season can expose the 

plants to frost that eventually can kill the plants or may delay plant growth.  

Two assessments days in both populations showed the lowest correlations, 

indicating that for first clonal generation progeny screening more than two assessments 

are needed to obtain reliable information to identify resistant progenies. These results 

contrast with the results from Jeger and Viljanen-Rollinson (2001) resistance to stripe 

rust wheat and Haynes and Weingartner (2004) resistance to LB in potato germplasm.  

While both studies concur that fewer assessments can provide sufficient information; 

three conditions need to be met: resistance should be expressed in rate parameter (disease 

severity scale) instead of asymptotic level of resistance, the disease must be present in the 

crop at the same time for all experimental material, and unexpected results may be found 

if the disease progress is not describe by a sigmoid curve. All these three conditions were 
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present in our study, but the main differences between the studies were a) the 

experimental material, in the case of potatoes, (clones vs first clonal generation), and b) 

how the experimental material was propagated; population establish as Mt or Ts. Thus, 

the differences in the results may suggest that greater genetic variation is present in the 

first generation progenies in comparison to potato clones.   

In their study, Kumar et al. (2007) made four LB evaluations over a 12 day period 

for second and third clonal generations. They found that two evaluation days within 

active disease proliferation was important because these evaluations contributed more to 

AUDPC variation. The authors suggested that the initial and last day were not little 

informative. Haynes and Weingartner (2004) suggest collecting the data in the beginning 

of the epidemic and when the first few clones are dead. Our results agree that the first and 

last data collections did provide little information of disease progression. Determining 

when to finish collecting data is more difficult because environmental conditions are 

unpredictable. For example, in 2003 the unfavorable environmental conditions for the 

pathogen required to inoculate three times the LB nursery. Thus, for first year progenies 

of Mt or Ts, at minimum of three and four assessments respectively, would be reliable 

allowing for the identification of resistance and susceptibility in the populations and 

families. 

The very low correlation between Mt and Ts for the different AD: ID 

combinations were not expected. Being the experimental material from within the same 

germplasm pool, but evaluated in two different propagation sources, indicate that the 

response of germsplam is different in Mt and Ts. Even though results were similar at the 

end of the study, there is not better propagation method. Both propagation sources need 
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to be considered independent from each other when evaluations of first progenies in the 

field are assessed for LB resistance. 

Previous studies have show that greenhouse seedlings were reliable in predicting 

adult plant performance to LB in the field (Stewart et al. 1983; Caligari et al. 1984; 

Wastie et al. 1987); early selection reduces susceptible genotypes and facilitates the 

production of cultivars with disease resistant and other favorable economic characteristics 

(Wastie et al. 1993). This study takes a step further and evaluates transplanted seedling 

and minitubers in the field for disease resistant. Posch (2003) was able to identify LB 

resistant and even made selection of 68 genotypes between two years, indicating that 

EGS for LB is possible. Our results allow demonstrating that LB resistance can be done 

in early generations when genetic variation is still at its maximum.  

Our results suggest that the combination of EGS and at least three or four AD: ID 

combinations for Mt and Ts progenies, respectively are required for evaluating LB 

resistance in first progenies. Despite all AD: ID combinations were positively correlated, 

it would be useful use fewer number of AD: ID combinations in order to reduce 

population size, time as well to allocate breeding resources.   
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Table 1. Evaluation scale used to assess quantitative late blight disease severity in 
minitubers (Mt) and transplant seedling (Ts) populations in 2002 and 2003, 
respectively. 

     
  

% Necrotic tissue 
 Field rating   Mean   Limits 

1 
 

0 
 

0 
2 

 
2.5 

 
trace to 5 

3 
 

10 
 

5 - 15 
4 

 
25 

 
15 - 35 

5 
 

50 
 

35 - 65 
6 

 
75 

 
65 - 85 

7 
 

90 
 

85 - 95 
8 

 
97.5 

 
95 - 100 

9   100   100 
Evaluation scale from Henfling (1987). 
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Table 2: Pedigree of 22 families evaluated for foliar late blight resistance when grown as minituber (Mt) and transplant seedling (Ts) populations in a field 
late blight disease screening nursery in Minnesota in 2002 and 2003, respectively. 

     
Mean 

AUDPC 95% C.I. AUDPC 

Family Female Male Mt Ts Mt Ts AMD
1 

7 
Atlantic1  DP 00127-2   (MN17941 x Zarevo)   (USDA B5141-6 x Wauseon) 12.49 16.81 10.2/14.7 14.8/18.7 4.32 

2 Atlantic DP 00194-1   (MN96006-3 x Zarevo 14.36 18.95 10.9/17.7 16.7/21.1 4.59 
3 Atlantic DP 00285-4    (Zarevo x MN19245) 11.92 15.14 9.2/14.5 12.4/17.8 3.22 
4 Atlantic DP 00289-1   (Zarevo x MN86105) 13.33 16.38 11.3/15.2 14.6/18.1 3.05 
5 Atlantic DP 00395-2   (MN194534 x Atzimba) 10.62 20.25 7.7/13.4 14.9/25.6 9.63 
6 Atlantic DP 00395-5   (MN194534 x Atzimba) 11.14 12.91 8.9/13.3 11/14.7 1.77 

7 Atzimba2 DP 00127-2   (MN17941 x Zarevo)             ( US 133 3 x 53 AT 1) 5.42 5.88 4.4/6.3 
-

0.22/11.9 0.46 
8 Atzimba DP 00285-4    (Zarevo x MN19245) 1.88 8.84 0.7/3.0 6.8/10.8 6.96 
9 Atzimba DP 00289-1   (Zarevo x MN86105) 5.41 6.99 3.8/6.9 5.31/8.6 1.58 

10 Atzimba DP 00395-5   (MN194534 x Atzimba) 4.80 5.33 3.5/6.0 4.0/6.5 0.53 
11 Atzimba DP 00RH42-2    (MSG274-3 x S440) 7.96 12.89 4.8/11.1 9.8/15.9 4.93 
12 ND 860-23 DP 00289-1    (Zarevo x MN86105)         (ND 78-3 x ND 9583-1) 20.51 17.17 18.2/22.7 11.5/22.8 3.34 
13 ND 860-2 DP 00395-2    (MN194534 x Atzimba) 11.45 16.02 8.4/14.4 9.7/22.2 4.57 
14 NorValley4 DP 00289-1    (Zarevo x MN86105)            (Norchip x ND 860-2) 14.20 10.24 11.5/16.8 6.8/13.6 3.96 
15 Tollocan a5 DP 00194-1    (MN96006-3 x Zarevo)   16.42 12.16 14.0/18.7 8.8/15.4 4.26 
16 Tollocan DP 00221-1    (MN96038-5 x Zarevo) 12.92 10.01 10.2/15.6 7.4/12.6 2.91 
17 Tollocan DP 00289-1    (Zarevo x MN86105) 10.78 7.84 8.3/13.1 6.1/9.5 2.94 
18 DP 00RH41-46 DP 00RH41-4    (MSG274-3 x S438)       (MSG274-3 x S438) 3.78 7.57 1.3/6.1 4.4/10.6 3.79 
19 DP 00253-1         (MN96092 x Zarevo) DP 00253-1    (MN96092 x Zarevo) 12.60 6.20 5.9/19.2 5.0/7.3 6.40 
20 DP 00289-1         (Zarevo x MN86105) DP 00289-1    (Zarevo x MN86105) 7.42 6.79 5.8/9.0 4.1/9.4 0.63 
21 DP 00395-2      (MN194534 x Atzimba) DP 00395-2   (MN194534 x Atzimba) 6.45 4.32 5.1/7.7 2.9/5.7 2.13 
22 DP 00RH63-1      (Tollocan x S438) DP 00RH63-1    (Tollocan x S438) 4.83 6.04 2.4/7.2 3.9/8.1 1.21 

Overal mean AUDPC        10.03 11.12     1.09 
a

 
 / ((58-ER-1 x Loman x Hol-32)) x (((( Juanita x (((Loman x ((Anita x (AC25953 x USDA 2131-3)))) 

    1/ Atlantic - Susceptible (Bisognin et al. 2002) 4/ NorValley - Susceptible, (Bisognin et al. 2002) 7

 
/AMD, absolute mean difference. 

2/ Atzimba - Moderate Resistant (Grunwald et al. 2002) 5

 
/ Tollocan- Resistant (Douches et al. 2004)  

    3/ ND 860-2- Susceptible (Douches et al. 1997) 6

 
/ All DP clones - Resistant to Moderate Resistant (Posch, 2003) 
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Table 3. Mean AUDPC comparisons between the number of assessment 
days (AD) for foliar late blight resistance recorded from minituber (Mt) and 
transplant seedling (Ts) progenies in 2002 and 2003, respectively. 

 
AD ID2 Mean 3     

AUDPC Code   1   AUDPC     

 
Minituber (Mt) 

  AUDPC (2:36) 2 36 12.54a 
  AUDPC (3:18) 3 18 11.33b 
  AUDPC (4:12) 4 12 10.87b 
  AUDPC (5:9) 5 9 10.73b 
  AUDPC (9:4.6) 9 4.6 10.94b 
  

      

 

Transplant seedling 
(Ts) 

  AUDPC (2:40) 2 40 13.82a 
  AUDPC (3:20) 3 20 11.26b 
  AUDPC (4:13) 4 13 11.42b 
  AUDPC (5:10) 5 10 11.05b 
  AUDPC (10:4.5) 10 4.5 11.33b     

1

 

/ AUDPC Code, combination of 
AD:ID 

  2

 
/ AD, Assessment days 

   3

 

/ID, Interval days between late blight 
evaluations 
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Table 4. AUDPC correlations between assessment days in minituber (Mt) 
and transplant seedling (Ts) populations in 2002 and 2003, respectively. 

      

   
Minituber (Mt) 

 AUDPC Code   1 
 

    

 
2:36 3:18 4:12 5:9 9:4.6 

AUDPC (2:36) 0.80* 0.79* 0.79* 0.79* 
AUDPC (3:18) 

 
0.95* 0.97* 0.96* 

AUDPC (4:12) 
  

0.99* 0.98* 
AUDPC (5:9) 

   
0.99* 

AUDPC (9:4.6) 
    

      
   

Transplant seedlings (Ts) 

 
2:40 3:20 4:13 5:10 10:4.5 

AUDPC (2:40) 0.92* 0.83* 0.88* 0.83* 
AUDPC (3:20) 

 
0.91* 0.91* 0.92* 

AUDPC (4:13) 
  

0.96* 0.97* 
AUDPC (5:10) 

   
0.98* 

AUDPC (10:4.5)         
1

 
/AUDPC Code, Combination of AD:ID 

 * Significant at 
p<0.001 
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Table 5. AUDPC correlations between assessmenst days of minituber (Mt) and transplant seedling (Ts) potato 
populations growing in 2002 and 2003, respectively.  

      
 

    Ts   1   
Mt AUDPC (2:40) 2 AUDPC (3:20) AUDPC (4:13) AUDPC (5:10) AUDPC (10:4.5) 

      AUDPC (2:36) 0.13 0.16 0.18* 0.18* 0.18* 
AUDPC (3:18) 0.1 0.12 0.15 0.14 0.15 
AUDPC (4:12) 0.08 0.11 0.13 0.13 0.13 
AUDPC (5:9) 0.08 0.12 0.15 0.14 0.14 
AUDPC (9:4.6) 0.09 0.12 0.15 0.14 0.14 
1

 
/Ts,Transplant seedling 

   2

 
/ Mt, Minituber 

    * Significant at p<0.001 
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Abstract 

Potato late blight (Phytopthora infestans Mont. de Bary) (PI) is considered one of 

the most devastating potato diseases worldwide. It can be partially controlled by 

application of agrochemical fungicides; that are unfortunately expensive, and often 

encourage greater aggressiveness and resistance in strains of the pathogen. Early 

generation selection (EGS) allow for an increasing in the desirable number of genotypes. 

Success using any EGS strategy is important since resources among breeders differ and 

any strategy that reduces the time needed to characterize breeding populations and 

develop cultivar would be considered successful. This successful potato genotype must 

unchanged performance despite any environmental change. Screening for disease 

resistance in early clonal generations can be done accomplished at the seedling stage of 

development and it is desirable that resistance be stable across environments. The 

purpose of this research were to determine the 1) response to late blight across years, 2) 

the agronomic response across disease environments, and 3) the agronomic response 

across disease and non-disease environments of clones and genotypes selected early for 

host plant foliar resistance to late blight. Seventy five clones were evaluated for 

resistance to LB across three years. Clones were planted in June of each year. Clones 

were planted as single hills in 2002 and four hills per genotypes in 2003 and 2004.  Plots 

were inoculated in August with PI, US-8 strain. Visual evaluations were recorded using 

nonlinear scale from 1 to 9, (1=0% -  9=100% defoliation) and then transformed to 

percent defoliation to calculate the area under the disease progress curve (AUDPC). In 

2004 two yield trials in disease and non-disease environment were conducted. Total tuber 

number, total tuber weight and specific gravity per genotype were recorded. Decreased 
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resistance was observed across years and stability of genotypes and interaction between 

genotypes with the environment was determined. After three years of evaluations, up to 

20% of the resistance originally identified hold over years. Yield and yield components 

were significantly different within disease environment across years and also between 

disease and non disease environments. Larger yields were observed in the 2003 disease 

environment in comparison to the 2004 disease and non-disease environments. Yield 

components were moderately correlated and significant between and across years for the 

disease environment. Low and negative correlation was found between RAUDPC and 

agronomic traits; likewise low negative correlations were found between specific gravity 

(SG) and other agronomic traits.  

 

Introduction 

Potato late blight is considered one of the most devastating potato diseases 

worldwide. Late blight is caused by the oomycete Phytophthora infestans (PI) (Mont.) De 

Bary (Fry and Mizubuti 1998). A new more aggressive strain of PI has emerged in the 

last two decades in the USA, Canada and around the world (Fry and Goodwin 1997). 

Under favorable environmental conditions, this A2 strain can destroy a potato field 

within weeks of becoming infected, by plant foliar and stem decay, (Kucharek and 

Weingartner 2000). In addition, this disease affects yield by causing premature plant 

death and the rotting of daughter tubers in the field (James et al. 1972). Storage yield can 

also be affected by rotting and deterioration of tubers (Hirst et al. 1965).   

Late blight can be, partially controlled by application of agrochemical fungicides 

which are expensive, and have environmental impacts.  In addition, these chemicals often 
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encourage greater aggressiveness and resistance in strains of the pathogen (Fry et al. 

1993; Cristinzo and Testa 1999). Guenthner et al. (2001) estimated an annual late blight 

cost of $287.8 million for US growers in 2001.  Inglis et al. (1996) suggests that breeding 

for resistance is needed since cultural and chemical control measures have limited 

effectiveness in disease prevention. Thus, late blight has been a top priority for 

international breeding program like the International Potato Center (CIP) (Fry and Smart 

1999) and also a priority for breeding programs in North America (Dorrance and Inglis 

1997; Kirk et al. 2001).  

In separate studies, work by Caligari et al. (1984) and Bradshaw et al. (1995) 

allowed us to understand that screening seedlings in the greenhouse in the first year 

helped eliminate late blight susceptible genotypes. Similarly, Bisognin and Douches 

(2002) reported success in developing a greenhouse screen for selecting resistance to A2 

genotypes of PI. While these studies focused on early generation selection (EGS) 

greenhouse strategies, Posch (2003) suggested that resistance selection could be achieved 

using single-hill populations’ field strategies. More recently, Costanzo et al. (2005) 

successfully used molecular marker strategies to select for late blight resistance. Success 

using any EGS strategy is important since the potato breeding program is expensive and 

time consuming. Any strategy reducing the timeline to characterize breeding populations 

or cultivar development would be considered successful (Tai and Young 1984). Despite 

this, success of EGS strategies for foliage late blight, per se, have met mixed results as 

many authors have cited its low efficiency for other characters such as yield, yield 

component and selection efficiency (Brown et al. 1984; Caligari et al. 1986). This is in 

contrast to other research reporting successful use of EGS for agronomic characters 
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(Gopal et al. 1992); including components of yield (Ruiz de Galarreta et al. 2006). For 

quality traits such as selecting for resistance to cold induced sweetening (CIS) 

(Sowokinos, 2001) or “cold chipping”, authors are in general agreement as to the merits 

of EGS (Neele and Lowes 1989; Thill and Peloquin 1995; Hayes and Thill 2002, and 

Xiong et al. 2002). 

Screening for disease resistance in early clonal generations can be done as early 

as the seedling stage of development. Screening seedlings is a cost saving means of 

reducing population sizes while simultaneously selecting for resistance (Tai and Hodgson 

1975; Malcolmson and Killick 1980).  One concern is that imposing too high of a cull 

level for host plant resistance might significantly reduce the variation for agronomic 

characters in the selected population. Successful potato genotypes must not only offer 

reasonable tuber yield, but also stability across environments (Becker and Leon 1988; 

Ortiz et al. 1991). Likewise, resistance to late blight must be stable across environments. 

In studies conducted by Landeo et al. (2000) and another by Haynes et al. (2002) 

environmental effects were found to influence late blight breeding because resistant and 

susceptible clones ranked with stability across environments; however, when 

intermediate resistant clones were evaluated environmental interactions become more 

important.   

Because there is insufficient information about selection for resistance to late 

blight in the first clonal generation followed by subsequent years of agronomic evaluation 

the purpose of this research were to determine: 1) the response to late blight across years, 

2) the agronomic response across disease environments, and 3) the agronomic response 



 71 

across disease and non-disease environments of clones and genotypes selected early for 

host plant foliar resistance to late blight. 

 

Materials and Methods 

 In 2002, forty families, with greater than 50 genotypes per family were planted in 

a disease screening nursery and evaluated for foliar resistance to late blight. Seventy five 

genotypes were selected from 28 families that segregated for foliar resistance. A variable 

number of genotypes were selected per family (Table 1), with most families having less 

than three genotypes selected. Following the September harvest, the 75 clones were 

placed in 4C storage for eight months after which they were subsequently removed and 

prepared for field planting and the second round of late blight resistance evaluation. On 

June 10, 2003 the selected genotypes were planted in the late blight nursery located at the 

University of Minnesota Outreach Research and Education (UMORE) Park, Rosemount, 

MN. Experimental plots consisting of four hills per genotype separated by 30cm per hill 

and 90cm between plots were planted in two replications using a randomized complete 

block design. Field rows were spaced by 90cm. 

In 2004 two yield trials were conducted in which agronomic data including total 

tuber number, total tuber weight and specific gravity were collected in diseased and non-

diseased environments. As previously described for the 2003 trial, a similar field design 

was used with the exception that in the diseased environment LB evaluations were made. 

Experimental plots were planted on June 14, and June 15, 2004 in the LB and non-LB 

diseased environments, respectively. 
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LB disease nursery design, inoculation and evaluation protocol 

 The University of Minnesota, UMORE Park is located in southeast-central MN 

and was selected for LB research based on its isolation from commercial potato 

production, our ability to inoculate plants with PI, and the availability of irrigation water 

to maintain humid field conditions for pathogen proliferation. Nursery design was such 

that selected genotypes were not directly inoculated with PI; rather border rows of the 

susceptible cultivar Norchip planted adjacent to experimental rows were sprayed with 

inoculum. Experimental plants received inoculum directly from border plants to mimic 

natural disease movement between plants. 

Inoculations were performed approximately 60 days after planting when plants 

had grown sufficiently and the canopy was large enough that plants between adjacent 

rows were nearly touching. Inoculations were performed during the evening hours of 

August 12, 2003 and August 5, 2004. An application of a suspension of 6,000 – 7,000 

sporangia/ml of PI, US-8 strain was applied with a CO2

One week after inoculation, and continuing biweekly thereafter for 10 evaluations 

in 2003 and four evaluations, once a week in 2004, visual defoliation readings were 

 backpack sprayer at 20 psi using 

a single nozzle (6502 tip) wand. Plots were sprinkle irrigated using a low-volume 

overhead mist-type sprinkler system for thirty minutes prior to inoculation and again the 

next morning approximately 1.3 cm of irrigation water was applied three times per week 

in the early morning hours to prolong leaf wetness. Morning irrigation did not occur if 

sufficient rainfall had fallen the previous night or early morning. In 2003 due to 

unfavorable environmental conditions for the PI in the late blight nursery, two additional 

inoculations were made at approximately 2 weeks intervals.  
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recorded on an individual plot basis using a nonlinear scale from 1 to 9, where 1=0% and 

9=100% defoliation (Table 2) (Henfling 1987). Readings were transformed to percent 

defoliation to calculate the area under the disease progress curve (AUDPC) as described 

by Campbell and Madden (1990). After all readings were taken, plants having a score ≤ 

4.5 (25% defoliation) were considered resistant. Tubers from resistant genotypes were 

harvested October 15, 2003 and October 5, 2004, labeled, evaluated, and stored at 4C for 

future experiments.  

 

Agronomic Evaluations 

 Agronomic evaluations consisted of collecting: total tuber number per genotype 

(TTN), and total tuber weight (gm) per genotype (TTW). Average tuber weight (gm) per 

genotype (ATW) was calculated using the formula: 

 Eq. 1: ATW = TTW/TTN 

Specific Gravity (SG) was calculated using the formula by Torres (1995): 

 Eq. 2:  SG = (Tuber weight in air) / (Tuber weight in air – Tuber weight in water) 

 

Statistical analysis 

To determine the area under the disease progress curve (AUDPC) as described by 

Campbell and Madden (1990), disease readings were transformed to percent defoliation 

from the nonlinear scale. AUDPC values were used to calculate the relative AUDPC 

(RAUDPC) in order to compare the values across years using the formula RAUPDC= 

(AUDPC/maximum AUDPC in trial) x 100 (Kirk at al. 2001). 
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Statistical analyses were performed using SAS statistical software (SAS 2003). 

Analyses of variance (ANOVA) were calculated to determine differences in years and 

environments. RAUDPC Mean comparisons were performed using Least Square 

Differences test (LSD) with a significance level of p<0.05. Correlation coefficients were 

calculated to determine relationship between RAUDPC and yield. Ranking of the clones 

based on RAUDPC and agronomic variables were done. Nonparametric statistics of 

phenotypic stability developed by Huehn (1990) were used to analyze the ranks. For 

these analyses the PC-SAS program developed by Lu (1995) was used.  

 

Results 

 In 2002, 75 genotypes were selected from 28 families that segregated for foliar 

resistance to LB (Table 1). When these selections were grown and challenged by LB in 

2003 and 2004 a decrease in resistance was observed in comparison to 2002 (Table 3). 

Decreased resistance equates to increased mean RAUDPC from 2002 to 2004. These 

mean differences were significant across years 2002 (22.22), 2003 (33.02), and 2004 

(58.91) (Table 3). Large phenotypic variances were associated with mean differences; 

particularly in 2003 were the variance was approximately 4.3x larger than 2002 and 1.7x 

larger than 2004.   

 The non-parametric statistic measuring phenotypic stability for LB resistance was 

significant across years (Table 3). Test of significance (Zi
(1)) for rank stability and test of 

significance for variance of ranks (Zi
(2)) were utilized to measure stability of resistance. 

This stability analysis comparing mean absolute rank differences (Zi
(1)=98.52) and 

common variance of the ranks (Zi
(2=122.73) were larger than the critical value χ2 

0.005, 75 
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=96.21, demonstrating instability of genotypes and interaction between genotypes with 

the environment. The number of genotypes with less than 25% necrotic tissue decreased 

from 54 to 1 between 2002 and 2004. Furthermore, the number of genotypes with greater 

than 50% necrotic tissue increased from 0 to 60 in the same time period (Table 3).  

 Genotypes were evaluated for agronomic traits in 2003 and 2004. When grown in 

the 2003 disease environment genotypes had superior yields in comparison to the 2004 

disease and non-disease environment. Significant differences were observed in TTN, 

TTW, and ATW across years when grown in disease environments. When comparing 

genotypes grown in disease with those from non-disease environments, ATW was not 

significant; therefore the significance in TTW is related to the differences in TTN 

harvested between the two environments (Table 4). Genotypes had no significant 

differences in SG when grown in disease environments; however differences were 

observed comparing genotypes grown in the two environments (Table 4). Nonparametric 

stability analyses for agronomic traits also demonstrate that clones were unstable across 

years and between environments. Numerical values for Zi
(1)   and Zi

(2)  that were larger 

than the critical value (χ2 
0.005, 75 

 The correlations between RAUDPC and agronomic traits were generally low and 

negative (Table 5). Moreover, RAUDPC was not significantly correlated to any 

agronomic trait evaluated in either 2003 or 2004. Moderate correlations and significant 

differences between TTN and TTW and between TTW and ATW were observed both 

within and across years when grown under disease pressure (Table 5). Multiple and 

= 96.21) demonstrates that clonal ranks were significant 

(data not shown). 
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significant moderate correlations between TTN, TTW, and ATW were observed 

comparing genotypes grown with and without disease pressure (Table 6). 

 

Discussion 

Stability of resistance to late blight across years 

Progeny from crosses among parents having some degree of resistance to late 

blight segregated for foliar resistance (Table 1). Clones selected for foliar resistance to 

the LB disease in 2002 showed an increase in their susceptibility across over the next 

couple of years (Table 3). In 2002, seventy five clones had less than 50 % necrotic tissue, 

while in 2004 only fifteen clones (20%) were found with that level of resistance. This 

was likely due to the isolation of the UMORE LB nursery and the availability of water, 

and our ability to provide an optimal environment for infection and disease progression. 

Previous research has demonstrated that the use of sprinkling irrigation can increase 

oospore production (Cohen et al. 2000). The sprinkler irrigation system in combination 

with border rows of susceptible cultivars for inoculation created a uniform disease 

nursery.  

Large variation observed in disease scores in 2003 in comparison to the other 

years may be due to the multiple PI inoculations that suggest some environmental 

variation. This genotype x environment interaction was reflected in the large variances 

observed. Environments were stable within years, but not across years. It is known that 

temperature influences spore germination, mycelium, inoculum and survival of the 

pathogen (Mizubuti and Fry 1998). Also environmental factors such as rain influence the 

oosporulation more than genotype (Romero-Montes, et al., 2008). Thus weather 
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conditions in the 2003 trial affected survival of the pathogen, probably causing 

differences in response to LB resistance. 

Two non-parametric statistics developed by Huehn (1990): mean absolute rank 

difference of clones over years and common variance of the ranks were found significant, 

indicating instability of the clones across years or difference between years and the 

interaction of genotype x environment. Because genotypes were selected early in the 

breeding program we expected to observe some instability. Haynes et al. (2002) found 

clonal performance instability when evaluating intermediate resistant clones and 

cultivars. 

 Indirect selection for tuber resistance may have occurred during the evaluation 

because tubers were kept from one year to other, and only those resistant to LB survived 

from storage rot and/or emerged after planting in the next season. In this study tubers 

were not directly evaluated for resistance to LB. Even though our results show instability 

across years (genotypes scored as resistant that were actually susceptible) 20% of the 

original LB foliar resistance selections survived subsequent LB selection. 

 

Agronomic performance across years and across environmental disease conditions 

Reduction in yield between disease and non disease environments can be caused 

by three factors: 1) Tubers that become infected from infected foliage (Świeżyński and 

Zimnoch-Guzowska 2001) because sporangia was carried by rain into the soil (Arora and 

Khurana 2004) resulting in tuber decay; 2) tubers infected in the field decay in storage 

(Toxopeus, 1958) where the combination of poor ventilation and free moisture can spread 

the pathogen to other tubers (Wustman and Struik 2007; Kirk et al.1999); 3) pathogen 
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survives on the tuber in storage, and causes a reduction in shoot emergence (Platt et al. 

1999; Kaur and Mujerki 2004) which consequently reduces yield and yield components 

across years in the disease nursery (Table 4). Non-parametric statistics for yield showed 

clone instability across years and also across disease and non-disease environments. This 

instability is likely due to insufficient plot size to obtain an accurate representation of 

yield. Thus yield is not predictable from four hill plots in an early breeding process after 

selecting for LB resistance and a reduction of 25% in yield was observed when only one 

plant was missing in the experimental plot.    

Differences were also noted for TTN and TTW between disease and non-disease 

environment. Surprisingly, lower yields were observed from non disease environments. 

This result was unexpected since we expected higher or at least similar yield in the non-

disease environment. Being the same germplasm pool evaluated in the late blight and 

non-late blight field, the main difference between them were the environmental 

conditions created by differences in irrigation methods and timing that coinciding with 

the tuber bulking phase of development. Tuber bulking is characterized by constant 

increase in tuber size and weight (Ojala et al. (1990). The disease environment receives 

more water during the last month of tuber development in order to induce favorable 

conditions for pathogen proliferation (approximate 45 minutes three times per week). It 

has been reported that irrigation frequency influences yield in potato (Kang et al. 2004). 

Thus, our results shown that LB field had higher yield than the Non-LB field that was 

irrigated only once  a week corroborating the results of Ojala et al. (1990) whom reported 

that total yield is affected by short periods of water deficit during tuber bulking.   
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The SG values obtained from the LB field in our study were within the range 

(1.077 – 1.085) of potato cultivars resistant to late blight such as AWN 86514-2 (Corsini 

et al. 1990) or Jacqueline Lee (Douches et al. 2001). SG was not significantly different 

across years for the LB environment (Table 4). Similar results were reported by Bisognin 

and Douches (2002) in their study of progeny from late blight resistant parents. 

Significant differences in SG were found between disease and non disease environments. 

Then differences were likely due to environmental factors such as availability of water. 

Studies have shown that SG decreases as irrigation water increases during bulking stage, 

and generally an increase in SG happen if irrigation ceased early (Günel and Karadogăn 

1998).  

Correlations for agronomic traits between and within disease environments were 

for most of the traits evaluated (Table 5). This is similar to the results reported by Ruiz de 

Galarreta et al. (2006) in their potato study of early generation selection. The low 

correlations of RAUDPC and SG with the other traits comparing disease environment 

between years and within year for disease and non-disease environments indicate the lack 

of dependency of resistance and SG at this stage of evaluation and therefore selection of 

resistance and SG can be done independently. Yield components correlated moderately 

between disease and non disease environments (Table 6). SG was also negative low and 

not correlated with yield traits corroborating independence from the other traits with or 

without disease pressure.  

Selection for yield, yield components and SG should be postponed to a later stage 

in a breeding program if selection for resistance is a priority. Yield and SG were found to 

be independent from each other. Early studies in potato advance tetraploid potato 



 80 

selections and tetraploid tuberling population have shown a negative relationship between 

yield and specific gravity (Haynes et al. 1989; Haynes and Wilson 1991).  

 Previous studies have suggested that disease screening can be done as early as the 

first clonal generation (Plaisted et al. 1984),and yield selections can be done from field 

LB evaluations (Posch (2003). In separate studies Kumar et al. (2007) and Gopal and 

Singh (2003/04) each suggest that at least two years of visual evaluation are 

recommended to determine a clones degree of resistance. Results from this study 

corroborate their findings since after three years of evaluation, a reduction in the 

resistance that was initially identified and instability of the selected resistant clones was 

observed in the disease environment.  
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No.
I.D. Mean Variance Selected Female Male

RAUDPC

1 502 54.99 384.55 2 Atlantic DP 00194-1 (MN96006-3 x Zarevo)
2 503 60.72 361.43 1 Atlantic DP 00221-1 (MN96038-5 x Zarevo)
3 505 49.19 244.77 1 Atlantic DP 00285-4 (Zarevo x MN19245)
4 506 51.20 120.53 1 Atlantic DP 00289-1 (Zarevo x MN86105)
5 507 46.20 246.40 2 Atlantic DP 00395-2 (MN194534 x Atzimba)
6 509 37.34 318.18 9 Atlantic DP 00RH41-6 (MSG274-3 x S438)
7 510 34.85 36.20 6 Atzimba DP 00127-2 (MN17941 x Zarevo)
8 511 36.47 87.35 3 Atzimba DP 00221-1 (MN96038-5 x Zarevo)
9 513 26.36 15.84 1 Atzimba DP 00285-4 (Zarevo x MN19245)
10 516 34.92 77.00 16 Atzimba DP 00395-5 (MN194534 x Atzimba)
11 517 62.54 601.57 3 Atzimba DP 00RH41-6 (MSG274-3 x S438)
12 518 40.37 252.00 1 Atzimba DP 00RH42-2  (MSG274-3 x S440)
13 522 47.47 328.49 1 ND 860-2 DP 00395-2 (MN194534 x Atzimba)
14 523 46.69 385.03 3 ND 860-2 DP 00RH42-2  (MSG274-3 x S440)
15 526 32.95 38.83 2 Norvalley DP 00395-5 (MN194534 x Atzimba)
16 528 51.48 277.08 2 Tollocan DP 00221-1 (MN96038-5 x Zarevo)
17 529 36.25 62.40 2 Tollocan DP 00221-5 (MN96038-5 x Zarevo)
18 530 44.39 163.22 1 Tollocan DP 00236-3 (MN96040-3 x Zarevo)
19 531 46.90 128.83 1 Tollocan DP 00289-1 (Zarevo x MN86105)
20 533 45.56 196.93 2 Tollocan DP 00RH41-6 (MSG274-3 x S438)
21 534 49.16 691.21 2 Tollocan DP 00RH42-2  (MSG274-3 x S440)
22 535 31.11 127.68 4 DP 00RH41-4 (MSG274-3 x S438)DP 00RH41-4 (MSG274-3 x S438)
23 538 59.50 565.99 1 c189 [(H551 x ber) X (H482 x ber)] ADX1523-1
24 543 33.91 40.52 1 DP 00221-5 (MN96038-5 x ZarevoDP 00221-5 (MN96038-5 x Zarevo)
25 544 51.49 399.28 2 DP 00253-1 (MN96092 x Zarevo) DP 00253-1 (MN96092 x Zarevo)
26 545 39.57 72.72 2 DP 00289-1 (Zarevo x MN86105) DP 00289-1 (Zarevo x MN86105)
27 547 40.34 165.30 1 DP 00RH4-2 (Bertita x S440) DP 00RH4-2 (Bertita x S440)
28 548 33.21 183.37 2 DP 00RH63-1 (Tollocan x S438) DP 00RH63-1 (Tollocan x S438)

Family

Table 1. Pedigree and mean RAUDPC of families selected for foliar late blight resistance in 
2002.
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Table 2. Evaluation scale used to assess quantitative late blight disease severity in 
genotypes from 2002 to 2004. 

     
  

% Necrotic tissue 
 Field rating   Mean   Limits 

1 
 

0 
 

0 
2 

 
2.5 

 
trace to 5 

3 
 

10 
 

5 - 15 
4 

 
25 

 
15 - 35 

5 
 

50 
 

35 - 65 
6 

 
75 

 
65 - 85 

7 
 

90 
 

85 - 95 
8 

 
97.5 

 
95 - 100 

9   100   100 
Evaluation scale from Henfling (1987). 
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Table 3. Mean RAUDPC, variance, confident intervals, rank stability and number of genotypes within categories of 
resistance from selected clones in 2002 and evaluated in 2003 and 2004, respectively. 

              
 

RAUDPC 
          

Year Mean var 95% C.I. Ranks   a n < 25% Mean   
25% > n < 

50% Mean   
n > 

50% Mean 
2002 22.22a 142.86 19.3/24.5 * 

 
54 15.59 

 
21 38.82 

 
0 

 2003 33.02b 620.14 29.6/36.3 * 
 

33 12.53 
 

20 37.51 
 

22 65.3 
2004 58.91c 361.31 56.3/61.4 *   1 18.26   14 40.44   60 63.39 
a

 

Critical value = 96.21, * Nonparametric ranks significance at 
p<0.001. 
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Table 4. Comparison of total tuber number and weight (g), average tuber weight and 
specific gravity of genotypes selected for LB resistance and grown in a LB and non-
LB environments from 2003 and 2004, respectively. 

 
Mean 

  TTN TTWa ATWb SGc d, e 
LB Environment 

   2003 LB 21.58a 2111.51a 108.27a 1.015a (.015-.120) 
2004 LB 15.92b 1209.02b 77.13b 1.068a (.008-.131) 

     Non - LB Environment 
   2003/2004 LB 18.78a 1164.82a 92.86a 1.069b 

2004 NLB 12.7b 1128b 86.66a 1.109a 
          
aTotal Tuber Number;  bTotal Tuber Weight; cAverage Tuber Weight; dSpecific 
Gravity 
e

 
Specific Gravity n=57. 
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Table 5. Correlations between RAUDPC, total tuber number and weight, average tuber 
weight and specific gravity of genotypes selected for LB resistance and grown in a LB 
environment from 2003 and 2004, respectively. 

               
 

RAUDPC 
 

TTN
 

a TTW
 

b ATW
 

c SG

 

d, e 
2003 2004   2003 2004   2003 2004   2003 2004   2003 2004 

RAUDPC 
             2003 

 
0.18 

 
-0.21 -0.05 

 
-0.07 0.08 

 
-0.12 0.15 

 
-0.07 0.03 

2004 
   

-0.09 -0.11 
 

-0.14 -0.12 
 

-0.05 -0.07 
 

-0.05 -0.15 

               TTN 
              

2003 
    

0.4* 
 

0.64* 0.24 
 

-
0.31* -0.1 

 
0.06 0.03 

2004 
      

0.43* 0.71* 
 

-0.01 -0.08 
 

0.05 0.44* 

               TTW 
              2003 
       

0.55* 
 

0.38* 0.31* 
 

0.03 0.18 
2004 

         
0.27 0.55* 

 
-0.01 0.38* 

               ATW 
              2003 
          

0.51* 
 

-0.04 0.13 
2004 

            
-0.06 0.15 

               SG 
              2003 
             

0.19 
2004                             
aTotal Tuber Number;  bTotal Tuber Weight; cAverage Tuber Weight; dSpecific Gravity 
e

 
Specific Gravity 2003 n=72; 2004 n=68. 

       * Significant at p<0.001 
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Table 6. Correlations between total tuber number and weight, average 
tuber weight and specific gravity of genotypes selected for LB resistance 
and grown in a LB and non-LB environments in 2004. 

  
Non - LB Environment 

 
  

TTN TTWa ATWb SGc 
 

d, e 
 LB Environment 

     TTN 
 

0.54* 0.49* 0.22 -0.03 
  TTW 

 
0.49* 0.61* 0.35* -0.13 

  ATW 
 

0.12 0.28 0.27 -0.1 
  SG 

 
0.25 0.18 0.07 0.12 

  
        Non - LB Environment 

     TTN 
  

0.76* 0.09 -0.04 
  TTW 

   
0.63* -0.21 

  ATW 
    

-0.15 
  SG               

aTotal Tuber Number;  bTotal Tuber Weight; cAverage Tuber Weight; dSpecific Gravity 
e

 
Specific Gravity n=69. 

    * Significant at p<0.001 
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