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 Late blight, caused by the oomycete Phytophthora infestans, continues to be an important 

disease of potato and tomato, and host resistance can be an effective management tool. Thirty 

nine tomato varieties were evaluated for resistance to the currently-predominant clonal lineage of 

P. infestans in three separate field trials. Varieties with late blight resistance genes Ph-2 + Ph-3, 

or were homozygous for Ph-3 only, along with three heirloom varieties, showed a high level of 

resistance. ‘Plum Regal F1’, which is heterozygous for Ph-3 only, and ‘Legend’, which has Ph-2 

only, showed moderate resistance.  

 When resistant varieties are not planted, early detection of airborne inoculum could be 

used to improve disease forecasting, inform management decisions, and could be a useful tool 

for studying late blight epidemiology. Rotorod-style spore trapping coupled with quantitative 

PCR was tested over seven location-seasons in New York State between 2012 and 2014. 

Phytophthora infestans was detected from 111 to 6 days prior to late blight symptom observation 

in four location-seasons, 1 and 6 days after symptom observation in two location-seasons, and 

was not detected during the seventh location-season. This study demonstrates that although the 

methods described here are capable of detecting P. infestans inoculum, they do not appear to be a 



 

viable approach for informing late blight management decisions under the conditions of this 

study in New York. 

 In the United States P. infestans exhibits a clonal reproductive lifestyle, and the ability to 

identify P. infestans lineages has important late blight management implications. Diagnostic 

single-nucleotide polymorphisms (SNPs) were used to develop high-resolution melt (HRM) 

assays and locked nucleic acid (LNA) probes to differentiate the recently-predominant lineage 

US-23 from three other lineages. A loop-mediated isothermal amplification assay, which 

requires less laboratory equipment compared to traditional PCR detection assays, was also 

developed for rapid detection of P. infestans DNA. 

 Additionally, within-lineage diversity was studied using genotyping-by-sequencing 

(GBS) on 257 P. infestans isolates belonging to four clonal lineages. SNPs identified through 

GBS were used to construct neighbor-joining (NJ) trees to investigate relationships among 

individuals within lineages. NJ trees revealed evidence for regional pathogen dispersal and 

overwintering, as well as long-distance pathogen dispersal. The relative prominence of clustering 

by year indicates the importance of long-distance pathogen dispersal in initiating annual late 

blight outbreaks.  
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Introduction 

 

 Phytophthora infestans (Mont.) de Bary is the causal agent of late blight, a devastating 

disease of potato and tomato. This organism was first suspected as the cause of potato late blight 

by Miles Berkeley and David Moore in the 1840s, and was later described as Botrytis infestans 

by Camille Montagne (Erwin and Ribeiro, 1996; Nelson and Ristaino, 2011). Its role in the Irish 

potato famine of the mid-19
th

 century made P. infestans the subject of scientific inquiry, and 

helped to give rise to the field of plant pathology. Anton de Bary re-classified B. infestans as the 

type species of the genus Phytophthora (de Bary, 1861), and his elegant experiments in 1861 led 

to the conclusion that P. infestans was in fact the cause of potato late blight, not just a symptom. 

This helped to solidify Louis Pasteur’s germ theory of disease and laid the groundwork for the 

next century-and-a-half of research on this important pathosystem (Agrios, 2005; Erwin and 

Ribeiro, 1996). For all of the hardship that P. infestans has imposed on mankind over the past 

170 years, it has also encouraged and enabled us to learn a great deal about the fundamental 

nature of plant disease (Fry, 2008; Fry et al., 2015; Kamoun et al., 2014; Nowicki et al., 2012; 

Vleeshouwers et al., 2011).  

 One of the most basic concepts in plant pathology is the disease triangle, where the three 

corners represent a susceptible host, a pathogen that is able to cause disease, and an environment 

conducive to disease development. When all three elements are present at the same time, disease 

develops; otherwise it does not. This concept underlies every approach to plant disease 

management, and serves as an excellent foundation upon which to build a dissertation in the field 

of plant pathology. The studies herein are focused on two of the three corners of the disease 

triangle; host and pathogen. Specifically, this work is focused on identifying resistance to late 
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blight in tomato, developing pathogen detection and diagnostic tools and understanding pathogen 

diversity.  

 

Host 

 Although there are other solanaceous hosts of this pathogen, like petunia and nightshade, 

potato and tomato are the most economically important. Costs associated with potato yield losses 

and late blight control measures, primarily fungicides, have been estimated at $6.7 billion 

annually (Haverkort et al., 2008). Late blight can also devastate tomato crops, and the pathogen 

can be moved on infected transplants as was illustrated in the 2009 late blight outbreak in the 

eastern United States when infected tomato seedlings were distributed from national garden 

supply stores to home gardeners (Fry et al., 2013). One approach to managing late blight is 

through the development of resistant varieties. Breeding for late blight resistance in potato and 

tomato has been a major focus of late blight management for many years (Nowicki et al., 2012), 

and has resulted in some successes and some failures. 

 Tomato (Solanum lycopersicum) and potato (Solanum tuberosum). Resistance to 

tomato late blight was first identified in the 1940’s and 1950’s (Richards and Barratt, 1946; 

Walter and Conover, 1952). The R gene Ph-1 was first identified in the wild tomato relative 

Solanum pimpinellifolium, but was quickly overcome by novel pathogen strains (Gallegly, 1968). 

The Ph-2 gene, also originating from S. pimpinellifolium, confers partial resistance to some 

genotypes of P. infestans (Moreau et al., 1998; Turkensteen, 1973). A third resistance gene, Ph-

3, confers strong resistance to P. infestans, and has been bred into several commercial tomato 

varieties (AVDRC, 1995; Gardner and Panthee, 2012, 2010a, 2010b; Kim and Mutschler, 2006, 
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2005; Panthee and Gardner, 2010). There are also heirloom varieties with grower-reported 

resistance that has yet to be characterized (Seidl et al., 2014).  

 Quantitative trait loci (QTLs) associated with late blight resistance and at least 11 

qualitative resistance (R) genes have been identified in potato (Rauscher et al., 2010). Qualitative 

R genes are often rapidly overcome by novel pathogen strains (Fry et al., 2015; Nowicki et al., 

2012), and resistance QTLs are often associated with undesirable traits which has left the 

majority of commercially-grown potatoes susceptible to late blight (Nowicki et al., 2012). There 

is extensive literature on this subject, but because late blight resistance in potato is not a focus of 

the present work it will not be reviewed extensively here. 

 Relevance to present studies. Late blight resistance in potato and tomato is often race-

specific, and can be overcome when novel pathogen genotypes are introduced. It is therefore 

necessary for growers to know which varieties have resistance to the pathogen strain present in 

their region. One of the goals of the present studies was to determine which tomato varieties 

have resistance to the current clonal lineage of P. infestans, called US-23, which has been found 

in New York State and throughout the rest of the eastern United States since 2009 (Fry et al., 

2013).  

 

Pathogen 

 Phytophthora infestans biology. P. infestans is a heterothallic oomycete, which means 

that two different mating types must come into contact in order for sexual reproduction to occur. 

Whether or not P. infestans reproduces sexually has important implications for late blight 

epidemiology and management because sexual reproduction leads to the production of hardy 

oospores which are capable of overwintering in the absence of a host (Erwin and Ribeiro, 1996). 
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Furthermore, sexual reproduction results in the generation of novel pathogen genotypes which 

may differ from known genotypes in important characteristics such as host preference, ability to 

overcome host resistance, and susceptibility to fungicides (Danies et al., 2014). Although this 

organism is known to reproduce sexually in certain locations (Goss et al., 2014), it has remained 

asexual (clonal) in the United States with the exception of two ephemerally-sexual populations 

(Danies et al., 2014; Gavino et al., 2000). The asexual nature of P. infestans in the United States 

has resulted in a highly clonal population structure, where one or a few clonal lineages are 

observed in a given year. Clonal lineages are comprised of clonal descendants of one unique 

individual, and members of a clonal lineage usually share important phenotypic traits such as 

host preference and sensitivity to fungicides (Danies et al., 2013). In the absence of sexual 

reproduction new genotypes are presumed to emerge through migration (Goodwin et al., 1998, 

1994; Peters et al., 2014).  

 The asexual phase of the P. infestans lifecycle is responsible for the explosive nature of 

late blight epidemics when conditions are cool (18°C – 24°C) and wet. Asexually-produced 

sporangia land on the surface of a susceptible host and, if conditions are sufficiently wet or 

humid, either germinate directly to initiate infection or release motile zoospores to cause 

infections (Fry, 2008). Then, in as few as five days, those new infections can sporulate to repeat 

the cycle. Sporangia can be produced on the order of hundreds or thousands of sporangia per 

lesion (Legard et al., 1995). Airborne sporangia then spread by wind within fields and between 

neighboring fields to distances of up to tens of kilometers (Mizubuti and Fry, 2006).  

 Pathogen detection and diagnostics. In order to effectively and efficiently manage late 

blight it is important to know whether or not the pathogen is present. It is also important to know 

some phenotypic characteristics of the pathogen, such as host preference and sensitivity to 
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fungicides. Because these phenotypic characteristics are generally conserved among individuals 

belonging to the same clonal lineage, and previous work has already been done to phenotypically 

characterize US lineages (Danies et al., 2013; Goodwin et al., 1998), there is an opportunity to 

develop tools which can aid in pathogen detection and lineage diagnostics.  

 Spore trapping has been used for decades in numerous pathosystems to monitor airborne 

inoculum. Early techniques relied on the visual identification of spores (Gregory and Hirst, 

1957), a technique that is still sometimes used (Fall et al., 2014). An alternative to microscopic 

spore identification is the use of PCR to detect pathogen DNA. This approach has been used in 

numerous pathosystems (Carisse et al., 2009; Duvivier et al., 2013; Thiessen et al., 2015)  and 

has benefits over visual spore identification because of its ease of use, sensitivity, and specificity 

(Mahaffee, 2014; West et al., 2008).  

 The initial source of late blight inoculum is generally unknown. Therefore, the ability to 

detect P. infestans inoculum using spore trapping could improve the efficiency of late blight 

management by reducing unnecessary protectant fungicide applications in the absence of 

inoculum or by encouraging fungicide applications when the pathogen arrives earlier than 

expected. Inoculum monitoring also has the potential to improve the accuracy of the late blight 

decision support system (Small et al., 2015), which assumes that inoculum is present.  

 Pathogen detection is not only useful for inoculum monitoring. It is also necessary to 

accurately diagnose diseased plant samples suspected of having late blight. Numerous DNA-

based diagnostic assays have been developed for detecting P. infestans. Some have targeted 

repetitive DNA sequences (Judelson and Tooley, 2000; Llorente et al., 2010; Niepold and 

Schöber-Butin, 1995) while others have targeted the commonly-used ITS portion of ribosomal 

DNA (Tooley et al., 1997; Trout et al., 1997). All of these methods rely on PCR to amplify target 
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DNA which requires at least a thermal cycler and gel electrophoresis equipment. Other methods 

require additional fluorescence detection equipment (Lees et al., 2012; Llorente et al., 2010). 

Loop-mediated isothermal amplification (LAMP) is a DNA-amplification technique that does 

not require thermal cycling, and therefore represents a promising tool for late blight diagnostics 

in situations where access to or funding for such equipment is lacking (Notomi et al., 2000). 

 Additionally, the ability to determine which lineage a given P. infestans isolate belongs 

to is crucial for informing management decisions. This is because individuals within lineages 

share phenotypes such as host preference and fungicide sensitivity, while individuals from 

different lineages are often phenotypically distinct, as previously mentioned. Isolates of P. 

infestans are currently genotyped using microsatellites or simple sequence repeats (SSRs) 

(Danies et al., 2013; Hu et al., 2012; Lees et al., 2006). This approach is excellent for genotyping 

diverse individuals because of its ability to identify novel genotypes. However, it is not a 

standard and accessible technique in most plant disease diagnostic laboratories. An alternative to 

SSR analysis for assigning P. infestans isolates to known lineages is the targeting of single 

nucleotide polymorphisms (SNPs) for the development of diagnostic assays. Two techniques 

capable of SNP-based diagnostics are locked nucleic acid probes (LNAs) (Johnson et al., 2004; 

Koshkin et al., 1998) and high-resolution melt analysis (HRM) (Reed et al., 2007). Both of these 

techniques are capable of differentiating genotypes using widely-available quantitative PCR. 

 P. infestans diversity. A wide range of tools and methods have been used to evaluate 

diversity in P. infestans, including fungicide sensitivity and mating type assays (Danies et al., 

2013; Goodwin et al., 1996), pathogenicity assays (Goodwin et al., 1995), allozyme analysis 

(Goodwin et al., 1994), restriction fragment length polymorphisms (Goodwin et al., 1992), 

mitochondrial haplotypes (Gavino et al., 2000), and microsatellites (Danies et al., 2013; Lees et 
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al., 2006). These tools have been used to shed light on pathogen migration patterns and have 

allowed researchers to identify clonal lineages and associate lineages with important phenotypes. 

 Although these tools have been used extensively to increase our understanding of 

diversity in P. infestans, they lack the resolution necessary to investigate variation within clonal 

populations. Within-lineage variation is presumably the result of the accumulation of mutations 

over time. Goodwin et al. (1995) correctly hypothesized and demonstrated that individuals 

belonging to the same lineage varied in pathogenicity, and that variability was greater in older 

lineages compared to more recently-introduced lineages. Abu-El Samen et al. (2003) also 

demonstrated pathogenic diversity in asexual single-zoospore progeny of four parental P. 

infestans isolates. Although phenotypic diversity within lineages has been known for years, the 

tools necessary to investigate genetic diversity within clonal lineages have been lacking until 

recently. Genotyping-by-sequencing (GBS) allows for the discovery of thousands of SNPs which 

can be used as genetic markers to study population genetics (Elshire et al., 2011). The high 

density of markers should allow for the observation of genetic diversity within very closely 

related individuals, such as members of a clonal lineage. To date, GBS has been used to study 

both plant populations (Elshire et al., 2011; Fu et al., 2014; Lu et al., 2013) and plant pathogen 

populations (Milgroom et al., 2014; Summers et al., 2015).  

 Relevance to present studies. Knowledge about when P. infestans sporangia arrive in a 

given area could improve the efficiency of fungicide applications and the accuracy of disease 

forecasting models. One of the goals of the present studies was to design a PCR-based spore 

trapping method for the detection of airborne P. infestans sporangia, and to test it in the field 

over several seasons. Additionally, advances in DNA sequencing technologies and new 

approaches for DNA detection and genotyping have opened the door for the development of 
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diagnostic tools that may be more accessible than existing approaches. Another goal of the 

present studies was to develop a LAMP assay for the detection of P. infestans, and LNA and 

HRM assays to differentiate lineages of the pathogen. Finally, decreasing sequencing costs have 

made GBS sufficiently accessible to genotype a large number of individuals. The final goal of 

these studies was to use GBS to identify genetic diversity within clonal lineages of P. infestans, 

and to use that information to make inferences about late blight epidemiology. 
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Chapter 1 

 

Differential Susceptibility of Thirty Nine Tomato Varieties to Phytophthora infestans 

Clonal Lineage US-23 

Abstract 

 During the summers of 2012 and 2013 thirty nine tomato (Solanum lycopersicum L.) 

lines or varieties were evaluated for resistance to late blight in three separate field trials. In each 

trial, late blight was caused by field isolates of Phytophthora infestans (Mont.) de Bary clonal 

lineage US-23. Varieties with the late blight resistance genes Ph-1, Ph-2, Ph-3, and Ph-2 + Ph-3 

were included, along with several heirloom varieties with grower-reported resistance and 

varieties with no known resistance. All six varieties with Ph-2 + Ph-3, along with ‘NC25P’, 

which is homozygous for Ph-3 only, showed a high level of resistance. ‘Plum Regal F1’, which 

is heterozygous for Ph-3 only, showed moderate resistance. ‘Legend’, the only variety with Ph-2 

alone, also showed moderate resistance. Three heirloom varieties, ‘Matt’s Wild Cherry’, ‘Lemon 

Drop’, and ‘Mr. Stripey’, showed a high level of resistance comparable to that of varieties with 

Ph-2 + Ph-3. ‘New Yorker’, possessing Ph-1 only, showed no resistance. Indeterminate varieties 

had significantly less disease than determinate varieties in two of the three trials. Overall, this 

study suggests that tomato varieties with both Ph-2 and Ph-3 can be used to effectively manage 

late blight caused by P. infestans clonal lineage US-23. Varieties possessing only Ph-2, or 

heterozygous for Ph-3, were better protected than those without any late blight resistance, but 

might still require supplemental fungicide applications, while the variety that was homozygous 

for Ph-3 was highly resistant. Several heirloom varieties were also highly resistant, and the
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unknown mechanism of their resistance warrants further research. Finally, the plasticity observed 

in United States P. infestans populations over the past several decades necessitates continued 

monitoring for genetic changes within P. infestans that could lead to the breakdown of resistance 

reported here. 

Introduction 

Late blight, caused by the oomycete Phytophthora infestans (Mont.) de Bary, is a rapidly-

progressing and sometimes devastating disease of tomato (Solanum lycopersicum L.). Late blight 

epidemics were first associated with the Irish potato famine of the mid-19
th

 century, and have 

continued to cause significant economic losses to both potatoes and tomatoes. Besides causing 

direct losses to tomato growers, late blight-infected tomatoes can serve as a source of inoculum 

and contribute to the estimated $6.7 billion in annual potato yield losses and costs of late blight 

control measures (Haverkort et al. 2008). Economic losses are attributed to direct crop loss as 

well as costs associated with fungicide applications. The 2009 late blight pandemic in the eastern 

United States illustrates not only the importance of tomatoes as a source of inoculum, but also 

the vulnerability of tomato and potato crops when conditions are favorable for the disease (Fry et 

al. 2013). 

In 2012, U.S. tomato production was valued at over $1.8 billion (Anon 2013a). Recently, organic 

tomato production has accounted for 2 - 3% of total U.S. tomato acreage. Late blight is 

especially problematic in organic cropping systems where the use of synthetic fungicide typically 

relied upon to manage the disease, are not permitted. Organic tomato production has increased 

from 3,063 acres in 2000 to 9,271 in 2011 (Anon 2013b). With increased organic tomato 

production comes an increased need for effective non-chemical control strategies to manage late 
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blight. This benefits the tomato industry at large, as an ineffectively-managed field serves as a 

potential inoculum source for susceptible crops nearby. 

Breeding for resistance to tomato late blight began in the 1940s (Richards & Barratt 1946; 

Walter & Conover 1952). The dominant resistance (R) gene Ph-1 was the first to be introgressed 

into domesticated tomato from a wild relative (S. pimpinellifolium). This gene conferred 

qualitative resistance to P. infestans race 0, but was rapidly overcome by novel pathogen 

genotypes (Conover & Walter 1953; Gallegly & Marvel 1955; Gallegly 1968). The single 

incompletely-dominant gene Ph-2 confers partial resistance to some P. infestans genotypes, 

which resembles quantitative resistance (Moreau et al. 1998; Turkensteen 1973). Ph-2 also 

originated in S. pimpinellifolium and was introduced in the 1960s (Gallegly 1960). Ph-3, an 

incompletely-dominant gene conferring strong resistance, was identified in the 1990s by 

researchers at the Asian Vegetable Research and Development Center in Taiwan (AVDRC 

1995). This gene was subsequently bred into fresh-market (Gardner & Panthee 2010b; Panthee & 

Gardner 2010), plum (Gardner & Panthee 2010a), and processing tomato lines (Kim & 

Mutschler 2006; Kim & Mutschler 2005). 

There are several examples of single R genes being overcome by new pathogen genotypes. This 

occurs because a single R gene imposes a strong selection pressure on the pathogen population, 

in much the same way that fungicides with a single mode of action encourage pathogen 

evolution towards fungicide resistance (Jones & Dangl 2006; Sierotzki & Scalliet 2013). Some 

examples include the aforementioned Ph-1 gene in tomato, R genes for late blight resistance in 

potato, genes for rust resistance in wheat, and Fusarium wilt resistance in banana and 

watermelon  (Johnson 1992; Ploetz 2006; Zhou et al. 2010; Bradshaw et al. 2006; Richards & 

Barratt 1946). This issue has been addressed through the implementation of gene pyramiding, or 
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the introduction of multiple R genes into individual varieties.  In order for a pathogen to evade a 

plant’s effector-triggered immune response and cause disease on a variety with multiple R genes, 

it must avoid production of an effector recognized by the product of each specific R gene (Jones 

& Dangl 2006; Kamoun & Smart 2005). This decreases the probability that a novel pathogen 

genotype, introduced by mutation or migration, will be able to overcome the resistance of the 

host with multiple R genes, thereby increasing the durability of that resistance (Tan et al. 2010).  

With late blight continuing to cause significant economic losses to tomato production annually, 

especially in the eastern United States, there is a need to determine which tomato varieties are 

resistant to the current strain of P. infestans. In order to simplify terminology, “variety” is used 

to refer to all experimental entries, including commercial and heirloom tomato varieties as well 

as breeding lines.  The heirloom tomato varieties ‘Lemon Drop’ and ‘Mr. Stripey’ have grower-

reported late blight resistance that had yet to be confirmed or characterized. Grower-reported 

resistance in ‘Matt’s Wild Cherry’, another heirloom variety, was recently confirmed (Seidl et al. 

2013). The goal of our research was to screen thirty-nine tomato varieties for resistance to the 

current predominant United States (US) clonal lineage of P. infestans (US-23). Varieties with the 

late blight resistance genes Ph-2 and Ph-3, both alone and in combination, were evaluated along 

with heirloom varieties with grower-reported resistance and varieties without any known 

resistance.  

 

Materials and methods  

Experimental design and transplant production 
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 The experiment was done three times: twice in Freeville, NY (2012 and 2013) and once 

in Geneva, NY (2013). The experimental design was a randomized complete block with four 

replications. Thirty-seven tomato varieties were selected for the experiment in 2012. Two 

additional varieties were included in 2013 (Table 1.1). Varieties were chosen based on their late 

blight resistance genes (Ph-1, Ph-2, and/or Ph-3) or grower-reported resistance. Several 

susceptible control varieties were also included. Tomatoes for the Freeville experiments were 

seeded in 72-cell flats and placed in the greenhouse on June 19, 2012 and 2013. Tomatoes for the 

Geneva experiment were seeded in 72-cell flats and placed in the greenhouse on May 14, 2013. 

Freeville field plot establishment 

 The 2012 experiment was conducted at the Cornell University Homer C. Thompson 

Vegetable Research Farm in Freeville, NY. The soil type is Howard gravelly loam. Five 

seedlings per plot were transplanted directly into soil on July 30 using a waterwheel planter 

which delivered 21-5-20 fertilizer (Jr Peters Inc, Allentown, PA) at a rate of 1 kg 208 liter
-1

. 

Plants were spaced 0.46 m apart with 1.37 m between plots, and irrigated with overhead 

irrigation when necessary. Rows were spaced 1.8 m apart. The pre-plant herbicides metolachlor 

(1169 ml ha
-1

) and metribuzin (387 ml ha
-1

) were applied on July 20, 2012 to manage weeds. 

Monthly rainfall totals in August and September were 9.7 cm and 8.1 cm, respectively. 

 The 2013 experiment was conducted in a field adjacent to the site of the 2012 

experiment. Five seedlings per plot were transplanted directly into soil on July 29 as described 

above except rows were spaced 1.4 m apart.  Plants were irrigated with overhead irrigation when 

necessary. The pre-plant herbicides metolachlor (1169 ml ha
-1

), metribuzin (387 ml ha
-1

), and 
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Table 1.1. Tomato varieties used in the experiments and their late blight resistance genes, 

growth habits, classes, and seed sources. 

Variety Resistance Growth habit Tomato class Seed source 

New Yorker OP homozygous Ph-1 indeterminate fresh market Totally Tomatoes 

Legend OP homozygous Ph-2 determinate fresh market Tomato Growers 

Supply Company 

NC25P
x 

homozygous Ph-3 determinate plum Dilip Panthee,  

North Carolina State 

Plum Regal F1
x 

heterozygous Ph-3 determinate plum Bejo Seeds 

NC1CELBR
y, z 

homozygous Ph-2+ 

homozygous Ph-3 

determinate fresh market Dilip Panthee,  

North Carolina State 

NC2CELBR
y 

homozygous Ph-2+ 

homozygous Ph-3 

determinate fresh market Dilip Panthee,  

North Carolina State 

Legend X 

NC1CELBR
z 

homozygous Ph-2 + 

heterozygous Ph-3 

determinate fresh market Martha Mutschler-Chu, 

Cornell University 

Defiant PHR F1 heterozygous Ph-2+ 

heterozygous Ph-3 

determinate fresh market Johnny's Selected Seeds 

Mountain Magic F1
z 

heterozygous Ph-2+ 

heterozygous Ph-3 

indeterminate cherry Bejo Seeds 

Mountain Merit
z 

heterozygous Ph-2+ 

heterozygous Ph-3 

determinate fresh market Bejo Seeds 

Amish Paste unknown indeterminate plum Totally Tomatoes 

Aunt Ginny's Purple unknown indeterminate fresh market Tomato Growers 

Supply Company 

BHN1009 unknown determinate fresh market Siegers Seed Company 

Brandywine unknown indeterminate fresh market Harris Seeds 

Charger unknown determinate fresh market Siegers Seed Company 

FL 8059 unknown determinate fresh market Jay Scott,  

University of Florida 

FL 8111 unknown determinate fresh market Jay Scott,  

University of Florida 

Florida 47 unknown determinate fresh market Harris Seeds 

Golden Sweet F1 unknown indeterminate cherry Tomato Growers 

Supply Company 

H3402 unknown determinate plum Beth Gugino, The 

Pennsylvania State 

University 

H9704 unknown determinate plum Beth Gugino, The 

Pennsylvania State 

University 

Heinz 1439 unknown determinate plum Tomato Growers 

Supply Company 

Heinz H9780 unknown determinate plum Eugene Miyao, 

University of California 

Juliet unknown  indeterminate plum Tomato Growers 

Supply Company 

Lemon drop unknown indeterminate cherry Totally Tomatoes 
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(Table 1.1 continued)    

Variety Resistance Growth habit Tomato class Seed source 

Matt's Wild Cherry unknown indeterminate cherry Johnny's Selected Seeds 

Monsanto AB2 unknown determinate plum Eugene Miyao, 

University of California 

Mountain Fresh Plus unknown determinate fresh market Harris Seeds 

Mr. Stripey unknown indeterminate fresh market Harris Seeds 

NC 84-173 unknown determinate plum Martha Mutschler-Chu, 

Cornell University 

Primo Red unknown determinate fresh market Harris Seeds 

Red Bounty unknown determinate fresh market Harris Seeds 

Red Deuce unknown determinate fresh market Harris Seeds 

Red Pearl unknown indeterminate cherry Johnny's Selected Seeds 

Rockytop unknown determinate fresh market Siegers Seed Company 

Scarlet Red unknown determinate fresh market Harris Seeds 

Sungold unknown indeterminate cherry Johnny's Selected Seeds 

Tasti Lee unknown determinate fresh market Bejo Seeds 

West Virginia 63 OP unknown indeterminate fresh market Karen Hyde,  

West Virginia 
x 
‘NC25P’ is a parent of ‘Plum Regal F1’. 

y 
‘NC1CELBR’ and ‘NC2CELBR’  are sister lines developed from the same pedigree. 

z 
‘NC1CELBR’ is a parent of ‘Mountain Magic’, ‘Mountain Merit’, as well as the ‘Legend’ X 

‘NC1CELBR’ hybrid.  

 

halosulfuron (36.5 ml ha
-1

) were applied on July 26, 2013 to manage weeds. Monthly rainfall 

totals in August and September were 19.8 cm and 7.5 cm, respectively. 

Geneva 2013 field plot establishment 

 The experiment was conducted at the New York State Agricultural Experiment Station in 

Geneva, NY. The soil type is Lima loam. Prior to transplanting in Geneva raised beds were 

formed, 0.9 m wide and 1.8 m between centers, and covered with black high density 

polyethylene (HDPE) mulch. Drip irrigation tape was laid beneath the plastic. Five seedlings per 

plot were transplanted on June 26, spaced 0.5 m apart with 1.8 m between plots using the 

waterwheel transplanter as described above.  Monthly rainfall totals in August and September 

were 10.8 cm and 4.1 cm, respectively. 

Late blight inoculations 
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 Plants in the Geneva experiment were infected via natural inoculum. Plants in the 

Freeville experiments were artificially inoculated with P. infestans US-23 in 2012 and 2013. In 

each of the three experiments late blight was caused by P. infestans clonal lineage US-23, based 

on restriction fragment length polymorphism (RFLP) and simple sequence repeat (SSR) analyses 

(Danies et al. 2013). Inoculum was generated with infected tomato leaves from naturally-

occurring late blight outbreaks in Dryden, NY and Geneva, NY. Infected tomato leaves were 

incubated overnight at room temperature in plastic bags containing wet paper towels to 

encourage pathogen sporulation. Sporulating tomato leaves were then rinsed in a beaker 

containing 500 ml to 1,000 ml of distilled water. P. infestans sporangia were counted using a 

microscope and hemacytometer, and the suspension was diluted to a concentration of 4,000 

sporangia ml
-1

. The spore suspension was stored at 4°C for approximately two hours prior to 

inoculation to encourage the release of zoospores. On the evening of August 22, 2012, and 

September 4, 2013, whole plots were inoculated with 20 ml of 4,000 sporangia ml
-1

 zoospore 

suspension with a handheld pump sprayer. Prior to inoculation overhead irrigation was run for 

approximately thirty minutes to ensure adequate moisture for infection.  

Disease ratings and statistical analysis 

 Late blight disease severity ratings were taken as percentage of diseased tissue of entire 

plots with the aid of the assessment key described by James (James 1971). Severity was rated 

one to two times a week throughout each experiment until the majority of susceptible plants had 

died from late blight. In Freeville in 2012, eleven disease severity ratings were taken between 

August 21 and October 3. In Freeville in 2013, seven disease severity ratings were taken between 

September 6 and September 29. In Geneva in 2013, ten disease severity ratings were taken 

between August 16 and September 12.  
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 After disease severity data were collected, the mean area under the disease progress 

curves (AUDPC) were calculated for each tomato variety in each experiment (Cooke et al. 

2006). AUDPC values were calculated using Microsoft Excel (Redmond, WA) and analyzed 

using proc GLIMMIX in SAS (SAS inc., Cary, NC). Data for each experiment were analyzed 

separately using the Tukey-Kramer honestly significant difference (HSD) test to determine mean 

separations. Replications were considered random effects and tomato varieties were considered 

fixed effects. 

 An additional analysis was done in which tomato varieties were divided into two groups, 

growth habit and fruit type, to determine differences between groups. Groups were divided into 

sub-categories and each group was analyzed separately. Growth habit was divided into two sub-

categories: determinate and indeterminate. Fruit type was divided into three sub-categories: fresh 

market, plum, and cherry. Data were analyzed using proc GLIMMIX in SAS (SAS inc, Cary, 

NC). Mean separations were determined using the Tukey-Kramer HSD test. Replications were 

considered random effects and growth habit and fruit type were considered fixed effects. 

Results 

Disease development 

 In the Freeville experiments late blight symptoms were first observed on August 26, 2012 

and September 4, 2013. In Geneva, late blight symptoms were first observed on August 19, 

2013. Disease progress was relatively consistent among late blight-resistant tomato varieties 

across the three experiments (Table 1.2). In the 2012 Freeville experiment, six varieties remained 

late-blight free. Those varieties were ‘NC2CELBR’, ‘NC1CELBR’, ‘Mountain Merit’, ‘Matt’s 

Wild Cherry’, ‘NC25P’, and ‘Mountain Magic F1’. Four varieties, ‘Lemon Drop’, ‘Defiant PHR 
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F1’, ‘Plum Regal F1’, and ‘Mr. Stripey’, had a very small amount of disease. These varieties 

were still highly resistant to late blight and were statistically grouped with the late-blight free 

varieties. ‘Legend OP’ was moderately resistant and the remaining varieties were susceptible to 

late blight caused by P. infestans US-23 (Table 1.2). 

 In the 2013 Freeville experiment, three varieties remained disease free. Those varieties 

were ‘NC2CELBR’, ‘NC1CELBR’, and the newly-added ‘Legend X NC1CELBR’. The disease-

free varieties were statistically grouped together with the same highly-resistant varieties as in 

2012. ‘Plum Regal F1’ was also statistically grouped with ‘Legend OP’. The remaining varieties 

were susceptible to varying degrees (Table 1.2).  

 In the 2013 Geneva experiment, none of the varieties remained disease-free (Table 1.2). 

However, the same varieties that showed a high degree of resistance in the first two experiments 

displayed similar results in Geneva in 2013. One exception was ‘Plum Regal F1’, which had 

significantly more disease than the highly resistant varieties in the 2013 Geneva experiment only.  

Efficacy of resistance genes: 

 Varieties heterozygous or homozygous for both the Ph-2 and Ph-3 (Ph-2 + Ph-3) 

resistance genes were highly resistant to P. infestans US-23 in all three experiments (Tables 1.1 

and 1.2). Mean AUDPC values for varieties with Ph-2 + Ph-3 were not significantly different 

from one another (Table 1.2). The heirloom varieties ‘Matt’s Wild Cherry’, ‘Lemon Drop’, and 

‘Mr. Stripey’ were also highly resistant and grouped with the Ph-2 + Ph-3 varieties (Table 1.2). 

The plum line ‘NC25P’, which is homozygous for Ph-3 only, was also highly resistant and not 

significantly different from Ph-2 + Ph-3 varieties. ‘Plum Regal F1’, which is heterozygous for 

Ph-3 only, was moderately resistant. In Freeville in 2012 ‘Plum Regal F1’, for which ‘NC25P’ is 
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Table 1.2. AUDPC values for each of the three experiments. 

Variety AUDPC, Freeville 2012
y 

AUDPC, Freeville 2013 AUDPC, Geneva 2013 

NC2CELBR 0
 

A
 

        0
 

A
 

         4
 

A        

Mountain Merit 0 A         20 A      109 A        

Matt's Wild Cherry 0 A         9 A      2 A         

NC25P 0 A         12 A      52 A         

NC1CELBR 0 A         0 A       2
 

A
 

        

Legend X 

NC1CELBR NI
z 

         0 A      98 A        

Mountain Magic F1 0 A         1 A        6 A         

Lemon drop 3 A         3 A           6 A         

Defiant PHR F1 20 A         3 A        30 A         

Plum Regal F1 123 A         279 A B       492  B C      

Mr. Stripey 127 A         35 A           50 A         

Legend OP 796  B        590  B C       435   B        

Heinz 1439 1220   C       849   C D E   1011      F G H 

Brandywine 1393   C D      967     D E F 901     E F G  

Juliet 1506   C D E     1041     D E F 775     D E    

Mountain Fresh Plus 1511   C D E     900   C D E F 1006      F G H 

Red Pearl 1572   C D E     1056     D E F 662   C D     

Tasti Lee 1594   C D E     964     D E F 981      F G H 

Florida 47 1611   C D E     1038     D E F 1042      F G H 

Charger 1614   C D E     1006     D E F 1052      F G H 

Aunt Ginny's Purple 1649    D E     814   C D     1008      F G H 

FL 8059 1658    D E     1029     D E F 1001      F G H 

Amish Paste 1671    D E     1069     D E F 970      F G H 

Monsanto AB2 1683    D E     1132     D E F 1084        G H 

New Yorker OP 1715    D E F    1167        E F 1051      F G H 

Sungold 1730    D E F    1010     D E F 884      E F   



 

 

 

2
5 

(Table 1.2 continued)                          

Variety AUDPC, Freeville 2012
y 

AUDPC, Freeville 2013 AUDPC, Geneva 2013 

Red Bounty 1752    D E F    1083     D E F 1002      F G H 

Rockytop 1803     E F G   1069     D E F 1004      F G H 

Scarlet Red 1824     E F G H  1065     D E F 1036      F G H 

West Virginia 63 OP 1825     E F G H  1181          F 1030      F G H 

H9704 1842     E F G H I 1077     D E F 1125          H 

Red Deuce 1844     E F G H I 1067     D E F 1080        G H 

H3402 1853     E F G H I 1108     D E F 1062      F G H 

Primo Red 1876     E F G H I 1150        E F 1068      F G H 

Heinz H9780 2096      F G H I 1017     D E F 1063      F G H 

BHN1009 2184       G H I 1029     D E F 990      F G H 

NC 84-173 NI
z 

         941     D E F 1053      F G H 

FL 8111 2229        H I 1176          F 1110          H 

Golden Sweet F1 2250         I 1058     D E F 754     D E    
y
 All values are the mean of four replicates. Means followed by the same letter within each experiment are not significantly different, Tukey-

Kramer HSD (P<0.05). 
z
 ‘Legend X NC1CELBR’ and ‘NC 84-173’ were not included in the Freeville 2012 experiment. 
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one parent, had slightly more disease than Ph-2 + Ph-3 varieties but the difference was not 

statistically significant. In Freeville in 2013 ‘Plum Regal F1’ was moderately resistant and 

grouped with Ph-2 + Ph-3 varieties as well as ‘Legend OP’, which has Ph-2 only. In Geneva in 

2013 ‘Plum Regal F1’ was moderately resistant and grouped with both ‘Legend OP’ and ‘Red 

Pearl’, the latter of which is not known to possess any late blight resistance genes. ‘Legend OP’, 

which is homozygous for Ph-2 only, was significantly less resistant to P. infestans US-23 than 

Ph-2 + Ph-3 varieties in each of the three experiments. ‘Legend OP’ had AUDPC values which 

fell between those of Ph-2 + Ph-3 varieties and susceptible varieties in each experiment (Table 

1.2). The hybrid of ‘Legend’ x ‘NC1CELBR’ was not significantly less resistant than its Ph-2 + 

Ph-3 parent ‘NC1CELBR’, but was significantly more resistant than its Ph-2 parent ‘Legend’. 

‘New Yorker’, which is homozygous for Ph-1 only, was susceptible to P. infestans US-23 in all 

three experiments and was statistically grouped with the majority of other susceptible varieties. 

Several significant differences were observed among susceptible varieties in each of the three 

experiments. However, none of the significant differences remained consistent across all three 

experiments (Table 1.2).  

Effect of tomato growth habit and class on late blight severity ratings 

 Resistant varieties were excluded from the analysis because there were not equal numbers 

of resistant varieties in each category.  Resistant varieties included those with the lowest AUDPC 

values up to and including ‘Plum Regal F1’ and ‘Legend’ (Tables 1.1 and 1.2). Growth habit was 

a significant factor in Geneva in 2013, where the mean AUDPC was smaller for the 

indeterminate vs. determinate category (Table 1.3). Fruit type was a significant factor in the 

analysis of susceptible varieties in Geneva 2013, where the mean AUDPC value for the cherry 

tomato class was significantly lower than that of the plum and fresh market classes, which 
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grouped together according to Tukey’s HSD. Neither growth habit nor class were significant 

factors in Freeville in 2012 or 2013 (Table 1.3).  

Table 1.3. Growth habit and fruit type analyses excluding resistant varieties.  

 Freeville 2012 Freeville 2013 Geneva 2013 

Growth habit  Mean AUDPC 

Indeterminate 

(n=11) 

1701
 

A
w 

1040 A 893 A 

Determinate 

(n=18
x
) 

1776 A 1039 A 1043 B 

P value
y 

0.168  0.959  <0.0001  

Tomato class       

Plum  

(n=8
x
) 

1696 A
y 

1029 A 1018 B 

Fresh market 

(n=16) 

1755 A 1044 A 1023 B 

Cherry  

(n=5) 

1851 A 1041 A 766 A 

P value
y 

0.229  0.899  <0.0001  
w
 Means in each column followed by the same letter within the growth habit grouping are not 

significantly different, Tukey-Kramer HSD (P<0.05). 
x 
In Freeville in 2012 17 determinate varieties and 7 plum varieties were planted (‘NC 84-173’ was not 

included). 
y
 Probability that means are not significantly different (F-test). 

z
 Means within each column followed by the same letter within the fruit type grouping are not 

significantly different, Tukey-Kramer HSD (P<0.05). 

 

Discussion 

 Late blight epidemics were successfully established in tomato variety field trials in both 

2012 and 2013. The experiments contained susceptible varieties as well as varieties containing 

both Ph-2 and Ph-3, which were highly resistant to P. infestans US-23.  These experiments 

support previous reports that Ph-3 provides qualitative or race-specific resistance (Chen et al. 
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2008; Nowicki, M., Foolad, M.R., Nowakowska, M., and Kozik 2012), and  that Ph-3 is a 

partially-dominant allele which confers stronger resistance to P. infestans when it is in the 

homozygous condition versus the heterozygous condition. This is evidenced by the differences in 

disease severity observed in ‘NC25P’, homozygous for Ph-3, and ‘Plum Regal F1’, heterozygous 

for Ph-3. In each experiment ‘NC25P’ showed less disease than ‘Plum Regal F1’, despite the 

fact that both varieties contain Ph-3 only. A caveat is that the differences observed between 

‘NC25P’ and ‘Plum Regal F1’ may be due to other genetic components since the varieties have 

different parental backgrounds. ‘Plum Regal F1’ is the F1 hybrid created by the cross of 

‘NC25P’ and ‘NC30P’, a breeding line not included in these experiments. It is possible that, in 

addition to conferring heterozygosity for the Ph-3 allele, the cross resulted in the loss of the 

action of unknown recessive quantitative resistance genes possessed by ‘NC25P’.  

 ‘Legend OP’, homozygous for Ph-2, was consistently less resistant than the Ph-2 + Ph-3 

varieties in all three experiments. Its statistical groupings varied in each experiment, but its 

AUDPC values consistently ranked between the highly resistant varieties and the highly 

susceptible varieties. Our observations support existing literature indicating that Ph-2 is an 

incompletely-dominant gene which confers partial resistance to P. infestans, in this case clonal 

lineage US-23 (Moreau et al. 1998; Nowicki, M., Foolad, M.R., Nowakowska, M., and Kozik 

2012).  

 Tomato growth habit and tomato class were analyzed to determine if differences among 

susceptible varieties were associated with these factors. The effect of growth habit was 

significant in Geneva in 2013 but not in Freeville in 2012 or 2013. The difference in the effect of 

growth habit observed between experiments is probably due to the speed with which disease 

progressed. As late blight progresses, indeterminate tomato varieties can continue to add new 



 

29 

 

foliar growth on the tips of infected stems. This can even be observed on severely infected plants 

that are rated at 90% or greater disease severity. Determinate varieties do not display this 

characteristic. As a result, a more pronounced effect of growth habit is observed when disease 

progresses slowly and more disease severity ratings are taken compared to when disease 

progresses rapidly and fewer disease severity ratings are taken. The Freeville 2013 experiment 

had the fastest disease progress of the three experiments and the fewest disease severity ratings. 

In that experiment there was almost no difference in the mean AUDPC value between 

determinate and indeterminate susceptible varieties. In Geneva in 2013 the disease progressed 

more slowly and more disease severity ratings were taken, allowing more time to observe the 

effect of indeterminate regrowth. This may also account for the numerically higher mean 

AUDPC for determinate susceptible varieties observed in Freeville in 2012 compared to 

indeterminate susceptible varieties, although that difference was not significant (Tukey’s HSD, 

P=0.17). Additionally, several studies have indicated that the dominant self-pruning (SP) allele, 

which confers an indeterminate growth habit, is linked to quantitative late blight resistance 

(Zhang et al. 2002; Pnueli et al. 1998). However, it is difficult to determine whether the observed 

effect is truly due to host resistance or is a result of indeterminate re-growth as previously 

discussed (Smart et al. 2007).  

 Similarly, it was thought that harvest index, or the ratio between fruit weight and total 

plant biomass at the time of harvest, might affect the disease ratings of late blight-susceptible 

tomato varieties. Varieties with a high harvest index put little energy into foliar growth once fruit 

development is occurring. On the other hand, varieties with a low harvest index will continue to 

put energy into both foliar and fruit growth simultaneously. Tomatoes of the plum or processing 

classes tend to be highly branched and strongly determinate, and have a high harvest index while 
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most cherry tomatoes tend to be indeterminate and have a low harvest index. Fresh market 

tomatoes may either be of indeterminate or determinate growth habits. In general, fresh market 

tomatoes are less highly branched than plum/processing tomatoes and have harvest indices that 

are variable, but generally less than Plum/processing tomato. Tomato class was a significant 

factor among susceptible varieties in Geneva in 2013, where the mean AUDPC for susceptible 

cherry varieties was lower than that of plum and fresh market varieties. This result was not 

observed in either of the Freeville experiments. In fact, in Freeville in 2012 the cherry category 

had the highest mean AUDPC, although it was not significantly different from the fresh market 

and plum categories. These inconsistent and somewhat contradictory results do not allow us to 

draw meaningful conclusions about the effect of tomato class on late blight disease severity 

ratings.  

 Our results show that over two seasons, varieties with tomato late blight resistance genes 

Ph-2 and Ph-3 had a high level of protection against P. infestans US-23, while the majority of 

varieties (which did not have either Ph-2 or Ph-3) were susceptible. The variety containing the 

resistance gene Ph-1 was also susceptible. The R-gene Ph-2 alone provides modest resistance, 

slows late blight epidemics, and may allow growers to reduce the number of fungicide 

applications depending on the level of disease pressure. Similarly, the Ph-3 gene, when 

heterozygous, provided moderate resistance, with a higher level of resistance in the variety that 

was homozygous for Ph-3. This finding supports that Ph-3 is a partially dominant gene. Varieties 

with both Ph-2 and Ph-3 were consistently highly resistant to P. infestans US-23. The heirloom 

varieties ‘Matt’s Wild Cherry’, ‘Lemon Drop’, and ‘Mr. Stripey’ were all resistant to late blight 

in this study, and it would be interesting to identify the mechanism(s) underlying this resistance. 

Growers now have several options for tomato varieties that are resistant to the clonal lineage that 
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has been most common over the past several seasons, and the presence of two resistance genes in 

many of the varieties may delay the occurrence of resistance-breaking strains of the pathogen.  
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Chapter 2 

 

Field-tested spore trapping with DNA-based detection does not effectively forecast the 

onset of late blight in New York 

 

 

Abstract 

 Late blight, caused by the oomycete Phytophthora infestans, continues to be an important 

disease of potato and tomato. The pathogen is primarily spread by aerially-dispersed sporangia. 

The ability to detect inoculum in potato and tomato production areas could improve disease 

forecasting, inform management decisions, and represent a useful tool for studying late blight 

epidemiology. A spore trapping method was developed to detect airborne P. infestans sporangia 

using rotorod-style impaction spore traps and a previously-described quantitative TaqMan probe 

assay. The spore trapping method was tested over seven location-seasons in New York between 

2012 and 2014. Phytophthora infestans was detected from 111 to 6 days prior to late blight 

symptom observation in four location-seasons, and 1 and 6 days after symptom observation in 

two location-seasons. The pathogen was not detected during the seventh location-season, despite 

the presence of late blight in nearby potato and tomato crops. Phytophthora infestans sporangia 

were detected microscopically during one of the location-seasons using a Burkard volumetric 

spore trap. This study demonstrates that although the methods described here are capable of 

detecting P. infestans inoculum, they do not appear to be a viable approach for informing late 

blight management decisions under the conditions of this study in New York. 

Keywords 

Late blight, Phytophthora infestans, detection, spore trapping, roto-rod 
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Introduction 

 Late blight, caused by the oomycete Phytophthora infestans (Mont.) de Bary, continues 

to cause significant economic losses in both potato (Solanum tuberosum L.) and tomato 

(Solanum lycopersicum L.) production (Fry et al. 2015; Haverkort et al. 2008). Besides the 

appearance of two ephemeral sexual populations in the northwestern United States in 1993 

(Gavino et al. 2000) and the eastern United States in 2010 and 2011 (Danies et al. 2014; Fry et 

al. 2013), this pathogen has been and remains predominantly clonal in the United States. The 

asexual phase of the P. infestans life cycle is responsible for the release of airborne sporangia, 

which leads to the rapid destruction of susceptible crops in infected fields as well as pathogen 

dispersal up to tens of kilometers (Mizubuti and Fry 2006). 

 Late blight is managed primarily through the application of fungicides. Potato and tomato 

cultivar selection has been driven by horticultural characteristics besides disease resistance, and 

resistant cultivars that have gained grower acceptance have historically been overcome by new 

pathogen races (Nowicki et al. 2012). The late blight decision support system (DSS), developed 

at Cornell University, uses past weather data and future weather forecasts to inform growers of 

when conditions are favorable for late blight development (Small et al. 2015) 

(http://blight.eas.cornell.edu/blight/). The late blight DSS can aid growers in timing their 

fungicide applications, but it does not provide an indication of when inoculum arrives in an area. 

This could result in unnecessary fungicide applications when environmental conditions are 

favorable for late blight development, but inoculum is not present to initiate an outbreak. For this 

reason there is a need for a method to detect P. infestans inoculum that is reliable and easily 

implemented under field conditions. Spore trapping has the potential to reveal when inoculum 

first appears in an area (Mahaffee 2014; West and Kimber 2015; West et al. 2008). This could 
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help growers determine when to initiate a protective fungicide program, and enhance the utility 

of the existing late blight DSS. 

 Spore trapping has been successfully implemented in a number of plant pathosystems for 

early inoculum detection and continued inoculum monitoring (Falacy et al. 2007; Gent et al. 

2009; Gregory and Hirst 1957; Klosterman et al. 2014; Parker et al. 2014; Rogers et al. 2009; 

Thiessen et al. 2015; Wieczorek et al. 2014). Impaction spore traps were recently used to monitor 

P. infestans inoculum in two potato production areas in Canada (Fall et al. 2014). In that study, 

data were obtained on relative inoculum levels throughout the growing season by counting 

spores microscopically, a process that is time consuming, labor intensive, and potentially prone 

to false positives through spore misidentification. The same group also developed a quantitative 

TaqMan assay which theoretically could be used to monitor P. infestans inoculum, although the 

assay has not yet been tested in the field (Fall et al. 2015). DNA-based detection methods are 

preferable to traditional morphological spore identification because of their ease of use, rapidity, 

sensitivity, and specificity (Rogers et al. 2009; West et al. 2008). Spore trapping coupled with 

quantitative PCR (qPCR) can provide rapid and reliable estimates of inoculum pressure (Carisse 

et al. 2009; Duvivier et al. 2013; Mahaffee 2014; Schena et al. 2004; Thiessen et al. 2015). 

 The purpose of this study was to design and validate a method for detecting P. infestans 

airborne sporangia in the field. Rotorod-style impaction spore traps were deployed in several 

locations throughout New York, and quantitative PCR (qPCR) was used to detect P. infestans 

airborne inoculum. The system was assessed for its ability to detect P. infestans DNA from 

samples collected in the field, and for its ability to provide predictive data for the onset of late 

blight in nearby potatoes and tomatoes.  

 

Materials and Methods 
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Isolates 

 Phytophthora infestans isolates used for testing and validating the qPCR assay were 

originally collected from throughout North America between 2009 and 2013 (Table 2.1). Isolates 

were maintained on pea agar (Jaime-Garcia et al. 2000) with 0.1 g/l ampicillin, 0.0125 g/l 

rifampicin, and 0.025 g/l pentachloronitrobenzene. Isolates were grown in pea broth  (Goodwin 

et al. 1992) at ambient temperature for five to ten days prior to extracting DNA. Wet mycelia 

were collected and stored at -20°C until DNA extractions were performed using a DNeasy Plant 

Mini Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions. 

 Other Phytophthora spp. and Pythium spp. isolates used in the qPCR assay were 

collected from New York between 2007 and 2010 (Table 2.1). Isolates were maintained on V8 

agar, and grown on potato dextrose or V8 broth for five to ten days before collecting mycelia for 

DNA extractions (Dunn et al. 2010). DNA extractions were done using a DNeasy Plant Mini Kit 

(Qiagen) according to the manufacturer’s instructions.  

   

Quantitative PCR sensitivity and specificity tests 

 Previously-described qPCR primers (PinfTQF and PinfTQR) and a fluorogenic probe 

(PinfTQPR) designed by Lees et al. (2012) were chosen for use with impaction spore trapping 

because of their high specificity and sensitivity for P. infestans. These primers target the ITS1 

portion of ribosomal DNA and generate a 167 bp amplicon. Quantitative PCR was done using a 

BioRad CFX96 Real-Time System (BioRad, Hercules, CA). Samples were run in 96-well white 

Multiplate PCR plates and sealed with Microseal ‘B’ seals (BioRad, Hercules, CA). Reaction 

mixes consisted of 12.5 µl iQ Supermix (BioRad), 0.75 µM forward primer, 0.75 µM reverse 

primer, 0.25 µM fluorogenic TaqMan probe, and 2 µl template in a total reaction volume of 25 
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Table 2.1. Isolates used to validate qPCR primer sensitivity and specificity. 

Species Isolate code
† 

Phytophthora infestans 13816140 (US23) 

Phytophthora infestans ElbaNY08 (US8)
 

Phytophthora infestans 0982 (US8) 

Phytophthora infestans 1083 (US8) 

Phytophthora infestans 1084 (US8) 

Phytophthora infestans 1185 (US8) 

Phytophthora infestans 1381 (US8) 

Phytophthora infestans 11111 (US11) 

Phytophthora infestans 11114 (US11) 

Phytophthora infestans 11115 (US11) 

Phytophthora infestans 11117 (US11) 

Phytophthora infestans 11118 (US11) 

Phytophthora infestans 767 (US23) 

Phytophthora infestans 1237 (US23) 

Phytophthora infestans 112322 (US23) 

Phytophthora infestans 122322 (US23) 

Phytophthora infestans 132317 (US23) 

Phytophthora infestans 1249 (US24) 

Phytophthora infestans 1273 (US24) 

Phytophthora infestans 1250 (US24) 

Phytophthora infestans 1246 (US24) 

Phytophthora infestans 1345 (US24) 

Phytophthora capsici
 

214P1 

Phytophthora cryptogea
 

188C2 

Phytophthora lacustrus
 

224P2 

Phytophthora hydropathica
 

225L1 

Phytophthora gonapodyides
 

230C2 

Phytophthora irrigata
 

245.100.1 

Pythium helicoides
 

217L2 

Pythium macrosporum
 

249.100.6 
† 

All isolates were obtained from the Cornell University culture collection. P. infestans isolates 

13816140 and ElbaNY08 were used to determine the limit of detection of the qPCR assay and as 

a positive control in each of the spore trap sample qPCR runs, respectively. P. infestans isolate 

codes are followed by clonal lineages in parentheses. 

 

 

µl. Quantitative PCR reaction conditions consisted of an initial denaturation step of 95°C for 3 

min, followed by 40 cycles of 95°C for 15 s and 61°C for 30 s (Lees et al. 2012). Quantitative 

PCR primers were assayed for sensitivity using a 10-fold serial dilution of pure genomic P. 

infestans DNA (isolate ElbaNY08) from 8 ng to 8 fg template DNA per reaction. Primer 
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specificity, which had been extensively tested by Lees et al. (2012), was tested against five 

isolates from each of four recently-predominant P. infestans clonal lineages (US8, US11, US23, 

and US24, n=20), four isolates of P. nicotianae and one isolate each of P. cryptogea, P. capsici, 

P. lacustrus, P. hydropathica, P. gonapodyides, P. irrigata, Pythium helicoides, and Pythium 

macrosporum (Table 2.1).

 

Spore trapping assay DNA detection sensitivity 

 The sensitivity of the impaction spore trapping and qPCR method was tested using P. 

infestans (isolate 13816140) sporangial suspensions. Suspensions were generated by transferring 

sporangia from sporulating tomato late blight leaf lesions (Solanum lycopersicum, cultivar 

Mountain Fresh Plus) onto healthy detached tomato leaflets and incubating in a humid chamber 

at 17°C for five to seven days. The healthy leaflets were harvested from tomato plants grown in a 

Cornell potting mix (composed of peat, perlite, and vermiculite in a 4:1:1 ratio) with a 14-h 

light/10-h dark photoperiod in the greenhouse. Once lesions on the detached leaflets were visibly 

sporulating, sporangia were rinsed off using sterile distilled H2O, and stock sporangial 

suspensions were quantified using a hemocytometer. Suspensions were diluted to a concentration 

of 1000 sporangia/ml (Danies et al. 2013). DNA extractions were then performed by adding 

approximately 100 sporangia (100 µl of suspension) directly to a DNA extraction tube and 

proceeding with the DNA extraction using an Ultra Clean Soil DNA extraction kit according to 

the manufacturer’s instructions (Mo Bio, Carlsbad, CA). This process was also done using 

approximately 10 sporangia (10 µl of suspension). Each reaction tube contained two sterile 

greased stainless steel sampling rods (described below) to mimic field sampling conditions as 
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closely as possible. Each DNA extraction was done twice. Extracted DNA was used as template 

and tested using the qPCR assay described above. 

 In addition to sporangial suspensions, individual sporangia (isolate 13816140) were 

placed on sterile greased stainless steel sampling rods in order to determine if a single 

sporangium could be detected. Pasteur pipettes were held over a flame until they could be 

stretched into thin filaments. The tip of a filament was then carefully pressed against an unused 

lightly greased spore trap sampling rod to pick up a small amount of grease. Under a dissecting 

microscope an individual sporangium was then picked off of a sporulating tomato leaf lesion 

using the greased tip of the glass filament and transferred onto a sterile stainless steel sampling 

rod. The presence of a single sporangium was visually confirmed under a dissecting microscope 

before the rod was transferred to a DNA extraction tube. This was repeated so that five DNA 

extraction tubes each contained a single P. infestans sporangium on an otherwise sterile greased 

spore rod. Each DNA extraction tube also contained a second sterile spore rod (two rods total per 

DNA extraction) for consistency. DNA extractions were then performed using an Ultra Clean 

Soil DNA extraction kit according to the manufacturer’s instructions (Mo Bio). Extracted DNA 

was used as template and tested using the qPCR assay described above. 

 

Spore trap locations and sample processing 

 Custom-built impaction spore traps were used to collect airborne P. infestans sporangia 

in the field (Figure 2.1). Traps were similar to those previously described (Gent et al. 2009; 

Summers et al. 2015; Thiessen et al. 2015) and were each fitted with two lightly greased (high 

vacuum grease, Dow Corning, Midland, MI) stainless steel tig rods (3 cm long, 1 mm diameter, 

J.W. Harris Co., Mason, OH) attached perpendicularly to each end of an aluminum horizontal 
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Figure 2.1. Rotorod-style impaction spore trap with (A) two stainless steel sampling rods, (B) 

motor housing, (C) battery and circuit board housing, and (D) solar panel. Sampling rods were 

positioned 1.5 m above the ground. 
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bar and separated by a distance of 7.6 cm. Sampling rods were positioned 1.5 m above the 

ground adjacent to tomato fields but not within fields. Horizontal bars were fixed at their centers 

to a solar-powered motor (Mabuchi FR-500T_10750, 1950 rpm) (Gent et al. 2009). Ten-watt 

solar panels were obtained from Sundance Solar (Hopkinton, NH) and attached to each trap. 

Spore traps sampled approximately 48 liters of air per minute (Thiessen et al. 2015). 

 Impaction spore traps were deployed during the summers of 2012, 2013, and 2014. The 

locations and sampling dates for each trap in each year are listed in Table 2.2. Trapping dates 

within years were variable among sites because of a delayed start to the experiment in Tompkins 

County in 2012 and the need to coordinate with collaborators’ schedules in Suffolk County in 

2013 and 2014. All spore traps were located adjacent to non-treated late-blight susceptible 

tomato fields and away from nearby buildings and wind-breaks with the exception of two out of 

three Suffolk County traps in both 2013 and 2014, where traps were located adjacent to growers’ 

tomato fields which were managed by standard grower practices including the application of 

fungicides. One of the 2013 Suffolk County traps was adjacent to a grower’s potato field. 

Sampling rods were collected and replaced approximately twice weekly and adjacent tomato and 

potato fields were scouted each time spore traps were sampled. Used rods were removed with 

gloved hands and placed into sterile collection tubes, which were kept at 4°C until DNA 

extractions were performed. DNA extractions were done using an Ultra Clean Soil DNA 

extraction kit (Mo Bio) and both sampling rods taken from each trap were combined into one 

DNA extraction. To extract DNA, sampling rods were placed into a 2 ml Bead Solution Tube 

and 60 µl of Solution S1 (cell lysis solution) were added. Tubes were vortexed briefly before 200 

µl of IRS solution (PCR inhibitor removal solution) were added. Tubes were then secured to a 

Vortex-Genie 2 (Mo Bio) using a Vortex Adapter tube holder (Mo Bio) and vortexed at  
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Table 2.2. Summary of P. infestans inoculum detection based on spore trapping data collected during 2012, 2013, and 2014.  

Year Spore trap 

location 

(all New York 

counties) 

Number 

of traps 

Sampling dates
† 

Number of positive 

detections / total 

number of samples 

collected 

Date of first 

P. infestans 

qPCR detection 

Date of initial 

late blight 

symptom 

observation
‡ 

Date of first 

report of late 

blight in 

county
§ 

2012 Ontario 3 June 6 – Oct. 4 29 / 112 June 6 Sep. 20 Sep. 17 

2012 Tompkins 2 Aug. 1 – Oct. 3 16 / 43 Aug. 27 Aug. 26 Aug. 6 

2013 Ontario 4 Apr. 22 – Sep.5 21 / 142 May 13 Aug. 19 Aug. 16 

2013 Tompkins 2 Apr. 27 – Sep. 19 6 / 68 May 16 Sep. 4 Aug. 5 

2013 Suffolk 3 June 18 – Sep. 23 1 / 27 July 19 July 25 July 26 

2014 Ontario 4 March 25 – Sep. 29 8 / 172 Aug. 26 Aug. 14 Aug. 14 

2014 Suffolk 3 June 2 – Sep. 25 0 / 44 Not detected June 20 June 20 
† 

Sampling rods were collected approximately twice per week.  
‡ 

Based on date of initial late blight observation in susceptible tomatoes or potatoes planted near (within five miles of) spore trap 

locations. 
§ 

According to USAblight.org.
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maximum speed for 10 min. Tubes were then incubated at 70°C for 2 min to aid in cell lysis and 

placed on ice for 2 min to precipitate detergent, proteins, and polysaccharides. Tubes were 

centrifuged at 10,000 g for 5 min and 350 µl of the supernatant were transferred to a clean 2 ml 

tube before proceeding according to the manufacturer’s instructions. DNA samples were stored 

at 4°C prior to qPCR analysis, after which they were stored at -20°C. DNA extractions were 

generally performed once per week, with the exception of samples from Suffolk County on Long 

Island which were processed several weeks to a month after collection. Long Island samples 

were stored in a refrigerator prior to shipping, shipped in insulated coolers containing ice packs, 

and processed immediately upon arrival. A DNA extraction was performed on unused sterile, 

greased sampling rods during each DNA extraction as a negative control.  

 In Ontario County in 2013, one Burkard 7-day volumetric spore trap (Burkard 

Manufacturing Co., Rickmansworth, England) was deployed adjacent to a rotorod-style 

impaction trap to determine if detection of P. infestans DNA by impaction trapping and qPCR 

could be associated with visual observation of P. infestans sporangia during the same sampling 

time periods. The Burkard trap sampled 10 liters of air per minute, and was sampled during two 

separate periods, from July 12 to August 10, and again from August 26 to August 30. Burkard 

sampling film was fixed to the sampling drum using double-sided tape, and lightly coated in high 

vacuum grease (Dow Corning). At the beginning and end of each sampling session the film was 

marked so film location could be associated with sampling dates. The sampling film and battery 

were replaced after seven days of continuous use. After seven days the sampling film was 

brought back to the laboratory, cut into strips corresponding to 24 hours of sampling, and 

mounted onto glass microscope slides. Four to five drops of 0.05% cotton blue stain in 

lactoglycerol were then placed on each film and covered with a 50mm glass cover slip (Moyer et 
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al. 2014). Sporangia were then counted on entire slides using an Olympus CX31 compound 

microscope (Olympus, Center Valley, PA).   

 

Detection of P. infestans DNA from spore trap samples using qPCR, and tests for PCR inhibition  

 Quantitative PCR (qPCR) was performed as described above, and was used to detect P. 

infestans DNA extracted from impaction spore trap sampling rods. Quantitative PCR primers 

(PinfTQF, PinfTQR, PinfTQPR) were used to test each spore trap sample for the presence of P. 

infestans. Each qPCR run included a positive control (2 ng P. infestans DNA, isolate ElbaNY08) 

and two negative controls. The first negative control lacked DNA template and instead contained 

2 µl sterile dH2O. The second negative control also lacked DNA template, and instead contained 

2 µl of extract obtained following a DNA extraction performed on clean, sterile, greased 

sampling rods. A subset of spore trap samples that yielded positive qPCR results were sequenced 

bi-directionally to verify the identity of amplified DNA. Nine samples from Ontario and 

Tompkins counties from 2012 and 2013 were chosen to represent the length of the growing 

season. Collection dates of the samples ranged from May 9 to September 2. Sequence identities 

were confirmed by BLAST search (http://blast.ncbi.nlm.nih.gov/blast/Blast.cgi).  

 A subset of six spore trap samples that yielded negative qPCR results were tested for 

PCR inhibition by spiking them with pure P. infestans DNA. Samples represented each spore 

trapping season, and were chosen to reflect dates when P. infestans was expected to have been 

detected but was not. Quantitative PCR was performed on each of the samples as described 

above, and each sample was spiked with 2 µl pure P. infestans DNA (isolate 122322) at 1000 

pg/µl, 100 pg/µl, 10 pg/µl, 1 pg/µl, and 0.1 pg/µl. Cq values for each spore trap sample were 

compared to values from a standard curve included in the same qPCR run. In addition, two 
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separate clean rod DNA extracts (two sterile greased rods in each extract) were tested to check 

for PCR inhibition by the rods themselves or the grease used to coat them, and all samples were 

run in technical duplicates. Mean Cq values for each of the spiked samples were compared to 

those for the standard curve at each of the five P. infestans DNA concentrations. An analysis of 

variance (ANOVA) was performed using the lme4 package (Bates et al. 2015) in R version 

3.2.3, where spiked samples were considered fixed effects and replicates were considered 

random effects. Mean separations were done using Tukey-Kramer’s honestly significant 

difference (HSD, alpha = 0.05) and the lsmeans package (Lenth 2016) in R.  

 

Results 

 

Quantitative PCR sensitivity and specificity and spore trapping sensitivity 

 Sensitivity of the qPCR primers developed by Lees et al. 2012 was tested using ten-fold 

serial dilutions of P. infestans DNA from 8 ng to 0.8 fg template DNA per reaction. The formula 

for the resulting standard curve was y=-1.266ln(x)+18.278. We were able to consistently detect 

0.8 fg template DNA corresponding to a Cq value of 36.5 (Figure 2.2). These primers were 

previously shown to have high specificity for P. infestans, cross-reacting with only the closely 

related species P. ipomoea, P. mirabilis, and P. phaseoli when tested against 39 other 

Phytophthora species (Lees et al. 2012). Lees et al. (2012) tested the primers against nine 

isolates of P. infestans and obtained positive results for all nine isolates. We further verified the 

assay’s ability to detect a range of P. infestans isolates by testing five isolates from each of four 

clonal lineages. The assay produced positive results for all twenty P. infestans isolates. We also 

tested the specificity of these primers with five species of oomycetes including P. nicotianae 
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Figure 2.2. Standard curve generated using quantitative PCR and a ten-fold serial dilution of P. 

infestans DNA (isolate ElbaNY08). Template amounts ranged from 8 ng to 0.8 fg DNA per 

reaction. The curve represents the mean of six technical replicates. 

  

(four isolates), P. cryptogea, P. capsici, P. lacustrus, and Pythium helicoides and found that P. 

cryptogea also cross-reacts with these primers. There were no cross-reactions with any of the 

other species tested. 

 Assays were performed to determine the limit of detection of P. infestans DNA on spore 

trap sampling rods using qPCR primers PinfTQF, PinfTQR, and PinfTQPR. One hundred 

sporangia were consistently detected, corresponding to a Cq value of 34.68 ±0.40, based on 2 

replicate sporangial suspensions (each with two technical replicates). Assays attempting to detect 

ten sporangia and a single sporangium were not successful.  
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Spore trap field testing and sequencing results 

 Impaction spore traps were field tested for a total of seven location-seasons. Late blight 

was observed on nearby tomatoes or potatoes during each location-season (Table 2.2), with 

initial symptom observation dates ranging from June 20 (Suffolk County, 2014) to September 20 

(Ontario County, 2012). Phytophthora infestans was detected 106 days, 105 days, 111 days, and 

6 days prior to late blight symptom observation in fields adjacent to spore traps in four out of 

seven location-seasons (2012 Ontario County, 2013 Ontario County, 2013 Tompkins County, 

and 2013 Suffolk County, respectively) (Table 2.2). Initial P. infestans detection averaged 82 

days prior to initial late blight symptom observation in those four location-seasons. In two out of 

seven location-seasons P. infestans was detected one and six days after initial late blight 

symptom observation (2012 Tompkins County and 2014 Ontario County, respectively). The 

pathogen was never detected in Suffolk County in 2014, although late blight symptoms did 

appear on June 20 (Table 2.2).  

 P. infestans was detected on 50 dates in a total of 81 DNA samples from rods collected 

throughout the seven location-seasons of testing (Table 2.3). Two to four spore traps were 

deployed during each location-season. On 13 out of 50 detection dates (26%) P. infestans was 

detected on every trap at a given location. On 37 out of 50 detection dates (74%) P. infestans was 

detected on at least one, but not all of the traps at a given location (Table 2.3). In total, P. 

infestans was detected 81 times out of a total of 608 samples (13%) collected across all seven 

location-seasons (Table 2.3). A qPCR Cq threshold of 35 was used for all field spore trap 

samples, and Cq values for positive field detections ranged from 27.1 to 35.0 (Table 2.3). A 

subset of nine spore trap samples that yielded positive qPCR results were sequenced and 

confirmed to be P. infestans.   
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Figure 2.3. Number of P. infestans sporangia counted microscopically during two periods of 

Burkard spore trapping in Ontario County in 2013 (Sampling period 1: July 12 - August 10; 

sampling period 2: August 26 – August 30). Black stars indicate dates when P. infestans DNA 

was also detected in Ontario County using qPCR with rotorod-style impaction spore traps. 

Rotorod-style traps were sampled nine times during Burkard sampling period 1 and twice during 

Burkard sampling period 2.  

 

 In Ontario County in 2013, in addition to rotorod-style impaction spore traps, we 

deployed a single Burkard 7-day volumetric spore trap during two separate trapping periods. 

This was done to determine if the detection of P. infestans DNA by impaction trapping and 

qPCR could be associated with visual observation of P. infestans sporangia. During the first 

Burkard sampling period, between July 12 and August 10, P. infestans sporangia were observed 

on the sampling tape on 27 out of 30 sampling dates (Figure 2.3). An average of 24 sporangia 

were observed during each 24-hour sampling period, and ranged from one to 196. Phytophthora 
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infestans was detected by qPCR using the rotorod-style impaction traps in Ontario County once 

during this period, on July 19 (Table 2.3, Figure 2.3). Late blight was first observed on tomatoes 

in the field adjacent to the traps on August 19. During the second Burkard sampling period, from 

August 26 to August 30, P. infestans sporangia were observed during each 24-hour sampling 

period. An average of 228 sporangia were observed during each 24-hour sampling period, and 

ranged from 16 to 600. Phytophthora infestans was detected by qPCR on the rotorod-style traps 

in Ontario County twice during the second Burkard sampling period, on August 26 and August 

30 (Table 2.3, Figure 2.3).  

 To test for PCR inhibition, a subset of six spore trap samples that were negative for P. 

infestans were each spiked with 2 µl of pure P. infestans DNA ranging from 1000 pg/µl to 0.1 

pg/µl. Two clean rod DNA extracts (two sterile greased rods per extract) were tested the same 

way. Cq values for spiked spore trap samples and clean rod extracts were not significantly higher 

than those for the control standard curve at any of the five P. infestans DNA concentrations 

tested based on Tukey’s HSD (P<0.05) (Table 2.S1). 

 

Discussion 

 A previously-established qPCR protocol was combined with rotorod-style impaction 

spore trapping to detect airborne P. infestans inoculum in the field. The qPCR primers and 

fluorogenic probe designed by Lees et al. (2012) were chosen for their specificity and sensitivity 

to P. infestans. We confirmed the sensitivity of these primers and probe by detecting as little as 

0.8 fg P. infestans DNA and as few as 100 sporangia. Lees et al. (2012) found that these primers 

were also highly specific, cross-reacting with only three other closely-related clade 1c 

Phytophthora species  (P. ipomoea, P. mirabilis, and P. phaseoli), of which P. infestans is also a  
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Table 2.3. Positive rotorod spore trapping results from 2012, 2013, and 2014. 

Sampling rod 

deployment date 

Sampling rod 

collection 

date† 

Number of 

traps positive 

for P. infestans Cq range 

County (all in New 

York) 

2012 2012    

6/4/2012 6/6/2012 2/3 30.5 - 33.7 Ontario 

6/6/2012 6/8/2012 1/3 34.9 Ontario 

6/8/2012 6/12/2012 1/3 34.3 Ontario 

6/15/2012 6/22/2012 3/3 29.4 - 33.4 Ontario 

6/29/2012 7/3/2012 3/3 31.5 - 31.8 Ontario 

7/3/2012 7/6/2012 3/3 29.7 - 32.4 Ontario 

7/13/2012 7/17/2012 1/3 34.9 Ontario 

7/20/2012 7/21/2012 1/3 32.5 Ontario 

7/23/2012 7/24/2012 1/3 32.0 Ontario 

7/24/2012 7/25/2012 2/3 32.1 - 32.3 Ontario 

7/25/2012 7/26/2012 3/3 32.2 - 33.6 Ontario 

7/26/2012 7/27/2012 3/3 30.0 - 33.7 Ontario 

7/27/2012 7/28/2012 1/3 31.6 Ontario 

7/28/2012 7/29/2012 1/3 32.5 Ontario 

8/26/2012 8/27/2012 1/2 34.8 Tompkins 

8/27/2012 8/29/2012 1/2 31.1 Tompkins 

8/29/2012 8/31/2012 2/2 32.3 - 34.7 Tompkins 

8/31/2012 9/1/2012 1/2 32.7 Tompkins 

9/1/2012 9/4/2012 2/2 32.5 - 32.8 Tompkins 

9/4/2012 9/5/2012 2/2 30.5 - 31.1 Tompkins 

9/5/2012 9/7/2012 2/2 31.2 - 32.5 Tompkins 

9/7/2012 9/10/2012 1/2 31.4 Tompkins 

9/6/2012 9/11/2012 1/3 34.8 Ontario 

9/11/2012 9/13/2012 1/3 34.2 Ontario 

9/10/2012 9/14/2012 2/2 27.1 - 35.0 Tompkins 

9/14/2012 9/19/2012 1/2 34.4 Tompkins 

9/26/2012 10/3/2012 1/2 33.1 Tompkins 

9/27/2012 10/4/2012 1/3 29.3 Ontario 

2013 2013    

5/9/2013 5/13/2013 3/4 32.3 - 33.3 Ontario 

5/12/2013 5/16/2013 2/2 31.5 - 31.9 Tompkins 

5/16/2013 5/19/2013 2/2 32.6 - 32.6 Tompkins 

5/18/2013 5/20/2013 3/4 31.1 - 32.9 Ontario 

5/20/2013 5/23/2013 3/4 32.2 - 33.2 Ontario 

5/19/2013 5/25/2013 2/2 31.1 - 32.9 Tompkins 

5/23/2013 5/28/2013 3/4 32.4 - 33.4 Ontario 

6/3/2013 6/6/2013 1/4 32.4 Ontario 
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(Table 2.3 continued.)    

Sampling rod 

deployment date 

Sampling rod 

collection 

date† 

Number of 

traps positive 

for P. infestans Cq range 

County (all in New 

York) 

2013 2013    

6/27/2013 7/1/2013 1/4 33.1 Ontario 

7/15/2013 7/19/2013 1/4 33.2 Ontario 

7/12/2013 7/19/2013 1/2 34.6 Suffolk 

8/19/2013 8/22/2013 1/4 33.1 Ontario 

8/22/2013 8/26/2013 1/4 32.5 Ontario 

8/26/2013 8/30/2013 3/4 31.0 - 31.9 Ontario 

8/30/2013 9/6/2013 1/4 33.4 Ontario 

2014 2014    

8/22/2014 8/26/2014 1/4 34.1 Ontario 

8/26/2014 8/29/2014 1/4 32.2 Ontario 

8/29/2014 9/2/2014 1/4 31.4 Ontario 

9/2/2014 9/5/2014 1/4 31.3 Ontario 

9/12/2014 9/15/2014 1/4 34.3 Ontario 

9/15/2014 9/18/2014 2/4 29.7 - 34.2 Ontario 

9/23/2014 9/26/2014 1/4 34.8 Ontario 
† 

All roto-rod style spore traps were sampled twice weekly. Samples that tested negative for P. 

infestans were not included in the above table. 

 

member (Kroon et al. 2004). Phytophthora ipomoea and P. mirabilis are not known to occur in 

the northeastern United States (Flier et al. 2002; Goodwin et al. 1999). Phytophthora phaseoli 

causes downy mildew of lima bean and is restricted to the Mid-Atlantic region of the United 

States (Evans et al. 2007). We tested the qPCR primer specificity on several other oomycetes and 

found that P. cryptogea (clade 8) also cross-reacts with these primers (Kroon et al. 2004). Lees et 

al. (2006) reported that these primers did not cross-react with P. cryptogea. The discrepancy may 

be due to variability in the target sequences among the isolates of P. cryptogea that were tested. 

Regardless, P. cryptogea sporangia are persistent on the stalk which means that sporangia are not 

aerially dispersed and are therefore unlikely to be collected by the spore traps (Erwin and Ribeiro 

1996). We also obtained ITS1 sequences of five other downy mildew pathogens 

(Pseudoperonospora cubensis [cucurbit], Peronospora effusa [spinach], P. schachtii [beet], P. 
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belbahrii [basil], and P. destructor [onion]) from GenBank to determine the similarity between 

the PinfTQ primers and their corresponding targets in these downy mildew pathogens. Across 

the three primer sequences there were a total of ten to sixteen polymorphisms differentiating the 

primer sequences from their corresponding target sequences in the downy mildews (data not 

shown). This provided additional confidence that cross-reactions with other downy mildew 

species were unlikely to have occurred.   

 Over the three seasons of validating the spore trapping method, it became apparent that 

there was significant variability in the dates of initial P. infestans detection. One factor that may 

have contributed to this variability is PCR inhibition. Although we chose the Ultra Clean Soil 

DNA extraction kit for its ability to reduce the effects of PCR inhibitors (Rittenour et al. 2012), 

some of the material collected by the spore traps, like humic compounds and polysaccharides, 

might have inhibited PCR by quenching fluorescence or directly interacting with polymerase or 

primer annealing (Hedman and Radstrom 2013). To test for PCR inhibition in our samples we 

spiked six field spore trap extracts, along with two clean rod extracts, with pure P. infestans 

DNA at five different DNA concentrations, and subjected them to qPCR. None of the spiked 

samples had significantly higher Cq values at any of the five P. infestans concentrations, 

indicating that PCR inhibition probably did not influence our results.  

 The surprising lack of detection in Suffolk County in 2014, despite the presence of late 

blight on nearby potatoes and tomatoes, actually reflects the very low disease incidence in the 

region during most of the season. The first observation was of very low incidence on June 20 in a 

potato crop about two and four miles from the spore traps. The grower effectively managed the 

outbreak by immediately applying late blight-specific fungicides.  The second observation was 

also of low disease incidence at a farm adjacent to the first outbreak, although it was not 
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observed until July 10. There were two other observations (July 17 and August 14) before late 

blight was finally observed on tomatoes adjacent to the spore traps on August 15 and August 20, 

indicating that although late blight had been present within miles of the traps, inoculum levels at 

the trap locations had probably remained low until early August. The specific lack of detection 

from August 15 until the end of the 2014 season can possibly be attributed to the fact that the 

Suffolk County samples had relatively long periods between sample collection and processing 

(up to a month in some cases) due to the need to ship them across the state, which may have 

resulted in sample degradation. Furthermore, inoculum levels may be lower in the urban 

agricultural area of Long Island, where most land is not planted in susceptible hosts, compared to 

the agricultural areas of Ontario and Tompkins Counties where tomatoes and potatoes are 

planted in much higher acreage.  These two factors may also account for there being only one 

detection in 2013. All trapping sites in the three counties had a similar and relatively flat 

topography. Traps were specifically positioned away from buildings or other structures that 

might have influenced air flow, and so these were probably not major contributing factors to the 

results observed on Long Island.  

 Additionally, because spore arrival is a stochastic process, it is possible that during a 

given spore arrival event spores may have landed on a susceptible host but not on a spore trap 

sampling rod (Shaw 1994). It is also possible that spores present on the rods were below our 

assay’s limit of detection. Either of these scenarios could explain why late blight was observed 

before P. infestans was detected by the spore traps in Tompkins County in 2012 and in Ontario 

County in 2014. Similar results were observed in certain location-seasons during a study by Gent 

et al. (2009) aimed at detecting hop downy mildew spores using PCR.  
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 Finally, in cases when P. infestans was detected months in advance of the appearance of 

late blight (Ontario County 2012 and 2013, Tompkins County 2013), it is possible that initial 

detection dates accurately reflect the arrival of P. infestans spores at those sites. Potatoes are 

planted in early May in Ontario and Tompkins counties, one to two weeks prior to the last frost. 

Tomatoes are planted in mid-May after the last frost. This means that susceptible host tissue was 

likely present in the region at the times of our initial detection in Ontario county in 2012, and 

may have been present in Ontario and Tompkins counties in 2013 (June 6 and May 13 and 16, 

respectively). Infected volunteer potato tubers, seedlings emerging from infected seed tubers, 

potato storage clamps, or infected tomato seedlings may have served as sources of inoculum 

collected by our traps. The delay in symptom appearance on nearby non-treated hosts was 

probably not the result of unfavorable environmental conditions. The late blight decision support 

system recommended 6, 9, and 13 fungicide applications during the periods between initial 

detection and initial symptom observation in Ontario County in 2012 and in Ontario and 

Tompkins counties in 2013, respectively. This indicates that environmental conditions were 

favorable for late blight development. Given the favorable environment and presence of 

susceptible host tissue, the most likely explanation for the gaps between detection and symptom 

observation is that sporangia collected during those periods were not viable. Additionally, 

inoculum levels may have been low during early-detection events due to the management of 

early inoculum sources once they were discovered. Growers would most likely apply fungicides 

if they discovered late blight in their potato or tomato crop, or would apply an herbicide, bury, or 

otherwise destroy a potato cull pile producing late blight-infected volunteers. Our data show that 

although P. infestans DNA was sporadically detected early in the season, these detection events 
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did not correlate well with the presence of viable inoculum as indicated by the gaps between 

initial detection and initial symptom observation.  

 Spore traps coupled with qPCR have been used to monitor airborne inoculum in several 

plant pathosystems. In some cases airborne inoculum levels were measured and associated with 

disease incidence or severity in the field. This approach is appropriate for diseases like Botrytis 

leaf blight of onion (Carisse et al. 2009) and Septoria tritici blotch of winter wheat (Duvivier et 

al. 2013) where a certain level of disease can be tolerated. However, the rapidly-progressing and 

destructive nature of late blight is such that the action threshold is any level of disease above 

zero (CD Smart, personal observation). Therefore, in order to utilize spore trapping to provide 

useful predictive data for improved disease management, each location-season of P. infestans 

spore trapping can only yield one opportunity to associate spore detection with disease, rather 

than the opportunity to continuously monitor detection levels until an action threshold is reached. 

For the late blight system that one opportunity is the first detection, and its utility depends on 

whether or not the detection occurs before symptom appearance and is predictive of disease 

development. The explosive nature of late blight epidemics makes the use of spore trapping to 

aid in late blight management particularly challenging compared to other pathosystems where 

spore trapping has been used successfully.  

 Other studies have focused on the development of the qPCR assays themselves for 

monitoring airborne phytopathogens, such as the spinach and sugar beet downy mildews 

(Klosterman et al. 2014) and Sclerotinia stem rot of oilseed rape (Rogers et al. 2009). However, 

these studies require further field validation in order to confirm their utility in disease 

management. Additionally, studies by Parker et al. (2014), Wieczorek et al. (2014), and Falacy et 

al. (2007) have reported the detection of pathogens prior to initial symptom observation. 
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However, in the Parker et al. (2014) study there was significant variability between initial 

pathogen detection and initial appearance of Sclerotinia stem rot (8 to 34 days) in the two 

seasons of field testing, presumably due to variability in environmental conditions during the two 

seasons. Furthermore, because Sclerotinia sclerotiorum DNA was detected at nearly every air 

sampling, it is impossible to know how early the pathogen may have been detected had the spore 

traps been sampled earlier in the season. This makes it difficult to assess the efficacy of the assay 

for predicting the occurrence of Sclerotinia stem rot of carrot. Similarly, in the Wieczorek et al. 

(2014) study detection of the Ramularia leaf spot pathogen of sugar beet was first observed only 

six days after the spore traps were initially sampled. Without detection data from earlier in the 

season it is not possible to evaluate the assay’s ability to predict the occurrence of disease. 

Falacy et al. (2007) consistently detected Erysiphe necator DNA prior to the appearance of grape 

powdery mildew. Similarly, Thiessen et al. (2015) consistently detected E. necator DNA in 

commercial vineyards using impaction spore traps and a novel loop-mediated isothermal 

amplification (LAMP) assay as well as qPCR. When vineyard managers timed initial fungicide 

applications based on first E. necator detection an average reduction of 3.3 fungicide 

applications was realized. The grape powdery mildew pathosystem may lend itself to success in 

this area because of the relatively predictable nature of the disease cycle, where ascospores 

originating from chasmothecia within the vineyard are released each spring during periods of 

rain. This allows spore traps to be placed adjacent to known sources of overwintering inoculum, 

in contrast to late blight where the source of initial inoculum and the timing of initial spore 

deposition is unpredictable.  

 To provide confidence in our data set, the rotorod-style spore detection data were 

validated by associating visual observation of P. infestans sporangia with detection of P. 
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infestans DNA using a Burkard volumetric spore trap. The Burkard spore trap was deployed 

adjacent to a rotorod-style impaction trap in Ontario County in 2013 and sampled during two 

periods. Both traps were directly adjacent to an approximately 0.25 acre non-sprayed late blight-

susceptible tomato research plot which was scouted twice weekly for late blight. During the first 

sampling period, from July 12 to August 10, P. infestans sporangia were observed 

microscopically on 27 out of 30 sampling dates beginning on July 13. During that time each 24-

hour sampling period averaged 24 sporangia or 72 to 96 sporangia every three to four days, 

which was the frequency of spore rod collection. During this sampling period P. infestans DNA 

was detected in one out of nine rotorod-style spore samples. The fact that P. infestans was 

detected by both Burkard and roto-rod style traps over a month before late blight was found in 

the adjacent tomato plot reinforces that the presence of sporangia is not the only factor necessary 

for disease to develop. Sporangia must also be viable and the environment must be favorable, 

and it is possible that either or both of these conditions were not met during the gaps between P. 

infestans detection and late blight observation. 

 The higher sensitivity of the Burkard trap over the roto-rod style trap may be related to 

poor DNA extraction efficiency, as the roto-rod traps theoretically sampled more air than the 

Burkard traps. Poor extraction efficiency may also explain why 0.8 fg pure P. infestans DNA 

was consistently detected by the qPCR assay while only 100 sporangia were consistently 

detected. A single P. infestans sporangium should contain approximately 0.25 pg DNA based on 

a genome size of 240 Mb (Haas et al. 2009; Hospodsky et al. 2010), and should therefore be 

detectable by the qPCR assay used here. The discrepancy between theoretical and observed 

sporangia detection limits warrants further study. During the second Burkard sampling period, 

from August 26 to August 30, P. infestans sporangia were observed on five out of five sampling 
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dates, averaging 228 sporangia per 24-hour sampling period or 684 to 912 sporangia every three 

to four days, which was approximately ten times greater than the spore concentrations observed 

during the first Burkard sampling period. During this sampling period P. infestans DNA was 

detected in two out of two rotorod-style spore samples. The data collected using the Burkard 

spore trap support the rotorod-style DNA detection data by associating visual observation of 

sporangia with detection of P. infestans DNA and by associating an increase in the number of 

observed sporangia with an increase in P. infestans DNA detection. Our data indicate that the 

Burkard microscopic detection method is more sensitive than the roto-rod style qPCR detection 

method, but the time required for sample processing makes this approach unsuitable for wide-

scale adoption. The time required to collect and process samples is an important consideration 

for the practical applicability of these technologies for aiding in disease management. Both 

techniques would require daily sampling and sample processing to provide the most reliable and 

up-to-date information to growers. The roto-rod method allows for the processing of multiple 

samples simultaneously, while the Burkard method requires a minimum amount of time to 

process each sample and does not benefit from economy of scale. However, the number of roto-

rod samples that one individual is able to collect and process in one day is still relatively small. 

The economics of daily sampling presents a major hurdle in the practical implementation of 

either of the trapping methods used here for aiding in commercial-scale late blight management.  

  Phytophthora infestans DNA was detected during six out of seven location-seasons 

using impaction spore traps and qPCR. However, initial detection dates were not well associated 

with initial late blight symptom observation. As previously discussed, there are several factors 

that potentially contributed to the inconsistency in the spore trapping results. The stochastic 

nature of both spore deposition and subsequent infection on a susceptible host necessitate a more 
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precise understanding of optimal spore trap density and quantity relative to the size of the nearest 

host crop planting as they relate to the probability of predicting late blight symptom appearance. 

The limited number of traps used in this study does not appear to be adequate for providing 

sufficient data to inform late blight management decisions.   

 Spore trapping coupled with DNA detection has been used successfully to monitor 

inoculum in numerous pathosystems (Carisse et al. 2009; Duvivier et al. 2013; Falacy et al. 

2007; Gent et al. 2009; Klosterman et al. 2014; Schena et al. 2004; Thiessen et al. 2015; West et 

al. 2008). However, due to the factors described above including the unknown source of initial P. 

infestans inoculum, the unpredictable nature of initial P. infestans spore release, and the 

explosiveness of late blight epidemics within a field, the impaction trapping and qPCR assay 

described here, in its current form, does not appear to be a viable approach for informing late 

blight management decisions. Until a spore trapping method is optimized to deal with such 

issues the use of a decision support system like BlightPro (Small et al. 2015) would probably be 

a more reliable tool to inform fungicide applications in New York.  
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Table 2.S1. Spore trap samples and clean sampling rod extracts spiked with five concentrations of P. infestans DNA to test for PCR 

inhibition.  

 

 
Concentration of P. infestans DNA used to spike sample extracts 

 

0.1 pg/µl 

  

1 pg/µl 

 

10 pg/µl 

   

100 pg/µl 

  

1000 pg/µl 

  Sample
† 

Mean Cq
‡ 

Ontario Co. 9/12/14 31.76 A 

 

30.84 A 24.27 A 

  

19.84 A B 16.45 A B 

Ontario Co. 8/19/13 32.01 A B 30.45 A 24.29 A 

  

19.46 A B 16.00 A 

 Tompkins Co. 9/19/12 32.05 A B 30.85 A 24.87 A B C 20.29 

 

B 16.72 

 

B 

Ontario Co. 9/11/12 32.21 A B 30.86 A 24.57 A B 

 

19.96 A B 16.22 A B 

Ontario Co. 7/19/13 32.30 A B 30.94 A 25.19 C 

  

19.23 A 

 

16.19 A B 

Suffolk Co. 8/19/14 NA 

  

31.19 A 24.43 A B 

 

19.60 A B 16.31 A B 

Clean rods 8/5/13 32.64 

 

B 30.68 A 24.71 A B C 20.32 

 

B 16.37 A B 

Clean rods 9/18/14 32.23 A B 30.58 A 24.44 A B 

 

19.75 A B 16.32 A B 

Control standard curve 32.68 

 

B 30.71 A 24.95 B C 

 

20.07 A B 16.56 A B 
†
 All spore trap samples were negative for P. infestans prior to spiking with pure P. infestans DNA (isolate 122322), based on qPCR 

results. 
‡
 Cq values are the mean of two technical replicates. Means followed by the same letter are not significantly different (Tukey’s HSD, 

P<0.05). 
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Chapter 3 

 

SNP-based differentiation of Phytophthora infestans clonal lineages using locked nucleic 

acid probes and high resolution melt analysis 

Abstract 

 Phytophthora infestans, the cause of the devastating late blight disease of potato and 

tomato, exhibits a clonal reproductive lifestyle in the United States. Phenotypes such as 

fungicide sensitivity and host preference are conserved among individuals within clonal lineages, 

while substantial phenotypic differences can exist between lineages. Whole P. infestans genomes 

were aligned and single nucleotide polymorphisms (SNPs) identified as targets for the 

development of clonal lineage specific molecular diagnostic tools. Informative SNPs were used 

to develop high-resolution melt (HRM) assays and locked nucleic acid (LNA) probes to 

differentiate lineage US-23, the predominant lineage in the Eastern US for the past several years, 

from three other US lineages. Three different primer pairs targeting one to three SNPs were 

capable of separating lineage US-23 from lineages US-8, US-11, and US-24 using HRM 

analysis. A fourth HRM primer pair targeted a highly variable genomic region containing nine 

polymorphisms within 63 base pairs. These primers separated US-23, US-11, and US-8 plus US-

24 into three separate groups following HRM analysis, but did not separate US-8 from US-24. 

Additionally, two LNA probes were designed to target a portion of the P. infestans genome 

containing two SNPs diagnostic for US-23. A single multiplex quantitative PCR assay 

containing both differentially-labeled LNA probes differentiated individuals belonging to lineage 

US-23 from those belonging to US-8, US-11, and US-24. 
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Introduction 

 Late blight, caused by Phytophthora infestans, has been an economically important 

disease of potato since at least the mid nineteenth century when it destroyed Irish potato crops, 

and continues to be a major constraint on potato and tomato production (Fry et al., 2015; 

Haverkort et al., 2008; Turner, 2005). Our ability to effectively manage the disease is dependent 

on our knowledge of certain fundamental pathogen characteristics, such as host preference and 

fungicide sensitivity. Phytophthora infestans is a heterothallic oomycete, thus individuals 

belonging to two different mating types (A1 and A2) must come in contact for sexual 

reproduction to occur (Flier et al., 2001). In the United States, P. infestans has remained asexual 

since it was first reported in the nineteenth century, with the exception of two ephemerally sexual 

populations in the Northwest in 1993 (Gavino et al., 2000) and the Northeast in 2010 and 2011 

(Danies et al., 2014). Populations of P. infestans observed in a given year in the United States are 

typically made up of one or more clonal lineages, which are comprised of clonal descendants of 

one common ancestor. Occasionally, novel lineages are thought to migrate from asexual or 

sexual populations elsewhere such as Mexico that can admix with or displace currently existing 

lineages (Goodwin et al., 1994a; Goss et al., 2014). Following the introduction of a novel 

genotype, clonal lineages proliferate through asexual reproduction and are dispersed by wind-

blown sporangia or movement of infected plant tissue. Some lineages, like US-1, persist for 

decades or even centuries (Goodwin et al., 1994b). Others, like US-22, are relatively short-lived 

and are observed for a few years or less (Fry et al., 2013).  

 It is well-documented that P. infestans individuals belonging to a clonal lineage tend to 

share phenotypic characteristics, such as fungicide sensitivity and host preference, while 

individuals from different lineages can vary greatly in such characteristics (Danies et al., 2013; 
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Hu et al., 2012; Legard et al., 1995). For example, lineages US-8 and US-11 were found to have 

resistance to the widely-used phenylamide fungicide mefenoxam, whereas lineages US-23 and 

US-24 are currently sensitive (Danies et al., 2013; Goodwin et al., 1998). Lineages also vary 

with regard to host preference, as US-11 and US-23 are both aggressive pathogens of potato and 

tomato, whereas US-8 and US-24 are much more aggressive on potato than tomato (Danies et al., 

2013; Fry and Goodwin, 1997; Fry et al., 2013). For this reason, knowledge about the identity of 

a given isolate’s lineage has direct disease management implications. 

 Decreasing sequencing costs now make it feasible to sequence and align multiple 

genomes to identify informative SNPs, which can be used as the basis for molecular diagnostic 

assays. SNP-based assays offer an additional tool to add to other molecular diagnostic assays, 

such as simple sequence repeat (SSR) analysis, which is currently used for P. infestans lineage 

genotyping (Hu et al., 2012; Lees et al., 2006). Simple sequence repeat analysis has the distinct 

advantage over SNP-based diagnostic assays of being able to identify novel alleles, whereas 

SNP-based diagnostic assays typically only apply to specific, known alleles. However, SSR 

analysis can be less accessible and therefore less feasible for broad scale adoption by diagnostic 

laboratories. 

 High-resolution melt (HRM) analysis is a technique which is capable of differentiating 

genotypes based on the presence of SNPs. HRM takes advantage of differential melting 

temperatures (Tm) between the bonds formed by nucleotides in double-stranded DNA. 

Following amplification of target double-stranded DNA using qPCR, double-stranded DNA is 

melted into single-stranded DNA by increasing the temperature in 0.2°C increments. These small 

increments allow for the detection of small differences in Tm which correspond to 

polymorphisms in the amplified target DNA (Reed et al., 2007). High resolution melt analysis 
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has been used to discriminate between fungicide sensitive and resistant isolates of the white mold 

pathogen Sclerotinia sclerotiorum (Lehner et al., 2015), as well as the closely-related hop and 

cucurbit downy mildew pathogens Pseudoperonospora humuli and P. cubensis (Summers et al., 

2015). 

 Locked nucleic acids (LNAs) are another technology capable of differentiating genotypes 

based on SNPs. LNAs have unique chemical properties that, when incorporated into DNA 

probes, increase the stability of the resulting DNA duplex when bound to the complementary 

target sequence. This makes LNA probes highly sensitive to mismatch pairing, and therefore 

capable of specific genotypic discrimination based on as few as one SNP (Braasch and Corey, 

2001; Johnson et al., 2004; Koshkin et al., 1998). For identification of multiple genotypes in a 

single multiplex reaction, allele-specific probes can be labeled with different reporter dyes, 

allowing for the rapid identification of genotypes following qPCR. LNA probes have been used 

in diagnostics for Meloidogyne enterolobii, a quarantined root-knot nematode (Kiewnick et al., 

2015). They have also been used for differentiating the aforementioned downy mildew 

pathogens P. humuli and P. cubensis (Summers et al., 2015).   

 The goal of this study was to develop methods for differentiating the currently-

predominant clonal lineage of P. infestans from other recently-important US lineages. Two 

methods were employed to achieve this. The first method utilized HRM analysis to differentiate 

US-23 from US-8, US-11, and US-24. Four HRM primer pairs were designed to differentiate 

lineages by targeting four separate genomic regions containing one, two, three, and nine 

polymorphisms. The second method utilized two differentially-labeled LNA probes to 

differentiate lineage US-23 from three other recently-important lineages (US-8, US-11, and US-

24) in a multiplex quantitative PCR (qPCR) reaction.  
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Materials and Methods  

Genome mining for informative loci 

 We mined genomes of Phytophthora bioinformatically to find diagnostic, polymorphic 

loci using the previously-published strains T30-4 (“Phytophthora infestans Sequencing Project, 

Broad Institute of Harvard and MIT,” n.d.), PIC99189 and 90128 (Raffaele et al., 2010), 13_a2 

(Cooke et al., 2012), DDR7602, LBUS5, NL0743, P1362, P6096, P10127, P10650, P11633, 

P12204, P13527, P13626, and P17777 (Yoshida et al., 2013), and RS2009P1_us8, 

IN2009T1_us22, and BL2009P4_us23 (Martin et al., 2013). One strain of Phytophthora 

mirabilis was also included (Yoshida et al., 2013). Genomes of United States (US) clonal 

lineages (isolates 1306_1, 1306_2, 1306_3, Pi-11-006, Pi-11-007, Pi-11-016, Pi-11-017, and Pi-

11-019) were also resequenced at UC-Riverside using paired-end 50 bp Illumina sequencing. 

Libraries were prepared using a Paired End DNA Sample Prep Kit (Illumina, San Diego, CA) 

following the manufacturer's instructions. Libraries were then sequenced to an average depth of 

27-fold using an Illumina HiSeq 2000. Base calling and quality filtering were done using the 

CASAVA 1.8.2 pipeline (Illumina). 

 The T30-4 P. infestans genome was used as a reference (Haas et al., 2009) to map reads 

using bowtie2 (Langmead and Salzberg, 2012). Variants were called using SAMtools (Li et al., 

2009), and the resulting VCF files (Danecek et al. 2011) were filtered on the first and third 

quartile of depth (DP), and a mapping quality (MQ) between 20 and 50 using custom R scripts 

(https://github.com/knausb/vcfR). Custom R scripts were used to identify variants which were 

homozygous in all samples but segregated for each US lineage and could be diagnostic loci for 

HRM and LNA assays. 
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 To extract the genomic regions that contain diagnostic variants for each of the clonal 

lineages, the GATK FastaAlternateReferenceMaker tool (McKenna et al., 2010) was used. The 

regions extracted contained 500 bp upstream and downstream of the variant site for all samples 

to allow for the design of HRM primers, LNA probes and flanking primers. In the case where 

more than one variant was found within this 1 kb region, the region was redefined as a region of 

500 bp upstream of the first variant (or the maximum possible in the case where the variant was 

in proximity with the start of a supercontig) and 500 bp downstream of the last variant (or the 

maximum possible in case the variant was close to the end of a supercontig). Each of the 

polymorphic loci found represented candidate diagnostic loci.   

 

P. infestans isolates used for diagnostic assays 

 Isolates were originally collected between 2008 and 2013 from across the United States 

and Canada (Table 3.1) and sent to the Fry lab for isolation and identification. Clonal lineages 

were previously determined in the Fry laboratory by microsatellite analysis (Fry et al., 2015; 

Lees et al., 2006). Isolates included ten individuals from each of four United States clonal 

lineages (US-8, US-11, US-23, and US-24, n=40). Isolates were maintained in long-term storage 

in vials containing rye B agar (Caten and Jinks, 1968). During short-term use isolates were 

maintained on pea agar (Jaime-Garcia et al., 2000). Isolates were grown in pea broth  (Goodwin 

et al., 1992) at 16°C for five to ten days to obtain mycelia for DNA extractions. Mycelia were 

filtered from the broth, collected and stored at -20°C prior to extracting DNA. Extractions were 

done using a DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s instructions. 
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Table 3.1. Phytophthora infestans isolates used in high resolution melt and locked nucleic acid 

tests. 

Isolate code Clonal 

lineage 

Collection 

year 

Collection source
a 

Host 

0882
b 

US-8 2008 unknown unknown 

0982
b
 US-8 2009 Wyoming Co, NY potato 

1083 US-8 2010 Shelburne, ON, Canada potato 

1084 US-8 2010 Shelburne, ON, Canada potato 

1087 US-8 2010 Wayne Co, NY potato 

1181 US-8 2011 Erie Co, PA potato 

1183 US-8 2011 Pasco, WA potato 

1185
b
 US-8 2011 Othello, WA potato 

1281
b
 US-8 2012 Painter, VA potato 

1381
b
 US-8 2013 Erie Co, PA potato 

11111
b
 US-11 2011 Oneida Co, NY tomato 

11112 US-11 2011 San Joaquin Co, CA tomato 

11114
b
 US-11 2011 Corvallis, OR tomato 

11115
b
 US-11 2011 San Joaquin Co, CA tomato 

11116 US-11 2011 Linn Co, OR tomato 

11117 US-11 2011 Linn Co, OR tomato 

11118 US-11 2011 Linn Co, OR tomato 

12112
b
 US-11 2012 Collier Co, FL tomato 

12114
b
 US-11 2012 Skagit Co, WA tomato 

12116 US-11 2012 Skagit Co, WA tomato 

12232
b
 US-23 2012 Jupiter, FL tomato 

1237 US-23 2012 Waukesha Co, WI tomato 

112317
b
 US-23 2011 Berks Co, PA tomato 

112322 US-23 2011 Bedford, PA tomato 

122312
b
 US-23 2012 Suffolk Co, NY tomato 

122322
b
 US-23 2012 Columbia Co, NY tomato 

122329 US-23 2012 Morris Co, NJ tomato 

12237 US-23 2012 Belvidere, NC tomato 

132317 US-23 2013 Lancaster Co, PA tomato 

132348
b
 US-23 2013 Miami Co, IN tomato 

11241
b
 US-24 2011 North Dakota potato 

1249
b
 US-24 2011 North Dakota potato 

1273
b
 US-24 2011 Freeville, NY potato 

1250
b
 US-24 2011 Corvallis, OR tomato 

1339 US-24 2011 George Co, WA potato 

1345 US-24 2010 Montana potato 

1265
b
 US-24 2011 Freeville, NY potato 

1246 US-24 2011 North Dakota potato 

1247 US-24 2011 Caribou, ME potato 

1219 US-24 2011 Hoople, ND unknown 
a
 Isolates are stored in the laboratory of William Fry, Cornell University. 

b 
Isolates were sequenced for each of the diagnostic regions to verify the presence of diagnostic 

SNPs. 
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High resolution melt (HRM) primer design and reaction information  

 Following genome mining for informative loci, four polymorphic regions were chosen as 

targets for the design of HRM primers. The four regions, named region 86, 87, 88, and 92, were 

selected for the presence of informative polymorphisms that would distinguish US-23 genotypes 

from non-US-23 genotypes. The close proximity of the polymorphisms was a prerequisite for 

HRM primer targets due to the need for HRM amplicons to be relatively short (≤110 bp). Primer 

pairs (Table 3.2) were designed using Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Each primer pair was tested with the 40 

isolates listed in Table 3.1 including ten isolates from each of four clonal lineages.  

 All HRM and LNA qPCR assays were designed to meet the requirements of minimum 

information for publication of quantitative real-time experiments (MIQE guidelines, Bustin et al., 

2009). Polymerase chain reaction was done using a BioRad CFX96 C1000 Touch thermal cycler 

(Bio-Rad, Hercules, CA). Samples were run in 96-well white Multiplate PCR plates and sealed 

with Microseal ‘B’ seals (BioRad). Each reaction consisted of 10 µl Precision Melt Supermix 

(Bio-Rad), 1 µM forward and reverse primers (Integrated DNA Technologies, Coralville, IA), 

and 2 ng template DNA brought to a final volume of 20 µl. Reactions were held at 95°C for 2 

min, followed by 45 cycles of 95°C for 10 s and 62°C for 30 s with fluorescence measured after 

each 62°C step. Following PCR target amplification, products were melted with the following 

program: 95°C for 30 s, 62°C for 1 min, and then 62°C for 10 s increasing to 95°C in 0.2°C 

increments with fluorescence measured after each temperature increase. A control lacking 

template was included in each qPCR run. Cycle threshold (Cq) values were determined using 
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Table 3.2. High resolution melt primers for differentiating P. infestans clonal lineage US-23. 

Primer 

pair 

Primer sequence Region SNP location  

(# of SNPs in 

target 

region)
a 

Amplicon 

size (bp) 

Lineage 

groupings 

Rgn86_1 Rgn86_1F: (5’- TTGCTGGATGGAGCTCGGAC-3’) 

Rgn86_1R: (5’- GGCAGTCACCGTGCGT -3’) 

Region 86 599, 602 (2) 72 (US-23) 

(US-8, US-11, 

US-24) 

Rgn87_1 Rgn87_1F: (5’- GGAGGTCAGTGGAAACGGAA -3’) 

Rgn87_1R: (5’- GACGCTCGGTACAGTATCTGG -3’) 

Region 87 501 (1) 63 (US-23) 

(US-11) 

(US-8, US-24) 

Rgn88_1 Rgn88_1F: (5’- TGGACGCTATCATCCGACAG -3’) 

Rgn88_1R: (5’- GTCCACTTGACTGGACGTGT -3’) 

Region 88 501 (1) 60 (US-23) 

(US-8, US-11, 

US-24) 

Rgn92_1 Rgn92_1F: (5’- GCCCACGAACGTTATCTATTTCT-3’) 

Rgn92_1R: (5’- ACTTAGCGTCCAAGTCAATGC-3’) 

Region 92 501, 525, 552 

(3) 

110 (US-23) 

(US-8, US-11, 

US-24) 
a
 Number of SNPs in target region was based on the results from genome mining following multiple sequence alignments.
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Bio-Rad CFX Manager software (version 3.0).  

  

HRM analysis 

 High-resolution melt analysis was done using Bio-Rad Precision Melt Analysis software 

version 1.2. Melt regions were automatically detected using the melt analysis software. For 

primers targeting regions 86 and 92 (primers Rgn86_1 and Rgn92_1) the default settings were 

used for cluster detection (temperature shift bar height: 0.20; melt curve shape sensitivity: 50; 

Tm difference threshold: 0.15). For primers targeting region 87 (primers Rgn87_1), shape 

sensitivity was adjusted from 50 to 37 and the Tm difference threshold was adjusted from 0.15 to 

0.45 to achieve lineage separation. For primers targeting region 88 (primers Rgn88_1), the Tm 

difference threshold was adjusted from 0.15 to 0.1 to achieve lineage separation.  

 

Sequencing diagnostic regions  

 Five isolates of each clonal lineage (n=20) were sequenced bi-directionally to verify the 

presence of SNPs in each diagnostic region (region 86, region 87, region 88, and region 92). 

Primers were designed to amplify a larger (approximately 400 – 800 bp) section of the region 

containing the SNP because of the difficulty associated with sequencing small (approximately 60 

bp) HRM products (Table 3.3). One primer pair per diagnostic region was designed using 

Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/, Table 3.3). Isolates chosen for 

sequencing are indicated in Table 3.1, and 250 bp sequences representing each lineage-by-region 

genotype were deposited in GenBank under accession numbers KT966883 - KT966900.   

 PCR reactions were carried out in 50 µl volumes containing 10 µl 5X green GoTaq 

reaction buffer (Promega, Fitchburg, WI), 1.25 U GoTaq DNA polymerase (Promega), 200 µM 



 

76 

dNTPs, 400 nM of each forward and reverse primer, and 4 ng template DNA. PCR was done 

using a Bio-Rad C1000 Touch thermal cycler with the following reaction conditions: initial 

denaturation of 95°C for 3 min followed by 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C 

for 1 min. Reactions were held at 72°C for 10 min for a final extension. PCR products were 

verified by gel electrophoresis prior to submission to the Cornell Institute for Biotechnology for 

sequencing. Sequences of each region were aligned using MEGA6 (Tamura et al., 2013) to 

verify the presence of each diagnostic SNP. 

 Further analysis was done on Region 87 to determine the cause of unexpected HRM and 

sequencing results. Rgn87L_1 PCR products amplified from one US-8, US-11, US-23, and US-

24 isolate were cloned using a TOPO TA Cloning Kit for Sequencing according to 

manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific, Waltham, MA). Competent 

Escherichia coli cells were transformed using a Mix & Go E. coli Transformation Kit according 

to manufacturer’s instructions (Zymo Research, Irvine, CA). Successful transformation was 

verified by colony PCR using primers T3 and T7 (TOPO TA Cloning Kit, Invitrogen) and the 

PCR protocol for sequencing previously described. Cloned PCR products were sequenced as 

previously described, and sequences were aligned using MEGA6 to determine genotypic 

differences among P. infestans lineages within Region 87. 

 

Locked nucleic acid (LNA) probe and flanking primer design 

 The same polymorphisms targeted by the Rgn86_1 HRM primers, located in region 86, 

were chosen as targets for LNA probes. Region 86 was chosen because of the presence of two 

polymorphisms within four base pairs of each other which could be incorporated into the 

relatively short (eleven bp) probe sequences. The probes were designed to distinguish between 
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Table 3.3. Primers used to amplify each diagnostic region for sequencing. 

Primer pair Primer sequence Region Amplicon size (bp) 

Rgn86L_1 Rgn86L_1F: (5’- ACAACCAAAAGGTGACGTGT -3’) 

Rgn86L_1R: (5’- GCAAGTACAAGGCCCAGACA -3’) 

region 86 821 

Rgn87L_1 Rgn87L_1F: (5’- GAGGTATACCGCAAGCCGAA -3’) 

Rgn87L_1R: (5’- TCGGCATCAACCAAGGTCTC -3’) 

region 87 413 

Rgn88L_1 Rgn88L_1F: (5’- TCGAAAGATTTCCGCGCTCA -3’) 

Rgn88L_1R: (5’- ACTCTGCGGCAAATACACGA -3’) 

region 88 381 

Rgn92L_1 Rgn92L_1F: (5’- TTCCCCTCTTTGTCGTCACAAT -3’) 

Rgn92L_1R: (5’- TTGTTGCCCTTCTCCACGGT -3’) 

region 92 406 
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clonal lineage US-23 and non-US-23 lineages in a multiplex qPCR reaction. Probes were 

designed by Integrated DNA Technologies. The first probe (PiLNA86PRhx), labeled with HEX 

at the 5’ end, was designed to be specific for US-23 alleles at the two SNP locations (Table 3.4). 

The second probe (PiLNA86PRfm), labeled with FAM at the 5’ end, was designed to be specific 

for non-US-23 alleles at the two SNP locations (Table 3.4). Both probes included Iowa Black FQ 

quencher at the 3’ end. Flanking primers (PiLNA_2F and PiLNA_2R) designed to amplify a 231 

bp section of region 86 containing the two diagnostic SNPs, were designed using Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/, Table 3.4). 

 

Table 3.4. Locked nucleic acid probes and flanking primers for differentiating US-23 from non-

US-23 isolates.  

LNA probe Sequence 

PiLNA86PRhx 5HEX/CGT +C +GC +C GAGA/3IaBkFQ 

PiLNA86PRfm 56FAM/CG+T +T +GC +T +GAGA/3IaBkFQ 

Flanking primer
a  

PiLNA86_2F 5’ – TGCCCCAGTGGACAACAAAG – 3’ 

PiLNA86_2R 5’ – CATCCTGGTCCCAACCAACA – 3’ 
a
 Flanking primers amplify a 231 bp section of region 86. 

 

LNA assay and optimization 

 LNA reactions were run in 96-well white Multiplate PCR plates (Biorad) and sealed with 

Microseal ‘B’ seals (BioRad). Reactions were carried out in 20 µl volumes containing 10 µl iQ 

supermix (1X final concentration, Bio-Rad), 500 nM of each forward and reverse flanking 

primer, 250 nM of each LNA probe (PiLNA86PRfm and PiLNA86PRhx), and 3 ng template 

DNA (3 µl of template DNA at 1 ng/µl, unless otherwise noted). Several LNA reactions were 

run at varying annealing temperatures to optimize the reaction for lineage separation. Six 

annealing temperatures were tested, ranging from 60.0°C to 67.0°C. In each test of optimal 

annealing temperature, one isolate from each clonal lineage was tested, along with a control 
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which lacked template. LNA reactions used a Bio-Rad CFX96 C1000 Touch thermal cycler and 

the following reaction conditions: initial denaturation of 95.0°C for 3 min followed by 35 cycles 

of 95.0°C for 10 s and 65.8°C (or varied annealing temperatures during optimization tests) for 45 

s with fluorescence measured after each 65.8°C step. Each qPCR run included a control which 

lacked template. Cq values were determined using BioRad CFX Manager software (version 3.0).  

  

LNA probe sensitivity and specificity  

Lineage specificity 

 Following reaction optimization, LNA probes were tested for lineage specificity with five 

isolates from each of four lineages (US-8, US-11, US-23, and US-24 (n=20), Table 3.5. Each 

isolate was tested in a separate reaction as previously described.  

 In addition to specificity, assay sensitivity was determined by running 10-fold dilution 

series of P. infestans DNA from 3000 pg per reaction to 0.3 pg per reaction. Three US-23 

dilution series were tested (isolates 122312, 122322, and 122329) along with three non-US-23 

isolates (1087 (US-8), 13111 (US-11), and 1339 (US-24)). The limit of detection was defined as 

the lowest concentration of template DNA that still resulted in detection by the target probe. 

Standard curves for each probe were generated using Microsoft Excel (Microsoft, Redmond, 

WA).  

 Mixed-lineage reactions were also done at varying DNA concentrations to determine the 

effect on each LNA probe’s ability to separate lineages. A total of three, two-lineage 

combinations were tested (US-23 + US-8, US-23 + US-11, US-23 + US-24), each at eight DNA 

concentration combinations (Table 3.6). Reaction mixes were prepared as previously described, 

with the exception of 6 µl template DNA (3 µl US-23 DNA (variable concentration), 3 µl non-
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US-23 DNA (variable concentration)) being added to each reaction well. 

 The LNA assay was independently tested in Corvallis, OR using nine isolates of P. 

infestans representing four lineages. Isolates included two individuals from each of the US-8, 

US-11, US-23, and US-24 lineages, along with an additional strain (T30-4) which has served as a 

reference strain in numerous other studies (Table 3.5). The LNA assay was conducted as 

previously described.  

 

Results  

 

Genome mining for informative loci 

 From a panel of 28 isolates, a total of 407,014 variants were called.  From these, 246 

homozygous variants which were diagnostic for US clonal lineages were observed. Among 

those, 43 SNPs were putatively diagnostic for lineage US-23. Four regions within 

supercontig_1.21 (named 86, 87, 88 and 92), each containing at least one US-23 diagnostic SNP, 

were chosen for the development of lineage-diagnostic assays. Region 86 had two 

polymorphisms diagnostic for US-23: two T  C substitutions at positions 876,626 and 876,629. 

This portion of supercontig_1.21 includes the gene PITG_11903 (conserved hypothetical 

protein). Region 87 had one polymorphism diagnostic for US-23: a G  A substitution at 

position 882,228. This portion of supercontig_1.21 did not align with any known annotated gene 

sequences when searched against the BLAST nr database, the Broad Institute Phytophthora 

infestans genome 
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Table 3.5. Differentiation of P. infestans clonal lineages following a multiplex qPCR run with 

two differentially-labeled LNA probes. The HEX-labeled probe (PiLNA86PRhx) specifically 

anneals to the US-23 target sequence due to two SNPs located within the region 86 portion 

(PITG 11903 gene) of supercontig_1.21. The FAM-labeled probe (PiLNA86PRfm) specifically 

anneals to the non-US-23 target sequence containing the alternate alleles at the two SNP loci. 

Isolate Lineage Fluorophore Cq Fluorophore Cq 

112322 US-23 HEX 24.29 FAM N/A 

122312 US-23 HEX 23.71 FAM N/A 

122322 US-23 HEX 23.24 FAM N/A 

122329 US-23 HEX 23.33 FAM N/A 

132317 US-23 HEX 24.08 FAM N/A 

0982 US-8 HEX N/A FAM 22.62 

1083 US-8 HEX N/A FAM 21.83 

1087 US-8 HEX N/A FAM 23.05 

1185 US-8 HEX N/A FAM 22.76 

1381 US-8 HEX N/A FAM 22.79 

11111 US-11 HEX N/A FAM 21.55 

11114 US-11 HEX N/A FAM 20.45 

11115 US-11 HEX N/A FAM 19.28 

11117 US-11 HEX N/A FAM 21.65 

13111 US-11 HEX N/A FAM 23.55 

1249 US-24 HEX N/A FAM 23.59 

1250 US-24 HEX N/A FAM 22.62 

1273 US-24 HEX N/A FAM 22.42 

1339 US-24 HEX N/A FAM 23.38 

1345 US-24 HEX N/A FAM 23.19 

US110047
a 

US-23 HEX + FAM - 

MN-10-1
a 

US-23 HEX + FAM - 

US100024
a 

US-8 HEX - FAM + 

CA-10-1
a 

US-8 HEX - FAM + 

US110160
a 

US-11 HEX - FAM + 

AK-10-1
a 

US-11 HEX - FAM + 

US100059
a 

US-24 HEX - FAM + 

ND-10-1
a 

US-24 HEX - FAM + 

T-30-4
a 

NA HEX - FAM + 
a
 Isolates were independently tested at USDA ARS HCRL, Corvallis, OR. Only qualitative data 

were reported for these tests.
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Table 3.6. Limit of detection of the multiplex LNA probe assay and threshold cycles (Cq) values 

for mixed-lineage samples run at varying DNA concentrations.  

Quantity of Phytophthora infestans template 

DNA 

Cq ± standard deviation
a 

US-23 lineage non-US-23 lineage
b
 HEX fluorophore FAM fluorophore 

3000 pg none 22.71 ± 0.24  nd
c
 

300 pg none 26.24 ± 0.21 nd 

30 pg none 29.50 ± 0.22 nd 

3 pg none 33.16 ± 0.46 nd 

none 3000 pg nd 21.73 ± 0.59 

none 300 pg nd 24.97 ± 0.57 

none 30 pg nd 28.80 ± 0.23 

none 3 pg nd 31.94 ± 1.00 

3000 pg 3000 pg 21.46 ± 0.20 21.59 ± 0.25 

300 pg 300 pg 24.98 ± 0.98 25.28 ± 0.17 

30 pg 30 pg 28.67 ± 0.10 29.11 ± 0.25 

3 pg 3 pg 32.38 ± 0.73 32.85 ± 0.28 

3000 pg 30 pg 21.58 ± 0.51 nd 

300 pg 30 pg 25.23 ± 0.54 nd 

30 pg 3000 pg nd 21.46 ± 0.22 

30 pg 300 pg nd 24.82 ± 0.63 
a
 Values are the mean of three biological replicates. 

b 
Non-US-23 lineages included one isolate of each US-8, US-11, and US-24 lineages. Isolates 

were tested independently and together represented three biological replicates of non-US-23 

isolates. 
c
 Not detected. 

 

 (http://www.broadinstitute.org/annotation/genome/phytophthora_infestans/MultiHome.html), 

and FungiDB (Stajich et al., 2012). Region 88 had one polymorphism diagnostic for US-23: a C 

 T substitution at position 883,272. This portion of supercontig_1.21 also did not align with 

any known annotated gene sequences when searched against the previously-mentioned 

databases. Region 92 had three polymorphisms diagnostic for US-23: a T  C substitution at 

position 933,678; a C  T substitution at position 933,702; and a C  T substitution at position 

933,729. This portion of supercontig_1.21 includes the gene PITG_11913 (heat shock cognate 

70kDa protein).  

 

High resolution melt analysis 
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Primers Rgn86_1 HRM 

 Primers Rgn86_1 were designed to amplify a 72 bp sequence of region 86. This region of 

the P. infestans genome contained two US-23 diagnostic SNPs based on results from genome 

mining for informative loci. Using Bio-Rad Precision Melt Analysis software and default 

settings for cluster detection, these primers differentiated all ten US-23 isolates from all thirty 

non-US-23 isolates (US-8, n=10; US-11; n=10; US-24, n=10, Figure 3.1). The average melt 

temperature for US-23 isolates was 85.5°C. The average melt temperature for non-US-23 isolates 

was 84.6°C (Table 3.7).  

 We also checked the sequence of the region amplified in this HRM assay by amplifying 

the region using primer pair Rgn86L_1, which generates a 821 bp sequence containing the HRM 

amplicon. Five isolates from each of the four lineages (n=20) were sequenced bi-directionally to 

verify the presence of diagnostic SNPs. Following sequence alignment, both SNPs were present 

in the expected locations for all twenty isolates. Besides the two expected SNPs, all twenty 

genotypes were identical for the region 86 HRM amplicon (GenBank accession numbers 

KT966883 – KT966886). 

 

Primers Rgn87_1 HRM 

 Primers Rgn87_1 were designed to amplify a 63 bp sequence of region 87. This region of 

the P. infestans genome contained one US-23 diagnostic SNP based on results from genome 

mining for informative loci. Using Bio-Rad Precision Melt Analysis software and manual 

adjustments for cluster detection, these primers generated three clusters following HRM analysis 

(cluster 1: US-8 (n=10) and US-24 (n=10); cluster 2: US-11 (n=10); cluster 3: US-23 (n=10)).
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Figure 3.1. Phytophthora infestans clonal lineage differentiation following high resolution melt 

analysis. A. Primers Rgn86_1 separate US-23 genotypes (green bands) from US-8, US-11, and 

US-24 genotypes (red bands) based on two polymorphisms. B. Primers Rgn87_1 separate US-23 

genotypes (blue bands) from US-8 and US-24 genotypes (red bands), and US-11 genotypes 

(green bands) based on nine polymorphisms. C. Primers Rgn88_1 separate US-23 genotypes 

(green bands) from US-8, US-11, and US-24 genotypes (red bands) based on one polymorphism. 

D. Primers Rgn92_1 separate US-23 genotypes (green bands) from US-8, US-11, and US-24 

genotypes (red bands) based on three polymorphisms. Left panel: normalized melt curves with 

vertical bars indicating pre-melt range (left, green bar) and post-melt range (right, red bar). Right 

panel: difference curves.
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Table 3.7. Average melting temperature of each HRM amplicon by clonal lineage. 

 Phytophthora infestans clonal lineage 

Average melting temperature ± one standard deviation 

HRM primer pair US-23 US-11 US-8 US-24 

Rgn86_1 85.5°C ± 0.1
a 

84.6°C ± 0.0 84.6°C ± 0.0 84.6°C ± 0.1 

Rgn87_1 77.2°C ± 0.0 76.6°C ± 0.1 76.9°C ± 0.2 76.7°C ± 0.1 

Rgn88_1 81.8°C ± 0.0 82.0°C ± 0.1 82.0°C ± 0.1 82.0°C ± 0.0 

Rgn92_1 85.3°C ± 0.1 86.0°C ± 0.1 86.0°C ± 0.0 86.0°C ± 0.2 
a
 Each value represents the mean of ten biological replicates. 

 

 The average melt temperature for US-23 isolates was 77.2°C. The average melt 

temperature for US-8 and US-24 isolates was 76.8°C.  The average melt temperature for US-11 

isolates was 76.6°C (Table 3.7). 

 We also checked the sequence of the region amplified in this HRM assay by amplifying 

the region using primer pair Rgn87L_1, which generates a 413 bp sequence containing the HRM 

amplicon. Five isolates from each of the four lineages (n=20) were sequenced bi-directionally to 

verify the presence of diagnostic SNPs. Following sequence alignment, the known US-23 

diagnostic SNP was present in the expected location. However, there was also an unexpected two 

bp deletion in non-US-23 isolates four bp away from the known SNP, and within the HRM 

amplicon (Figure 3.2). Some of the sequence files for non-US-23 isolates showed double peaks 

immediately following the location of the two bp deletion in both the forward and reverse 

directions. This indicated that these isolates were likely heterozygous for the two bp deletion.  

 In order to definitively understand the basis for the unexpected Rgn87_1 HRM results, 

Rgn87L_1 PCR products amplified from one US-8, US-11, US-23, and US-24 isolate were 

cloned into a vector, and two successfully transformed E. coli colonies from each isolate were 

sequenced to determine the genotype of each lineage (GenBank accession numbers KT966887 - 

KT966892). Following cloning, sequencing alignments revealed nine polymorphisms among the 

four clonal lineages within the 63 bp HRM amplicon. A heterozygous two bp deletion was
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Figure 3.2. Sequencing alignments following cloning of the HRM target portion of Region 87. I 

and II. US-24 contained two heterozygous SNPs, one of which was located within the forward 

primer sequence. III. The US-23 diagnostic SNP originally identified through genome mining. 

IV. A two bp deletion, heterozygous in US-8 and US-24 individuals and homozygous in the US-

11 individual. 

 

identified in both US-24 and US-8 individuals. The US-11 individual was homozygous for this 

two bp deletion, while the US-23 individual was homozygous GC at this locus. Additionally, the 

US-24 individual showed two heterozygous SNPs within the HRM amplicon. The US-23 

diagnostic SNP identified by genome mining was present in the expected location (Figure 3.2). 

 

Primers Rgn88_1 HRM 

 Primers Rgn88_1 were designed to amplify a 60 bp sequence of region 88. This region of 

the P. infestans genome contained one US-23 diagnostic SNP based on results from genome 

mining for informative loci. Using Bio-Rad Precision Melt Analysis software and manual 

adjustments for cluster detection, these primers differentiated all ten US-23 isolates from all 

thirty non-US-23 isolates (US-8, n=10; US-11; n=10; US-24, n=10, Figure 3.1). The average 

melt temperature for US-23 isolates was 81.8°C. The average melt temperature for non-US-23 

isolates was 82.0°C (Table 3.7). The controls lacking template failed to produce an amplification 

curve in any of the HRM qPCR runs.  

 We also checked the sequence of the region amplified in this HRM assay by amplifying 

the region using primer pair Rgn88L_1, which generates a 381 bp sequence containing the HRM 
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amplicon. Five isolates from each of the four lineages (n=20) were sequenced bi-directionally to 

verify the presence of diagnostic SNPs. Following sequence alignment, the SNP was present in 

the expected location for all twenty isolates. Besides the expected SNP, all twenty genotypes 

were identical for the region 88 HRM amplicon (GenBank accession numbers KT966893 – 

KT966896). 

 

Primers Rgn92_1 HRM 

 Primers Rgn92_1 were designed to amplify a 110 bp sequence of region 92. This region 

of the P. infestans genome contained three US-23 diagnostic SNPs based on results from genome 

mining for informative loci. Using Bio-Rad Precision Melt Analysis software and default 

settings for cluster detection, these primers differentiated all ten US-23 isolates from all thirty 

non-US-23 isolates (US-8, n=10; US-11; n=10; US-24, n=10, Figure 3.1). The average melt 

temperature for US-23 isolates was 85.3°C. The average melt temperature for non-US-23 isolates 

was 86.0°C (Table 3.7).  

 We also checked the sequence of the region amplified in this HRM assay by amplifying 

the region using primer pair Rgn92L_1, which generates a 406 bp sequence containing the HRM 

amplicon. Five isolates from each of the four lineages (n=20) were sequenced bi-directionally to 

verify the presence of diagnostic SNPs. Following sequence alignment, all three SNPs were 

present in the expected location for all twenty isolates. Besides the three expected SNPs, all 

twenty genotypes were identical for the region 92 HRM amplicon (GenBank accession numbers 

KT966897 – KT966900). 

 

Lineage differentiation using locked nucleic acid (LNA) probes 
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 Two differentially labeled LNA probes, PiLNA86hx and PiLNA86fm, were designed to 

target a portion of region 86 and differentiate US-23 isolates from non-US-23 isolates in a 

multiplex qPCR. At an optimized annealing temperature of 65.8°C the LNA probes separated 

five US-23 isolates from fifteen non-US-23 isolates (Figure 3.3, Table 3.5). Perfect 

discrimination was observed between US-23 isolates, detected by the HEX fluorophore in the 

PiLNA86hx probe, and non-US-23 isolates, detected by the FAM fluorophore in the PiLNA86fm 

probe (Figure 3.3, Table 3.5). Cycle threshold (Cq) values for US-23 isolates ranged from 23.24 

to 24.49 with the HEX fluorophore. US-23 isolates did not generate Cq values with the FAM 

fluorophore. Non-US-23 isolates generated Cq values ranging from 19.28 to 23.59 with the FAM 

fluorophore, but did not generate Cq values with the HEX fluorophore (Table 3.5). To ensure 

reproducibility, the LNA assay was independently tested in the co-author's laboratories at 

Oregon State and Cornell University. The LNA assay differentiated two US-23 individuals from 

seven non-US-23 individuals (US-8, n=2, US-11, n=2, US-24, n=2, and strain T30-4, Table 3.5). 

The controls lacking template failed to produce an amplification curve in any LNA qPCR.  

 

LNA assay limit of detection 

 Ten-fold serial dilutions of P. infestans DNA were tested to determine the limit of 

detection of the LNA assay. Starting DNA concentrations ranged from 3000 pg to 0.3 pg. In each 

of the three biological replicates, 3 pg DNA was the minimum amount of DNA able to be 

detected by each LNA probe (Table 3.6, Figure 3.4).  

 

Testing LNA assay performance with mixed-lineage DNA samples 

 The multiplex LNA assay was tested with mixed-lineage DNA samples to determine if 
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assay performance would be affected. To each reaction well, 6 µl DNA (3 µl US-23, 3 µl non-

US-23) were added at varying concentrations, and reactions were run as previously described 

(Table 3.6). When concentrations of US-23 and non-US-23 DNA were equal, the LNA assay 

performed similarly whether running a mixed-lineage or single-lineage reaction (Table 3.6). 

During a single lineage reaction either the HEX or FAM fluorophore was detected per well, 

depending on the lineage of the template DNA added to that well. During a mixed-lineage 

reaction, both HEX and FAM fluorophores were detected in each well, and the Cq values of each 

were comparable to those observed during the single-lineage limit of detection reactions (Tables 

3.5 and 3.6). When concentrations of US-23 and non-US-23 DNA differed by at least one order 

of magnitude, the assay only detected the DNA at the higher concentration (Table 3.6).  

 

Discussion 

 The goal of this project was to develop molecular diagnostic assays capable of 

distinguishing isolates of P. infestans belonging to lineage US-23 from other lineages. Clonal 

lineages generally have conserved phenotypic characteristics such as host preference and 

fungicide sensitivity (Danies et al., 2013; Hu et al., 2012; Legard et al., 1995). Therefore, clonal 

lineages must be rapidly and accurately diagnosed in order for late blight management decisions 

to be as informed as possible. US-23 has been the predominant clonal lineage in the United 

States for several consecutive years (Fry et al., 2015). These assays could offer more rapid and 

accessible alternatives to diagnosing P. infestans lineage US-23 or could be used as a quick 

preliminary screening method.  

 Following the alignment of 27 whole P. infestans genomes and identification of 407, 014 

variants, 43 SNPs were identified as putatively diagnostic for lineage US-23. Four distinct 
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Figure 3.3. Phytophthora infestans clonal lineage differentiation using locked nucleic acid 

probes. A. The HEX fluorophore (probe PiLNA86PRhx) generates exponential growth curves 

for isolates of lineage US-23 (n=5) only. Lineage differentiation is due to specific binding of the 

PiLNA86PRhx LNA probe to the US-23 target sequence containing two SNPs.  B. The FAM 

fluorophore (probe PiLNA86PRfm) generates exponential growth curves for isolates not 

belonging to lineage US-23 (n=15) (US-8, US-11, and US-24). C. Simultaneous detection of 

both HEX and FAM fluorophores generates exponential growth curves for both US-23 and non-

US-23 isolates. Lineages can be distinguished by green curves (HEX, US-23) and blue curves 

(FAM, non-US-23).
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Figure 3.4. Standard curves generated using ten-fold serial dilutions of P. infestans DNA used to 

evaluate LNA assay sensitivity. Concentrations ranged from 3000 pg to 3 pg DNA per reaction. 

Curves represent the mean of three biological replicates (probe PiLNA86PRhx, three US-23 

isolates; probe PiLNA86PRfm, one of each US-8, US-11, and US-24 isolates). 

 

regions located on supercontig_1.21 were chosen as targets for the development of diagnostic 

assays. Four HRM primer pairs targeted two, nine, one, and three polymorphisms within regions 

86, 87, 88, and 92, respectively. Primers were designed to distinguish P. infestans US-23 

genotypes from three recently occurring non-US-23 genotypes. The first primer pair, Rgn86_1, 

targeted two SNPs within four base pairs to differentiate US-23 from non-US-23 isolates. These 

primers produced consistent difference curves (Figure 3.1, panel B). They also produced the 

greatest Tm difference (0.9°C ± 0.1°C) between the two genotypes of the four HRM primer pairs 

(Table 3.7),  indicating that the Rgn86_1 HRM primers would provide a very reliable assay for 

diagnosing P. infestans lineage US-23. The second HRM primer pair, Rgn87_1, produced the 
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surprising result of identifying three groups among the four lineages tested: US-23; US-11; and 

US-8 plus US-24 (Figure 3.1, panel D). This result was surprising because, following genome 

alignments and identification of informative SNPs, only one SNP diagnostic for US-23 was 

identified in region 87. However, following HRM analysis and subsequent cloning and 

sequencing of the diagnostic portion of Region 87, there were nine polymorphisms identified 

(Figure 3.2). Based on sequencing results, the Rgn87_1 HRM assay should have distinguished 

between US-24 and US-8 individuals, which differed by two heterozygous SNPs (Figure 3.2). It 

is possible that the heterozygous state of these SNPs, along with the heterozygous two bp 

deletion present in both US-8 and US-24 individuals, reduced the ability of HRM analysis to 

differentiate the two genotypes. The Rgn87_1 HRM assay provides more information than the 

other three HRM assays through the additional ability to distinguish US-11 from the other 

genotypes. However, a higher degree of variability in the difference curves for US-11, US-8, and 

US-24 genotypes (Figure 3.1), along with relatively small Tm differences between some of the 

genotypes (US-11 and US-24 difference Tm 0.1°C ± 0.1°C; US-23 and US-8 difference Tm 

0.3°C ± 0.2°C Table 3.7) may make this assay slightly less reliable than Rgn86_1 and Rgn92_1 

for assessing if a sample belongs to the US-23 lineage. The third primer pair, Rgn88_1, 

distinguished US-23 from non-US-23 lineages based on one SNP. Although genotype 

discrimination was consistent, these primers showed the greatest degree of variability in 

difference curves (Figure 3.1, panel A). These primers also produced the smallest Tm difference 

(0.2°C ± 0.1°C) between the two genotypes (Table 3.7). These primers demonstrate that P. 

infestans lineages can be distinguished based on one SNP. However, among the assays described 

in this study, the Rgn88_1 HRM primers do not provide the most robust lineage diagnostic 

assay. The fourth HRM primer pair, Rgn92_1, targeted three SNPs to differentiate US-23s from 
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non-US-23s. These primers also produced very consistent difference curves and a relatively high 

Tm difference (0.7°C ± 0.2°C) between US-23 and non-US-23 genotypes (Figure 3.1, panel C; 

Table 3.7). Like the Rgn86_1 primers, the Rgn92_1 primers would provide a very reliable assay 

for diagnosing lineage US-23. 

 In addition to HRM, a locked nucleic acid assay was developed to target two SNPs within 

four base pairs of each other in region 86. This was chosen as the target for the design of LNA 

probes because of the opportunity to incorporate both SNPs into the probe target sequences, 

which would offer increased discriminatory potential over the targeting of one SNP. This is 

because the incorporation of LNAs into DNA probes increases the melting temperature of the 

resulting DNA duplex (Braasch and Corey, 2001). As a result, a nucleotide mismatch at the site 

of a locked nucleic acid dramatically decreases the melting temperature of the resulting DNA 

duplex. This is the basis for the enhanced specificity offered by LNA probes. The US-23-specific 

probe PiLNA86PRhx had a theoretical Tm of 64°C when perfectly matched to its target DNA 

sequence. With one mismatch at the site of an LNA, the theoretical Tm was reduced by 16°C, 

and two mismatches reduced the theoretical Tm by 40°C. The probe PiLNA86PRfm, which 

targeted non-US-23 genotypes, had a theoretical Tm of 64.5°C when perfectly matched to its 

target DNA sequence. Theoretical melting temperatures were reduced by 8.7°C and 22°C with 

one or two LNA mismatches, respectively. This means that only perfect matches between probe 

and complementary sequences are able to hybridize at the optimized temperature of 65.8°C, and 

therefore only the target genotype is detected. Although not empirically validated in this study, 

these theoretical Tm difference projections indicate the robustness of the LNA probes for 

distinguishing between the US-23 and non-US-23 genotypes.   

 The assays developed in this study could have immediate utility in plant disease 
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diagnostic laboratories. Identifying which lineage of P. infestans a given isolate belongs to is 

crucial for informing late blight management decisions, and should be considered a necessary 

measure by plant pathology diagnostic laboratories tasked with diagnosing late blight samples. 

Currently, P. infestans lineages are identified by SSR analysis (Hu et al., 2012) which has the 

advantage of providing more information than SNP-based diagnostics, including the ability to 

identify novel genotypes. However, SSR analysis requires a DNA fragment analyzer, which is 

not available in most plant pathology diagnostic laboratories, unlike the qPCR machine required 

for the SNP-based US-23 assays described here. Results could be obtained more quickly with 

SNP-based diagnostic assays versus SSR analysis, especially if samples could be analyzed 

locally rather than being shipped to a central laboratory for analysis. Finally, costs per sample 

can be significantly less with SNP-based diagnostics compared to microsatellite analysis. Each 

LNA reaction costs approximately $1 to $2 per sample depending on the scale of reagent 

procurement. HRM analysis costs less than $1.00 per reaction, not including the price of the 

HRM analysis software (about $3300, Biorad Precision Melt Analysis software). SSR analysis is 

generally more expensive than both LNA and HRM analysis on a per sample basis. This is 

especially true when the assays are used in a lineage diagnostic application, where relatively few 

samples are analyzed at a given time. At Cornell University, fragment analysis is done on a 96-

well plate basis. Each plate costs $42.50 for internal users and $68.00 for external users. This 

means each sample costs between $0.44 (96 samples) and $42.50 (one sample) for internal users 

and between $0.71 (96 samples) and $68.00 (one sample) for external users. Since speed is an 

important consideration in disease management, it is not feasible to wait until a 96-well plate is 

full to run fragment analysis for lineage diagnostics. Therefore, plates generally include far fewer 

than 96 samples for P. infestans lineage determination. Factors such as cost and time are 
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important considerations for choosing a diagnostic technique. The benefit of increased 

information acquisition, like that achieved through SSR analysis, could be outweighed by the 

higher costs of time and money. This is especially true when relatively few genotypes are being 

observed, and therefore little new information is obtained through SSR analysis. 

 In cases where acquisition of HRM analysis software or the LNA probes is cost 

prohibitive, melt temperature alone may be sufficient for distinguishing genotypes. For example, 

following amplification by primers Rgn86_1 which target two SNPs, the Tm of US-23 genotypes 

is consistently 0.9°C higher than that of non-US-23 genotypes. Determining sample genotypes 

using this approach can be done using standard qPCR software. However, this approach may be 

less feasible for primers targeting SNPs like Rgn88_1, where the Tm difference between 

genotypes is smaller (0.2°C).   

 Since 2012, US-23 has been the predominant clonal lineage reported by USAblight, a 

national project responsible for studying potato and tomato late blight in the United States 

(http://www.usablight.org, Fry et al., 2015). In fact, since 2013, US-23 has accounted for nearly 

all of the samples analyzed by the USAblight team, and this trend has persisted through the time 

of this writing (September 2015) (http://www.usablight.org/node/52). A potential drawback to 

the diagnostic assays described here is that results could be misleading if a new lineage appeared 

in the US with the same SNPs as those used in the US-23 specific assays. While we have tested 

the lineages that have predominated in the US over recent years, it is possible that a new lineage 

could appear that shares the US-23 genotype at the diagnostic loci. To address this issue, the 

assays described here could be used as a preliminary rapid screen for US-23, with a SSR follow-

up test to verify that a new lineage is not present. Alternatively, SSR analysis could be used early 

in the season, and if US-23 was found to be the common lineage then the HRM or LNA assays 
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could diagnose subsequent samples submitted throughout the season. Presently, late blight 

samples are shipped from around the country and collected in a central laboratory. There, all 

samples are analyzed by SSR analysis to determine each sample’s lineage. The assays developed 

in this study could offer more rapid and accessible approaches for determining whether or not a 

sample belongs to the lineage US-23. This could allow for genotype determination by local 

diagnostic laboratories, thereby decreasing costs and time between sample submission and 

diagnostic results. 
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Chapter 4 

 

Loop-Mediated Isothermal Amplification (LAMP) for Detection of the Tomato and Potato 

Late Blight Pathogen, Phytophthora infestans. 

 

 

Abstract 

Aims: To design and validate a colorimetric loop-mediated isothermal amplification assay for 

rapid detection of P. infestans DNA. 

Methods and Results: Two sets of LAMP primers were designed and evaluated for their 

sensitivity and specificity for P. infestans. ITSII primers targeted a portion of the internal 

transcribed spacer region of ribosomal DNA. These primers had a limit of detection of two pg P. 

infestans DNA and cross-reacted with the closely related species P. nicotianae. Rgn86_2 

primers, designed to improve assay specificity, targeted a portion of a conserved hypothetical 

protein. These primers had a limit of detection of 200 pg P. infestans DNA and did not cross-

react with P. nicotianae. The specificity of the Rgn86_2 assay was tested further using the 

closely related species P. andina, P. ipomoeae, P. mirabilis, and P. phaseoli. Cross-reactions 

occurred with P. andina and P. mirabilis, but neither species occurs on tomato or potato. Both 

primer sets were able to detect P. infestans DNA extracted from tomato late blight leaf lesions. 

Conclusions: Two colorimetric LAMP assays detected P. infestans DNA from pure cultures as 

well as infected leaf tissue. The ITSII primers had higher sensitivity, and the Rgn86_2 primers 

had higher specificity. 
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Significance and Impact of the Study: This is the first report of a LAMP assay for the 

detection of P. infestans, the causal organism of potato and tomato late blight. These assays have 

potential for immediate utility in plant disease research and diagnostic laboratories.  

 

Keywords 

Plant pathology, diagnostics, agriculture, LAMP, Phytophthora infestans, late blight, potato, 

tomato 

 

Introduction 

 Late blight, caused by the oomycete Phytophthora infestans (Mont.) de Bary, continues 

to cause significant economic losses in both potato (Solanum tuberosum L.) and tomato 

(Solanum lycopersicum L.) production (Haverkort et al. 2008; Fry et al. 2015). The ability to 

sensitively detect and accurately diagnose the cause of a disease is a crucial step towards 

effectively managing it. To this end, many DNA-based diagnostic tools have been developed for 

P. infestans. Potential applications of such diagnostic tools have previously been discussed, and 

include potato seed lot and tomato seedling testing (Tooley et al. 1997; Keil et al. 2010), potato 

and tomato late blight disease diagnostics (Trout et al. 1997), and various experimental 

applications (Llorente et al. 2010; Lees et al. 2012). The numerous P. infestans diagnostic tools 

developed to date are not redundant; rather, each offers a unique capability relative to previously 

described methods. For example, a DNA-based diagnostic method for P. infestans was first 

published by Niepold and Schöber-Butin  in 1995. This method utilized a standard PCR protocol 

to amplify a repetitive sequence of P. infestans DNA. The internal transcribed spacer (ITS) 

regions of ribosomal DNA are commonly used in diagnostics due to their relatively high copy 
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number and species specificity (Cassidy et al. 1984; Russell et al. 1984; Tooley et al. 1997; Trout 

et al. 1997; Liew et al. 1998; Ristaino et al. 1998; Lees et al. 2012; Hussain et al. 2013). 

Following the work of Niepold and Schöber-Butin, an ITS-targeting PCR assay was developed 

and tested for specificity. This assay was found to be specific for P. infestans and the closely 

related species P. mirabilis and P. cactorum (Trout et al. 1997). Another assay targeting the ITS 

region was developed for the specific purpose of differentiating three Phytophthora potato 

pathogens (P. infestans, P. erythroseptica, and P. nicotianae) (Tooley et al. 1997). Highly 

repetitive DNA sequences have also been targeted to improve detection sensitivity over ITS-

based assays (Judelson and Tooley 2000; Llorente et al. 2010). The detection of P. infestans 

inoculum in soil samples was demonstrated using conventional PCR (Hussain et al. 2005), and 

later improved upon using quantitative PCR (Lees et al. 2012; Hussain et al. 2014). 

 The genus Phytophthora is currently divided into eight clades based on phylogenetic 

analyses of both mitochondrial and genomic sequence data (Kroon et al. 2004; Blair et al. 2008). 

Phytophthora infestans belongs to clade 1, along with several other species including P. 

cactorum, P. nicotianae, and P. mirabilis. Clade 1 is further divided into subclades, with clade 

1c containing P. infestans and four closely-related species (P. andina, P. ipomoeae, P. mirabilis, 

P. phaseoli) (Blair et al. 2008). The high genetic similarity between clade 1 species, and 

especially clade 1c species, has posed a challenge for the development of P. infestans-specific 

diagnostic assays (Trout et al. 1997; Lees et al. 2012).  

 Currently-existing methods for P. infestans detection require, at minimum, thermal 

cycling and gel electrophoresis equipment (Trout et al. 1997; Judelson and Tooley 2000). In 

some cases, more expensive quantitative fluorescence detection equipment is required (Llorente 

et al. 2010; Lees et al. 2012). Loop-mediated isothermal amplification is an attractive alternative 
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to conventional DNA-based diagnostic techniques because of its minimal equipment 

requirements, sensitivity, specificity, and ability to produce rapid results (Notomi et al. 2000; 

Francois et al. 2011). LAMP is a method of DNA amplification that utilizes Bst DNA 

polymerase, which exhibits strand displacement activity, with four to six primers to amplify 

target DNA under isothermal conditions (Notomi et al. 2000). Positive reactions can be detected 

several different ways including by fluorescence (Njiru et al. 2008; Goto et al. 2009; Yasuhara-

Bell et al. 2013), turbidity (Mori et al. 2001), and colorimetric analysis (Goto et al. 2009). 

Intercalating dyes can be added to the reaction mix after the LAMP assay is complete, resulting 

in a color change which can be visualized by the naked eye. However, the post-reaction addition 

of dyes increases the risk of contamination, making this method more prone to false positives. 

The addition of hydroxynaphthol blue (HNB) to the reaction mix prior to running the assay 

avoids this issue and has been shown to be a reliable indicator of DNA amplification (Goto et al. 

2009). Hydroxynaphthol blue is a metal ion indicator. As pyrophosphate ions are generated 

during the LAMP reaction, they react with Mg
2+

 ions in the reaction mix resulting in the 

formation of magnesium pyrophosphate. This decreases the Mg
2+ 

ion concentration, which is 

indicated by a color change from violet to blue in the presence of HNB (Goto et al. 2009). 

 LAMP detection assays have been developed for several pathosystems, including 

oomycetes, fungi, bacteria, and viruses (Harper et al. 2010; Dai et al. 2012; Bühlmann et al. 

2013; Chen et al. 2013; Moradi et al. 2013; Duan et al. 2014; Kil et al. 2015; Thiessen et al. 

2015). A LAMP assay for the detection of P. infestans, an organism which significantly impacts 

potato and tomato production globally, has not yet been developed. The purpose of this study 

was to design and validate a colorimetric LAMP assay for rapid detection of P. infestans DNA. 
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Such an assay would have utility in any application where rapid diagnosis of P. infestans is 

necessary, but conventional or quantitative PCR instruments are unavailable. 

 

Materials and Methods 

Isolates used in LAMP assays 

 Phytophthora infestans isolates were originally collected between 2008 and 2013 (Table 

4.1). Isolates were maintained on pea agar (120 g frozen peas, 15 g agar, one l DI H2O) (Jaime-

Garcia et al. 2000) with 0.1 g l
-1

 ampicillin, 0.0125 g l
-1

 rifampicin, and 0.025 g l
-1

 

pentachloronitrobenzene (Sigma-Aldrich, St. Louis, MO). Isolates were grown in pea broth (120 

g frozen peas, one l DI H2O) (Goodwin et al. 1992) at ambient temperature (approximately 

20°C) for five to 10 days prior to extracting DNA. Mycelia were harvested using vacuum 

filtration and qualitative P8 grade filter paper (Thermo Fisher Scientific, Waltham, MA), 

collected and stored at -20°C until DNA extractions were performed using a DNeasy Plant Mini 

Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 

 Isolates of additional Phytophthora spp. obtained from the Cornell University Culture 

Collection were originally collected from New York State between 2007 and 2010 (Table 4.1). 

Isolates were maintained on V8 agar, and grown on potato dextrose or V8 broth for five to 10 

days before collecting mycelia for DNA extractions (Dunn et al. 2010).  

 Fungal and bacterial species known to be associated with tomato and/or potato were also 

included in specificity assays. Fungal isolates (Table 4.1) were maintained on potato dextrose 

agar and grown on potato dextrose broth before collecting mycelia for DNA extractions, which 

were performed using a DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s 

instructions. Bacterial isolates (Table 4.1) were grown LB medium (Miller 1972), and DNA was
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Table 4.1. Isolates used to test LAMP sensitivity and specificity, and assay results. 

Species
*
 Isolate code Reference

†
 LAMP ITSII 

assay results
‡ 

LAMP Rgn86_2 

assay results
‡ 

Alternaria alternata  09107 CUCC
 

- - 
Doratomyces purpureofuscus 92289 CUCC - - 
Fusarium equiseti  0594-1 CUCC - - 

Fusarium oxysporum f.sp. phaseoli  814109 CUCC - - 

Fusarium oxysporum f.sp. lycopersici 84045 CUCC - - 

Fusarium sambucinum ATCC44651 (1) CUCC - - 
Fusarium sambucinum ATCC44651 (2) CUCC - - 

Fusarium sambucinum ATCC44651 (3) CUCC - - 
Trichocladium asperum 93195 CUCC - - 
Agrobacterium tumefaciens 90-087 CUCC - - 

Clavibacter michiganensis ssp. michiganensis  0580 CUCC - - 
Pseudomonas syringae pv. tomato A9 CUCC - - 

Erwinia carotovora ss. carotovora 93-066 CUCC - - 

Streptomyces acidoscabies 90-034 CUCC - - 

Streptomyces scabies 90-035 CUCC - - 
Xanthomonas perforans 13091 CUCC - - 
Pythium irregulare  SQ1 Guarnaccia et al. (2015) - - 
Pythium irregulare  SQ2 Guarnaccia et al. (2015) - - 

Phytophthora arecae  CC1 Guarnaccia et al. (2015) - - 

Phytophthora arecae  CS2 Guarnaccia et al. (2015) - - 
Phytophthora capsici  6.1C CUCC - - 
Phytophthora capsici  8.1 CUCC - - 
Phytophthora capsici  7.2E CUCC - - 

Phytophthora capsici  E1.13 CUCC - - 
Phytophthora capsici  1-1H CUCC - - 

Phytophthora nicotianae ATCC52638 (2) CUCC + - 
Phytophthora nicotianae  ATCC52638 (1) CUCC + - 
Phytophthora nicoatinae  AA1 Guarnaccia et al. (2015) + - 
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(Table 4.1 continued)     

Species
*
 Isolate code Reference

†
 LAMP ITSII 

assay results
‡ 

LAMP Rgn86_2 

assay results
‡ 

Phytophthora nicoatinae  PMH1 Guarnaccia et al. (2015) + - 

Phytophthora nicoatinae
 

PMH6 Guarnaccia et al. (2015) + - 
Phytophthora nicoatinae

 
CS3 Guarnaccia et al. (2015) + - 

Phytophthora nicoatinae
 

AA4 Guarnaccia et al. (2015) + - 

Phytophthora niederhauserii  WIN1 Guarnaccia et al. (2015) - - 
Phytophthora niederhauserii  GRR2 Guarnaccia et al. (2015) - - 

Phytophthora andina PI-08_044 USDA ARS HCRL
 

nt
 

+ 

Phytophthora andina PI-08-047 USDA ARS HCRL nt + 

Phytophthora andina PI-08-053 USDA ARS HCRL nt + 

Phytophthora ipomoeae PIP-07-001 USDA ARS HCRL nt - 

Phytophthora ipomoeae PIP-07-097 USDA ARS HCRL nt - 

Phytophthora ipomoeae PIP-12-003 USDA ARS HCRL nt - 

Phytophthora mirabilis PM-07-001 USDA ARS HCRL nt + 

Phytophthora mirabilis PM-07-006 USDA ARS HCRL nt + 

Phytophthora mirabilis PM-07-099 USDA ARS HCRL nt + 

Phytophthora phaseoli PP-12-001 USDA ARS HCRL nt - 

Phytophthora infestans (US8)  0882 CUCC + + 

Phytophthora infestans (US8)  0982  CUCC + + 
Phytophthora infestans (US8)  1083  CUCC + + 
Phytophthora infestans (US8)  1084  CUCC + + 
Phytophthora infestans (US8)  1087  CUCC + + 

Phytophthora infestans (US8) ENY08  CUCC + + 

Phytophthora infestans (US8) 1281  CUCC + + 

Phytophthora infestans (US11)  11114  CUCC + + 
Phytophthora infestans (US11)  11115  CUCC + + 

Phytophthora infestans (US11)  11116  CUCC + + 
Phytophthora infestans (US11)  11117  CUCC + + 
Phytophthora infestans (US11)  11118  CUCC + + 

Phytophthora infestans (US11) 12112  CUCC + + 

Phytophthora infestans (US23)  112322  CUCC + + 
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(Table 4.1 continued)     

Species
*
 Isolate code Reference

†
 LAMP ITSII 

assay results
‡ 

LAMP Rgn86_2 

assay results
‡ 

Phytophthora infestans (US23)  122312  CUCC + + 

Phytophthora infestans (US23)  122322  CUCC + + 
Phytophthora infestans (US23)  122329  CUCC + + 
Phytophthora infestans (US23)  12237  CUCC + + 

Phytophthora infestans (US23)  141121298S1  CUCC + + 
Phytophthora infestans (US23) 12239  CUCC + + 

Phytophthora infestans (US23) 13816140  CUCC + + 
Phytophthora infestans (US23) 12232  CUCC + + 

Phytophthora infestans (US24) 1249  CUCC + + 

Phytophthora infestans (US24) 1273  CUCC + + 
Phytophthora infestans (US24)  1250  CUCC + + 

Phytophthora infestans (US24)  1339  CUCC + + 
Phytophthora infestans (US24) 1345  CUCC + + 
*
 Phytophthora infestans isolates are followed by clonal lineages in parentheses. 

†
 CUCC = Cornell University Culture Collection. USDA ARS HCRL = Grunwald lab collection, USDA ARS, Horticultural Crops 

Research Laboratory. 
‡ 

Negative (-) and positive (+) LAMP assay results (nt = not tested). All LAMP assays were done at least twice, with the same results 

observed in each replicate.
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obtained by transferring bacteria using a sterilized loop into 100 µl of sterile type I H2O 

(Agrobacterium and Erwinia) or 100 µl 50 mmol l
-1

 NaOH (Streptomyces) and boiling for five 

minutes (Smith et al. 2001). 

Genome mining to identify non-ITS LAMP target sequence 

 Whole Phytophthora genome assemblies were created using sequence reads derived from 

second generation sequencing technologies.  Reads from published articles and online sources 

were obtained from publicly available databases (Phytophthora infestans Sequencing Project; 

Raffaele et al. 2010; Cooke et al. 2012; Yoshida et al. 2013; Martin et al. 2013; Table 4.2). We 

also resequenced genomes of US clonal lineages using paired-end 100bp Illumina sequencing. 

This involved preparing libraries using the Paired End DNA Sample Prep Kit from Illumina 

(Illumina, San Diego, CA) following the manufacturer's instructions, following by sequencing to 

an average depth of 27-fold using an Illumina HiSeq 2000.  The CASAVA 1.8.2 pipeline 

(Illumina) was used for base calling and quality filtering.  Reads were mapped to the T30-4 

reference (Haas et al. 2009) using bowtie2 (Langmead and Salzberg 2012). A conserved 

sequence within the highly-polymorphic Region 86, which we hypothesized to be specific to P. 

infestans, was chosen as a target for the design of LAMP primers. 

Table 4.2. Source of Phytophthora genomes mined for polymorphic loci.  

Sample Taxon Reference 

T30-4 P. infestans Haas et al. 2009 

PIC99189, 90128 P. infestans Raffaele et al. 2010 

13_a2 P. infestans Cooke et al. 2012 

DDR7602, LBUS, NL0743, P136, P6096, P1012, P1065, 

P1163, P1220, P1352, P1362, P1777 

P. infestans Yoshida et al. 2013 

RS2009P1_us8, IN2009T1_us2, BL2009P4_us2 P. infestans Martin et al. 2013 

1306, Pi-11-007 (US8), 110145 (US11), Pi-11-016 

(US22),  

Pi-11-017 (US23), Pi-11-019 (US24) 

P. infestans This study 

P7722 P. mirabilis Yoshida et al. 2013 
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Primer design 

 Two sets of LAMP primers were designed to target two separate regions of P. infestans 

genomic DNA using the LAMP primer design software PrimerExplorer V4 (Eiken Chemical 

Co., Tokyo, Japan). The first set, called LAMP ITSII, target a portion of the end of the 5.8S 

subunit and the ITS2 region of ribosomal DNA (Table 4.3). Cross-reactivity was observed with 

the LAMP ITSII primers and P. nicotianae, a pathogen that is periodically observed on potato 

and tomato (Erwin & Ribeiro 1996; Everts 2013). Due to this cross-reactivity, a second set of 

LAMP primers were designed to improve the specificity of the LAMP assay compared to the 

LAMP ITSII primers. These primers, called Rgn86_2, target a conserved region of the P. 

infestans genome obtained in the genomic mining procedure described above. These primers 

target Region 86, a region from Supercontig 21 that includes a conserved hypothetical protein 

gene (PITG 11903; GenBank accession XM_002901331) (Table 4.3, Figure 4.1). Primers were 

synthesized by Integrated DNA Technologies (Coralville, IA). 

Table 4.3. LAMP primer sequences. 

Primer name Primer Sequence (5’ – 3’) 

ITSII_F3 GCCTGTATCAGTGTCCGTAC 

ITSII_B3 CATTAACGCCGCAGCAGA 

ITSII_FIP ACCAACCGCAAGACACTTCACATTTTTTGGCTTTCTTCCTTCCGTG 

ITSII_BIP GCTCCAAAAGTGGTGGCATTGCTTTTCAAACCGGTCGCCAACTC 

ITSII_LOOP GGCATCTCCTCCACCGACTA 

  

Rgn86_2F3 TCGACACGGGTGTCTACG 

Rgn86_3B3 ACGCAGACGTTACCCG 

Rgn86_2FIP TCTCCTGGTGGTGGTGGTGGTTTTGGTGTGTGGCTAGCGCTAAG 

Rgn86_2BIP ACCAGAAGGTCGCGTGCCCTTTTCCCGACGCAACGCATC 

Rgn86_2LOOP CAGTGGACAACAAAGCATTGGT 
*
 TTTT linkers are indicated in bold. 



 

111 

 
 

Figure 4.1. Rgn86_2 LAMP primers located within the forward and reverse DNA sequences of a 

conserved portion of Region 86. LAMP primer sequences are highlighted in gray. 

 

LAMP reactions 

 LAMP reactions were held at 65°C for one hour using a C1000 Touch Thermal Cycler 

(BioRad, Hercules, CA). Each 25 µl reaction contained two ng DNA template (or two µl of a 

plant or bacterial DNA extraction), 0.8 mol l
-1

 betaine (MP Biomedicals, Santa Ana, CA), 120 

µmol l
-1

 hydroxynaphthol blue (Sigma-Aldrich), 1.4 mmol l
-1

 of a mixture of each dNTP 

(Thermo Fisher Scientific), six mmol l
-1

 MgSO4 (Sigma-Alrich), 2.5 µl 10X isothermal DNA 

buffer (New England Biolabs, Ipswich, MA), two µmol l
-1

 forward inner primer (FIP), two µmol 

l
-1

 backward inner primer (BIP), 0.2 µmol l
-1

 primer F3, 0.2 µmol l
-1

 primer B3, 0.8 µmol l
-1

 loop 

primer, and eight U Bst DNA polymerase (New England Biolabs) (Njiru et al. 2008; Wastling et 

al. 2010; Yasuhara-Bell et al. 2013). All LAMP assays were done at least twice and included a 
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no DNA template reaction (two µl sterile type I H2O as template) as a negative control and two 

ng P. infestans DNA template (isolate 12239) as a positive control.   

LAMP sensitivity tests 

 LAMP sensitivity was tested using 10-fold serial dilutions of pure P. infestans DNA 

extracted from three separate isolates (P. infestans 12232, 12112, and 1281, Table 4.1). Dilution 

series were prepared in sterile DI H2O. The limit of detection is defined here as the smallest 

amount of DNA detected in every test replicate, with each concentration of each isolate tested 

two times with each primer set (ITSII and Rgn86_2). DNA was quantified using a NanoDrop 

spectrophotometer ND-1000 (Thermo Fisher Scientific), then diluted in 10-fold serial dilutions 

to concentrations from one ng µl
-1

 to 0.01 fg µl
-1

. LAMP assays were run as described above 

with positive and negative controls. The addition of hydroxynaphthol blue and MgSO4 to the 

reaction mix results in a color change from violet to blue following DNA amplification (Goto et 

al. 2009) (Figure 4.2). An assay was considered positive if the reaction mix changed from violet 

to blue following the one hour incubation. 

 

 
 

Figure 4.2. LAMP ITSII primers tested with a ten-fold P. infestans DNA dilution series. Positive 

LAMP reactions resulted in a color change from violet to blue. P. infestans DNA quantities from 

left to right: 2 ng; 200 pg; 20 pg; 2 pg; 0.2 pg; 0.02 pg; 2 fg; no template (negative control). 

 

 DNA was also extracted from the edge of three separate tomato (variety Mountain Fresh) 

late blight leaf lesions, and three healthy tomato leaves as negative controls. The sporangial 

suspension used to inoculate leaves was generated by rinsing sporulating tomato leaves in sterile 

DI H2O, quantifying sporangia concentrations using a hemocytometer, and adjusting the final 
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concentration to 4000 sporangia ml
-1

. Leaf lesions were generated by inoculating the abaxial side 

of the main vein of each leaf collected from greenhouse-grown tomatoes with 20 µl of sporangial 

suspension and incubating in a humid chamber at 16°C for five days. DNA extractions were 

done using a DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s instructions. 

LAMP assays were run as described above including positive and negative controls. Each assay 

(ITSII and Rgn86_2) was run twice on each sample for a total of six LAMP assays using 

infected tissues and six with healthy tissue. The presence of tomato DNA was checked by 

amplifying the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene by 

PCR and checking for amplification products by gel electrophoresis.   

LAMP specificity tests 

 Forty four non-target isolates representing 22 diverse species of oomycetes, fungi, and 

bacteria were used to test the specificity of the LAMP assays (Table 4.1). The presence of DNA 

in each of the 44 samples was verified prior to LAMP testing by gel electrophoresis following a 

PCR reaction using the primers ITS4 and ITS5 (fungi and oomycetes) and L1 and G1 (bacteria) 

(White et al. 1990; Jensen et al. 1993). DNA was then quantified using a NanoDrop 

spectrophotometer ND-1000 and diluted to one ng µl
-1

. Additionally, five to nine P. infestans 

isolates from each of four clonal lineages (US-8, US-11, US-23, US-24) were tested at a 

concentration of one ng µl
-1

 (Table 4.1). Each of the DNA samples was tested twice with each 

primer set, with positive (2 ng P. infestans DNA, isolate 12239) and negative (two µl sterile type 

I H2O) controls included in each test. Only the Rgn86_2 primers were tested with 10 isolates 

representing the four Phytophthora species most closely related to P. infestans (Kroon et al. 

2004; Blair et al. 2008). Phytophthora andina, P. mirabilis, P. ipomoeae, and P. phaseoli isolates 

were sampled from the USDA ARS collection, Corvallis, OR (Table 4.1). DNA was quantified 



 

114 

using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific). Reactions were considered positive 

when the color of the reaction mixture changed from violet to blue following a one hour 

incubation. 

 

Results 

LAMP ITSII primer sensitivity and specificity tests 

 LAMP ITSII primer sensitivity was tested with three separate 10-fold P. infestans serial 

DNA dilutions, with each test done twice. DNA template quantities ranged from two pg to two 

fg per reaction. The limit of detection (LOD) for the ITSII primers was two pg P. infestans 

template DNA (Figure 4.2). This was the lowest concentration of DNA that was detected in 

every test replicate. In one replicate each of two different extracts 0.2 pg DNA was detected 

(twice total). LAMP ITSII primers resulted in positive reactions when tested with five to nine P. 

infestans isolates from four clonal lineages (n=27). LAMP ITSII primers failed to produce 

positive reactions when tested against 27 non-target isolates representing 18 oomycete, fungal, 

and bacterial species. All seven isolates of P. nicotianae tested positive in each replicated test, 

indicated by a color change from violet to blue. LAMP ITSII primers were not tested with the ten 

isolates of Phytophthora andina, P. mirabilis, P. ipomoeae, and P. phaseoli due to the cross-

reactivity with the more distantly-related P. nicotianae. Once it was discovered that the LAMP 

ITSII primers cross-reacted with P. nicotianae, the LOD was determined using 10-fold serial 

dilutions of P. nicotianae DNA extracted from three separate isolates (P. nicotianae AA4, CS3, 

and PMH6, Table 4.1). The LOD for P. nicotianae using the LAMP ITSII primers was 200 pg 

template DNA. The LAMP ITSII primers also detected P. infestans DNA extracted from each of 

three tomato late blight leaf lesions, while DNA extracted from healthy tomato leaves failed to 
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produce a positive reaction. The leaf lesion assay was done twice on each of three symptomatic 

and three healthy leaves, with identical results observed in each test. Tomato DNA was verified 

in all six tomato leaf DNA extracts by amplification of the GAPDH housekeeping gene by PCR 

and visualization of amplification products by gel electrophoresis.  

 

LAMP Rgn86_2 primer sensitivity and specificity tests 

 LAMP Rgn86_2 primer sensitivity was also tested with three separate 10-fold P. 

infestans serial DNA dilutions, with each test done twice. DNA template quantities ranged from 

two pg to two fg per reaction. The LOD for the Rgn86_2 primers was 200 pg P. infestans 

template DNA. In one out of six test replicates 20 pg DNA was detected. Rgn86_2 primers 

resulted in positive reactions when tested with five to nine P. infestans isolates from four clonal 

lineages (n=27). Rgn86_2 primers showed high specificity for P. infestans when tested against 

44 non-target isolates. These primers produced negative reactions for closely related clade 1 

species P. nicotianae, P. ipomoeae, and P. phaseoli (Table 4.1). Rgn86_2 primers produced 

positive reactions for the clade 1 species P. andina and P. mirabilis.  

 Due to the cross-reactivity observed with P. andina and P. mirabilis, the Region 86 

sequence alignments were re-evaluated to determine if another portion of that region would be 

suitable for the design of primers capable of differentiating these two species from P. infestans. 

A total of five single-nucleotide polymorphisms (SNPs) were found with the potential to 

differentiate P. mirabilis from P. infestans. The distances separating these SNPs ranged from 53 

bp to 650 bp within Region 86. Previous work performed in our laboratory indicated that two 

single-nucleotide polymorphisms (SNPs) located within four base pairs of each other, and within 

the same B3 LAMP primer sequence, were not sufficient to separate two otherwise-identical P. 
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infestans sequences following a LAMP reaction (unpublished data). The five SNPs 

differentiating P. infestans and P. mirabilis were not sufficiently close together to incorporate 

more than two into a new set of LAMP primers. Additionally, two of the five SNPs were flanked 

by sequences which were polymorphic within P. infestans, making them poor targets for a P. 

infestans-specific diagnostic assay. Therefore, the design of new LAMP primers without cross-

reactivity with P. andina and P. mirabilis was not pursued. 

 In addition to amplifying P. infestans DNA collected from pure cultures, the Rgn86_2 

primers also detected P. infestans DNA extracted from tomato late blight leaf lesions. DNA 

extracted from healthy tomato leaves failed to produce a positive reaction. The leaf lesion assay 

was done twice, with identical results observed in each test. Rgn86_2 primers had a LOD of 200 

pg P. infestans template DNA. Each LAMP test included a negative control consisting of sterile 

DI H2O in place of template, and a positive control consisting of two ng P. infestans DNA 

template (isolate 12239). Each LAMP test was done twice, and in each test the negative control 

remained violet while the positive control turned blue, indicating a positive LAMP reaction. 

 

Discussion 

 In this study, a LAMP method capable of detecting P. infestans DNA isolated from pure 

cultures as well as plant tissue samples was developed. A portion of the P. infestans 5.8S subunit 

and ITS2 region of rDNA was chosen as the target for the first set of LAMP primers (ITSII 

primers). This region was chosen because of the sensitivity and specificity achieved with other 

previously-developed PCR and qPCR assays (Tooley et al. 1997; Trout et al. 1997; Ristaino et 

al. 1998; Lees et al. 2012). The LAMP ITSII primers had sensitivity comparable to several other 

published LAMP assays (limit of detection of two pg P. infestans DNA). Tomlinson et al. (2007) 
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reported a LAMP assay targeting the P. ramorum ITS region as having a limit of detection 

between 10 pg and 50 pg of P. ramorum DNA. This assay relied on the intercalating dye 

PicoGreen for detection of positive reactions. A second LAMP assay developed by Tomlinson et 

al. (2010) amplified a portion of the P. kernoviae ITS region. This assay had a limit of detection 

of 17 pg DNA, and relied on a lateral flow device or gel electrophoresis for detection of positive 

reactions. Another LAMP assay developed by Storari et al. (2013) was designed to detect two 

strains of Aspergillus. Two LAMP primer sets were designed to target the polyketide synthase 

gene. These assays had limits of detection between 10 pg and 100 pg A. carbonarius or A. niger 

DNA. This assay utilized hydroxynaphthol blue for the detection of positive reactions.  

 A drawback to the highly-sensitive ITSII primers is their cross-reactivity with the closely 

related P. nicotianae. Phytophthora infestans and P. nicotianae are both members of clade 1, 

with P. infestans belonging to the sub-clade 1c (Kroon et al. 2004; Blair et al. 2008). The 

positioning of P. nicotianae within clade 1 remains ambiguous, although it may be basal to sub-

clade 1c (Blair et al. 2008). Given the close phylogenetic relationship between these two clade 1 

species it is not surprising that a diagnostic method targeting the ITS region could lack the 

specificity necessary to differentiate them. Lees et al. (2012) developed an ITS-based qPCR 

assay that failed to differentiate four clade 1 species, although it was able to differentiate P. 

infestans and P. nicotianae. Similarly, the ITS-based PCR assay developed by Trout et al. (1997) 

failed to differentiate two clade 1 species, although it could differentiate P. infestans and P. 

nicotianae. Phytophthora nicotianae has a wide host range and geographic distribution, and 

notably causes buckeye rot and root rot of tomato and tuber rot, pink rot, and leaf and stem blight 

of potato (Solanum tuberosum L.) (Erwin and Ribeiro 1996; Tooley et al. 1997). Although P. 
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nicotianae is less common than late blight as a foliar disease of either tomato or potato, it is 

occasionally observed as a foliar disease resembling late blight (Everts 2013). 

 Due to the cross-reactivity observed with the ITSII primers and P. nicotianae, a second 

set of LAMP primers were developed in an effort to improve the specificity of the LAMP assay. 

These primers (Rgn86_2) were designed to target a conserved portion of the PITG 11903 gene (a 

conserved hypothetical protein). The Rgn86_2 primers did not cross-react with P. nicotianae, P. 

ipomoeae, or P. phaseoli, all of which are clade 1 species. However, these primers did produce 

positive reactions for two clade 1c species, P. mirabilis and P. andina (Kroon et al. 2004; Blair 

et al. 2008), the latter of which is thought to be a hybrid between P. infestans and an unknown 

Phytophthora clade 1c species (Goss et al. 2011). The ability to differentiate P. infestans from 

other clade 1 Phytophthora species using DNA-based diagnostics is challenging due to the high 

sequence similarity between closely related species (Trout et al. 1997; Flier et al. 2002; Blair et 

al. 2008; Lees et al. 2012). The enhanced specificity offered by the Rgn86_2 LAMP assay could 

make it particularly useful for P. infestans diagnostic applications given that no clade 1c species 

other than P. infestans infects tomato or potato.  

 Despite being less sensitive than the ITSII primers (limit of detection of 200 pg DNA), 

the Rgn86_2 primers still had sensitivity similar to that of other LAMP assays (Tomlinson et al. 

2007; Tomlinson et al. 2010; Storari et al. 2013). The lower sensitivity of the Rgn86_2 primers 

compared to the ITSII primers is probably due to the relatively higher copy number of the 

ribosomal RNA gene (Cassidy et al. 1984; Russell et al. 1984; Liew et al. 1998), although the 

copy number of the Rgn86 conserved hypothetical protein gene is currently unknown. Both 

primer sets were capable of detecting P. infestans DNA isolated from pure cultures, as well as P. 

infestans DNA extracted from tomato late blight lesions. This indicates the potential utility of the 
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LAMP assays for diagnostics, especially where access to thermal cyclers, fluorescence detection, 

or gel electrophoresis equipment is not available. 

  The LAMP assays described here offer an alternative to conventional PCR diagnostics. 

Phytophthora infestans DNA can be rapidly identified with the naked eye following a one-hour 

isothermal sample incubation. With the persistence of late blight as a global threat to potato and 

tomato production (Fry et al. 2015), rapid, reliable, and accessible diagnostic methods must be 

made available to aid in studying and managing the disease. These LAMP assays provide 

another tool for diagnostic and research laboratories, and expand upon the options available for 

understanding, monitoring, and combatting this important disease.  
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Chapter 5 

 

Genetic variation within clonal lineages of Phytophthora infestans revealed through 

genotyping-by-sequencing, and implications for late blight epidemiology. 

 

Abstract 

 Genotyping-by-sequencing (GBS) was performed on 257 Phytophthora infestans isolates 

belonging to four clonal lineages to study within-lineage diversity. The four lineages used in the 

study were US-8 (n=28), US-11 (n=27), US-23 (n=166), and US-24 (n=36), with isolates 

originating from 23 of the United States and Ontario, Canada. The majority of isolates were 

collected between 2010 and 2014 (94%), with the remaining isolates collected from 1994 to 

2009, and 2015. Between 3,774 and 5,070 single-nucleotide polymorphisms (SNPs) were 

identified within each lineage, and were used to investigate relationships among individuals. K-

means hierarchical clustering revealed three clusters within lineage US-23. Clusters were more 

strongly influenced by isolate collection year than by their geographic origin. K-means 

hierarchical clustering did not reveal significant clustering within the smaller US-8, US-11, and 

US-24 data sets. Neighbor-joining (NJ) trees were also constructed for each lineage. All four NJ 

trees revealed evidence for regional pathogen dispersal and overwintering, as well as long 

distance pathogen dispersal. In the US-23 NJ tree clustering by year was relatively prominent 

versus clustering by region, which indicates the importance of long-distance pathogen dispersal 

as a source of initial late blight inoculum. Our results support previous studies that found 

significant genetic diversity within clonal lineages of P. infestans, and show that GBS offers 

sufficiently high resolution to detect sub-structuring within clonal populations. 
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Introduction 

 P. infestans is a highly aggressive and destructive pathogen that causes late blight of 

potato and tomato. Although it has been studied extensively since it was first described in the 

19
th

 century (de Bary, 1861), it remains one of the most constraining factors in potato and tomato 

production (Haverkort et al., 2008). A key reason for this is the pathogen’s ability to overcome 

disease management practices including host resistance and the application of fungicides (Fry et 

al., 2015; Goodwin et al., 1995b).  

 An important aspect of the biology of P. infestans is the ability to reproduce both 

sexually and asexually. This allows for genetic recombination via sexual reproduction followed 

by rapid proliferation of the fittest individuals via asexual reproduction and dispersal via airborne 

sporangia or movement on infected plant tissue. The resulting clonal lineages, which are 

comprised of clonal descendants of one unique individual, then dominate a geographic region 

until a more fit individual displaces them (Li et al., 2012; Smart and Fry, 2001). In the United 

States, where sexual reproduction is not common but has been indirectly observed twice (Danies 

et al., 2014; Gavino et al., 2000), novel-genotypes are presumed to emerge through migration 

(Goodwin et al., 1998, 1994a; Peters et al., 2014). These new lineages often display phenotypes 

that differ from their predecessors in agriculturally-important characteristics such as host 

preference (tomato vs. potato), ability to overcome host resistance, and fungicide sensitivity 

(Danies et al., 2013; Fry et al., 2013). Four lineages that have had significant impacts in the 

United States in recent years are US-8, US-11, US-23, and US-24. The US-8 and US-11 

lineages, which first appeared in 1993 and 1994 (Goodwin et al., 1998), respectively, have 

resistance to the commonly used fungicide mefenoxam. The US-23 and US-24 lineages, which 

first appeared in 2009 (Fry et al., 2013), are susceptible to mefenoxam (Danies et al., 2013; 
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Goodwin et al., 1998). Additionally, US-11 and US-23 are both virulent pathogens of potato and 

tomato, whereas US-8 and US-24 are virulent on potato but are weak pathogens of tomato 

(Danies et al., 2013; Fry and Goodwin, 1997; Fry et al., 2013). 

 Without sexual reproduction P. infestans requires host tissue to survive in the field. In 

climates where late blight hosts cannot survive the winter, the pathogen can survive in potato 

tubers which may be in storage, cull piles, or left in the ground following harvest (Zwankhuizen 

et al., 1998). The pathogen’s ability to overwinter in potato tubers and initiate late blight 

infections the following spring has been known for a long time (Hirst and Stedman, 1960). 

Recently, the ability of lineages US-22, US-23, and US-24 to survive extended periods below 

0°C in infected tomato seed was demonstrated (Frost et al., 2016), implicating volunteer 

tomatoes as another potential inoculum source. Long-distance pathogen dispersal via infected 

host tissue is also known to occur, as was the case with the HERB-1 and US-1 P. infestans 

lineages responsible for causing the Irish potato famine and subsequent global distribution of the 

pathogen (Goodwin et al., 1994b; Yoshida et al., 2013). More recently in 2009, infected tomato 

seedlings distributed from large retail stores to home gardeners were identified as the cause of a 

major late blight outbreak in the United States (Fry et al., 2013). However, the relative 

importance of regional pathogen overwintering versus long distance dispersal via infected seed 

potatoes or tomato transplants with respect to initial inoculum is not well understood. 

 Historically, genotypic diversity in P. infestans has been evaluated using allozymes 

(Goodwin et al., 1995a), restriction fragment length polymorphisms (Goodwin et al., 1998), 

mitochondrial haplotypes (Gavino et al., 2000; Griffith and Shaw, 1998), and more recently 

microsatellites (Danies et al., 2013; Lees et al., 2006). The 12 microsatellite markers currently 

used to genotype isolates of P. infestans are ideal for characterizing individuals to the genetic 
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level of a clone (Danies et al., 2013). This is because there is sufficient polymorphism in the 

markers to reliably differentiate individuals belonging to different lineages, while individuals 

belonging to the same lineage consistently share identical, or nearly identical, SSR genotypes 

(Danies et al., 2013). However, because of the shared genotypes between individuals within 

clonal lineages, these markers lack the resolution necessary to investigate diversity within a 

lineage. Several studies have identified phenotypic variability among asexual P. infestans 

progeny (Abu-El Samen et al., 2003b; Caten and Jinks, 1968; Goodwin, 1997; Goodwin et al., 

1995b). Genotypic variability among asexual progeny has also been observed, although the 

number of genetic markers available to investigate such variability (RFLPs and AFLPs) has been 

relatively low until recently (Abu-El Samen et al., 2003a; reviewed in Goodwin, 1997). 

Therefore sub-lineages in natural asexual P. infestans populations have not been identified.  

 Genotyping-by-sequencing (GBS) is a relatively new technology which combines 

genome reduction with next-generation sequencing for simultaneous marker discovery and 

individual genotyping (Elshire et al., 2011). This approach, through the identification of 

thousands of single nucleotide polymorphisms (SNPs), vastly increases the density of genetic 

markers over previous technologies, such as microsatellites, thereby increasing the resolution 

available to study population genetics. Since its development GBS has been used to study plant 

populations (Elshire et al., 2011; Fu et al., 2014; Lu et al., 2013) as well as plant pathogen 

populations (Milgroom et al., 2014; Summers et al., 2015). 

 The overall goal of this project was to utilize GBS to identify SNPs within clonal 

lineages of P. infestans, and to use these data to better understand within-lineage genetic 

diversity. To accomplish this, the neighbor-joining (NJ) method was used to identify diversity 

and population structure within four lineages. A second objective was to analyze sub-lineage 
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population structure and determine if inferences could be made about late blight epidemiology. 

Within-lineage groupings were evaluated to gain insight into pathogen overwintering and 

dispersal patterns.  

 

Materials and Methods 

Isolates 

 The majority of isolates were collected as part of the USAblight project, a national 

project focused on improving understanding and management of potato and tomato late blight in 

the USA (http://www.usablight.org). Older isolates (prior to 2011) were obtained from the 

Cornell University Culture Collection or directly from collaborators. Potato and tomato late 

blight samples submitted prior to or during the USAblight project were collected by regional 

cooperators (primarily researchers and cooperative extension educators) and mailed overnight to 

the Fry laboratory at Cornell University for SSR genotyping using markers developed by Lees et 

al. (2006) (APHIS permit 0579-0054). Following SSR genotyping (clonal lineage assignment) 

isolates were stored at 16°C in sterile glass vials filled half way with Rye B agar (Caten and 

Jinks, 1968) as part of the Cornell University Culture Collection (housed in the Fry lab). Isolates 

were selected for this study to maximize temporal and geographic diversity.  

 Prior to DNA extraction, isolates were removed from storage, transferred onto pea agar 

(Jaime-Garcia et al., 2000), and plugs of actively growing mycelia were transferred into pea 

broth and incubated at 16°C for five to ten days. Mycelia were filtered from pea broth using 

vacuum filtration and qualitative P8 grade filter paper (Thermo Fisher Scientific, Waltham, MA). 

Approximately 150 mg wet mycelia per isolate were collected and stored in sterile 2 ml round-
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bottom tubes at -20°C until DNA was extracted. Extra mycelia were stored in sterile 2 ml tubes 

at -20°C. 

 Two hundred fifty seven P. infestans isolates belonging to clonal lineages US-8, US-11, 

US-23, and US-24 were included in this study (Table 5.S1). United States isolates were collected 

from 23 states between 1994 and 2015, with an additional six isolates from Ontario, Canada 

included from 2010. The majority of isolates (94%) were collected between 2010 and 2014 

(Figure 5.1, Table 5.S2).  

 Of the 257 isolates included in the study, 28 belonged to lineage US-8. These isolates 

originated from seven US states (ID, MA, ME, NY, PA, VA, WA) and Ontario, Canada, and 

were collected in 1994, 2004, and each year from 2008 to 2014 (Figure 5.1, Tables 5.S1 and 

5.S2). Twenty seven isolates belonged to lineage US-11, originating from six US states (CA, FL, 

NC, NY, OR, WA), and were collected in 2005, 2011, 2012, 2013, and 2015 (Figure 5.1, Tables 

5.S1 and 5.S2). Thirty six isolates belonged to lineage US-24 were included in the study. Isolates 

originated from eight US states (ME, MN, MT, NC, ND, NY, OR, WA) and were collected from 

2009 to 2014 (Figure 5.1, Tables 5.S1 and 5.S2). The largest group of isolates belonged to 

lineage US-23 (n=166), and originated from 19 US states (CT, DE, FL, ID, IN, MA, MD, ME, 

MN, NC, ND, NH, NJ, NY, OH, PA, RI, VA, WI), and were collected from 2009 to 2014 

(Figure 5.1, Tables 5.S1 and 5.S2). Lineage US-23 has been the predominant lineage in the 

United States since 2012, which is why it is the most-represented lineage in this study. 

DNA extraction and genotyping-by-sequencing 

 Two 5 mm stainless steel beads (Qiagen, Hilden, Germany) were added to each 2 ml 

round-bottom tube containing approximately 150 mg wet mycelia and run at 30 hz for 2 minutes 

using a Retsch MM400 Tissuelyser (Newton, PA). Extractions were then done using a 
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Figure 5.1. Number of isolates by year and geographic origin used in this study. Top: each line 

represents a lineage (dotted line [US-8, n=29], dashed line [US-11, n=27], solid line [US-23, 

n=167], dotted line with dashes [US-24, n=36]), with collection year on the x-axis and number of 

isolates on the y-axis.  Bottom: geographic origin of isolates by lineage. In some cases map 

markers represent multiple isolates collected from that location. 
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DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s instructions. Prior to sample 

submission DNA quality was evaluated by gel electrophoresis, and DNA was quantified using a 

Qubit (Thermo Fisher Scientific, Waltham, MA). Following quality control checks, 30 µl of each 

DNA sample at 50-100 ng/µl were pipetted into 96 well plates (95 samples per plate plus one 

blank well), placed on ice, and immediately submitted to the Cornell University Institute for 

Genomic Diversity (IGD). Library preparation and GBS were done at the Cornell IGD as 

previously described (Elshire et al., 2011). Briefly, adapters were ligated to DNA samples 

following digestion by the restriction enzyme ApeKI. Samples were then pooled, enriched by 

PCR, and purified prior to 100 bp single-end sequencing by Illumina Hi-Seq 2500 (Illumina, San 

Diego, CA).  

Control isolates  

 Eight isolates were included as controls in the GBS analysis (Table 5.1). DNA was 

extracted from two separate mycelial samples from each of the control isolates, with the 

exception of isolate 11238 which had DNA extracted from three separate mycelial samples. 

DNA extractions were performed as described above. Replicated isolates were included in each 

of the three GBS sequencing runs (Table 5.1). For isolate 11238, identical DNA extracts as well 

as separate DNA extracts were included to evaluate error due to DNA extraction and DNA 

sequencing run. 

SNP calling and data filtering 

 Genotypes were called for all isolates simultaneously using the TASSEL 3.0.173 pipeline 

(Glaubitz et al., 2014). SNPs were called by trimming reads to 64 bp, aligning to the  
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Table 5.1. Replicated isolates included as controls in the GBS analysis. 

Isolate name
x 

Clonal lineage DNA extraction #
y 

GBS run #
z 

11238_18 US-23 1 1 

11238orgnl_90 US-23 1 2 

11238orgnl_93 US-23 1 3 

11238cntl1_88 US-23 2 2 

11238cntl1_91 US-23 2 3 

11238cntl2_89 US-23 3 2 

11238cntl2_92 US-23 3 3 

1726cntl22 US-23 1 3 

1726cntl57 US-23 2 3 

1301cntl01 US-8 1 1 

1301cntl94 US-8 2 1 

1576cntlP2 US-8 1 2 

1576cntlP3 US-8 2 3 

824cntlP1 US-8 1 1 

824cntlP2 US-8 2 2 

2039cntlP1 US-8 1 1 

2039cntlP2 US-8 2 2 

1310cntlP1 US-11 1 1 

1310cntlP2 US-11 2 2 

1403cntlP1 US-11 1 1 

1403cntlP2 US-11 2 2 
x 

Isolate names beginning with the same 3 to 5 numbers are the same isolate, with the latter part 

of the isolate names identifying replicate information. 
y 
Identical DNA extracts from the same isolate run as GBS replicates are indicated by the same 

DNA extraction number. Different DNA extracts from identical isolates are indicated by 

different DNA extraction numbers. 
z 
The study included a total of three 96-well GBS runs. Replicated control samples were included 

in each of the three runs. 

 

reference genome assembly (Haas et al., 2009), and associating reads with individuals by 

barcode identification (Glaubitz et al., 2014). Burrows-wheeler alignment (bwa-aln) with default 

parameters was used to align sequence tags to the reference genome (Li and Durbin, 2009). 

Default parameters were otherwise used in TASSEL, with two exceptions: 1) Only sequence tags 

present >10 times were used to call SNPs; and 2) SNPs were output in variant call format (VCF), 

with up to 4 alleles retained per locus, using the tbt2vcfplugin. 
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 The resulting VCF file was filtered using VCFtools (Danecek et al., 2011) and a Dell 

PowerEdge M600 (Round Rock, TX) and RedHat Linux 7.1 (Raleigh, NC) located in the Cornell 

University BioHPC Computing Lab. Individuals were filtered on maximum missing data of 90%, 

and individuals with greater than 90% missing data were excluded from further analysis. Data 

were then separated into four VCF files according to P. infestans lineage. In each of the four 

VCF files bi-allelic SNPs were filtered on minimum minor allele frequency of 10% and 

maximum mean site read depth of 50. Data were then filtered on minimum genotype (site-by-

individual) read depth of 7 using TASSEL (Glaubitz et al., 2014).  

Data analysis 

 Principal component analysis (PCA) was done on all 257 isolates in TASSEL 5.0 

(available at http://www.maizegenetics.net/#!tassel/c17q9) using the complete data set (not 

divided by lineage). PCA data were imported into Microsoft Excel 2010 (Microsoft, Redmond, 

WA) to generate a PCA plot. Following confirmation of lineage assignments by PCA, the four 

filtered VCF files were used for within-lineage analyses in RStudio (R version 3.2.3) using the 

Poppr (Kamvar et al., 2014) and adegenet (Jombart, 2008) packages. Files were read using the 

function read.vcf and converted into genind or genclone objects with the functions vcfR2genind 

(available at https://github.com/knausb/vcfR) and poppr::as.genclone (part of the Poppr 

package), respectively. Using genind objects, neighbor-joining trees (Saitou and Nei, 1987) were 

generated for each of the four lineages using the aboot function with 1000 bootstrap replicates 

and Prevosti’s distance (prevosti.dist) (Prevosti et al., 1975). Prevosti’s distance matrices were 

also used to calculate average genetic distances within each lineage and within replicated 

samples. A second set of trees were generated using Nei’s standard genetic distance (nei.dist) 

(Nei, 1972). Each pair of trees per lineage was compared for consistency. Trees were formatted 
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using Fig Tree version 1.4.2 (available at http://tree.bio.ed.ac.uk/software/figtree/). Additionally, 

K-means hierarchical clustering was done on each lineage as another way of assessing 

population structure (Jombart et al., 2010). The find.clusters function in the adegenet package 

(Jombart, 2008) was used on genclone objects to determine the optimal number of clusters for 

each lineage. 

 

Results 

GBS summary data and principal component analysis 

 There were a total of 243,981 SNPs in the unfiltered data set containing all four lineages. 

After filtering each single-lineage-VCF file on mean site read depth of 7 and locus-by-individual 

(genotype) read depth of 7, the following number of SNPs were retained for each lineage: US-8 

(3,774 SNPs); US-11 (4,363 SNPs); US-23 (5,070 SNPs); US-24 (4,353 SNPs). Based on 

Prevosti’s distance matrix, the average genetic distance within each lineage was 0.119 (US-8), 

0.095 (US-11), 0.089 (US-23), and 0.102 (US-24). The average genetic distance between all 

replicated control samples was 0.047. None of the isolates in the study shared identical 

genotypes, including replicated controls. 

 Each isolate used in this study had previously been assigned to a clonal lineage based on 

microsatellite genotyping. Separation of all four lineages was achieved using principal 

component analysis (PCA) (Figure 5.2). All 257 isolates were correctly placed into one of four 

PCA groups corresponding to each of the four lineages. Principal components 1 and 2 

collectively explained 21% of the variance in the data. Lineages US-11 and US-23 showed clear
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Figure 5.2. Principal component analysis of all 257 isolates used in the GBS study. Lineages are 

indicated by diamonds (US-8), squares (US-11), triangles (US-23), and x marks (US-24). 

 

 separation from each other and from US-8 and US-24. The latter two lineages were clearly 

separated, although to a lesser extent than US-11 and US-23 (Figure 5.2).  

Lineage US-8 

 K-means hierarchical clustering analysis did not reveal significant clustering in the US-8 

data, indicated by an optimal number of clusters of one. Neighbor-joining analysis of US-8 

isolates revealed a broad distribution of isolates by geographic origin and collection date (Figure 

5.3). The majority (82%) of US-8 isolates were collected in four states or regions (NY (32%), 

PA (11%), WA (18%), and Ontario, Canada (21%)) (Figure 5.1, Tables 5.S1 and 5.S2). One 

isolate from each of the following states made up the remainder of US-8 isolates; ME, MA, VA, 

ID, and OR. Some isolates grouped together by geographic origin, such as two NY isolates (982 
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and 1086) and two isolates from ON, Can (1078 and 1133). There were also isolates from distant 

geographic regions that grouped together, like isolates from WA and ON, Can (1576 and 1084) 

and ID and PA (1182 and 1301) (Figure 5.3).  

 The US-8 NJ tree was also evaluated by collection year. Eighty six percent of US-8 

isolates were collected in five years (2008 – 2011 and 2013) (Figure 5.1, Tables 5.S1 and 5.S2). 

One isolate from each of the following years made up the remainder of US-8 isolates; 1994, 

2004, 2012, and 2014. Isolates collected during the same year or sequential years did not group 

together overall (Figure 5.3). Three US-8 isolates deviated from the typical US-8 microsatellite 

genotype, and were denoted by .V following their isolate name. Two of these isolates (1184 and 

2039) shared the same variant allele at marker Pi89. The third isolate (1185) had a unique variant 

allele at the same marker. None of the three SSR-variant isolates grouped together. Additionally, 

four US-8 isolates were replicated once each and included as controls (1576, 2039, 824, 1301, 

two samples each). The average genetic distance between replicated samples was 0.069, 

compared to an average distance of 0.119 for all US-8 isolates. Each of the four control isolates 

grouped together with their replicated sample (Figure 5.3). A second NJ tree was constructed 

using Nei’s genetic distance to check the reproducibility of our results. Both Prevosti’s and Nei’s 

trees had very similar overall topologies (data not shown). 

Lineage US-11  

 K-means hierarchical clustering analysis did not reveal significant clustering in the US-

11 data, indicated by an optimal number of clusters of one. Neighbor-joining analysis of US-11 

isolates revealed a broad distribution of isolates by geographic origin and collection year (Figure 

5.4) similar to what was observed with lineage US-8. Eighty two percent of US-11 isolates were 
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Figure 5.3. Neighbor-joining tree of US-8 isolates. Bootstrap values below 50 are not shown. Taxa are labeled by isolate code: 

collection year: collection state: host. Isolates that showed variation in their SSR profile are indicated by .V following their isolate 

code.  Isolates from Ontario Canada are labeled ON:CAN. NA= information not available. 
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collected in three states (CA (26%), OR (30%), and WA (26%)). The remaining isolates were 

collected in FL (n=2), NC (n=1), and NY (n=2) (Figure 5.1, Tables 5.S1 and 5.S2). Some 

isolates grouped together by geographic origin, such as two CA isolates (680 and 150413005S1), 

and isolates from OR and WA ([11116 and 815] and [11119 and 12115]). There were also 

isolates collected from distant geographic origins that grouped together, like NY and WA (11111 

and 12119) and FL and WA (12111 and 12117) (Figure 5.4). Overall, there was not a consistent 

pattern of isolates grouping together by geographic origin.   

 When the US-11 NJ tree was evaluated by collection year there was no consistent 

grouping observed. The majority of US-11 isolates were collected during 2011 (37%) and 2012 

(44%). Overall 2011 and 2012 isolates were scattered throughout the tree and did not 

consistently group with like-years. The remaining isolates were collected in 2005 (n=2), 2013 

(n=2) and 2015 (n=1) (Figure 5.1, Tables 5.S1 and 5.S2). The two 2005 isolates (1310 and 1403) 

did not group together, nor did the 2013 isolates (13113 and 13112) (Figure 5.4). Additionally, 

two US-11 isolates were replicated once each and included as controls (1310 and 1403, two 

samples each). The average genetic distance between replicated samples was 0.056, compared to 

a distance of 0.095 for all US-11 isolates. The two 1310 replicates grouped together. The two 

1403 replicates were part of a larger group of five isolates, but were not directly adjacent to each 

other (Figure 5.4). Both Prevosti’s and Nei’s NJ trees (reproducibility check) had very similar 

overall topologies (data not shown). 
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Figure 5.4. Neighbor-joining tree of US-11 isolates. Bootstrap values below 50 are not shown. Taxa are labeled by isolate code: 

collection year: collection state: host. Isolates that showed variation in their SSR profile are indicated by .V following their isolate 

code. 
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Lineage US-24  

 K-means hierarchical clustering analysis did not reveal significant clustering in the US-

24 data, indicated by an optimal number of clusters of one. Neighbor-joining analysis of US-24 

isolates revealed a broad distribution of isolates by geographic origin and collection year (Figure 

5.5). Fifty five percent of US-24 isolates originated in ND (33%) and OR (22%). The remaining 

45% of isolates originated from WA, MT, MN, NY, ME, and NC, with one to four isolates 

included from each state (Figure 5.1, Tables 5.S1 and 5.S2). There were some isolates that 

grouped together by geographic origin. For example, several ND isolates ([ND884_5 and 

ND888] and [1513 and US110157]) grouped together and isolates from OR generally grouped 

with other OR isolates collected the same year. There were also isolates from distant states that 

grouped together, like WA and ND (1312 and 2041), and ND and NC (1198 and 700) (Figure 

5.5).  

 Fifty six percent of US-24 isolates were collected in 2011. The remaining 44% of isolates 

were collected between 2009 and 2014, with two to four isolates collected from each of those 

years (Figure 5.1, Tables 5.S1 and 5.S2). Isolates that grouped together by year were also 

collected from the same state (two ND isolates [2009], three and four OR isolates [2013 and 

2014, respectively]) (Figure 5.5). Isolates from 2010 and 2012 did not group together overall, 

even though all four 2010 isolates were collected from MT. Both Prevosti’s and Nei’s NJ trees 

(reproducibility check) had very similar overall topologies (data not shown).
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Figure 5.5. Neighbor-joining tree of US-24 isolates. Bootstrap values below 50 are not shown. Taxa are labeled by isolate code: 

collection year: collection state: host. NA=information not available.
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Lineage US-23  

 K-means hierarchical clustering 

 US-23 individuals clustered optimally into three groups based on K-means hierarchical 

clustering analysis (Figures 5.6 and 5.S1). Group 1 contained 44 individuals (27% of total), 

group 2 contained 27 individuals (16% of total), and group 3 contained 95 individuals (57% of 

total). K-means groups 1 and 3 were not closely associated with NJ clusters, but group 2 was 

(Figure 5.S1). Figure 5.6 shows a breakdown of the relative proportion of each of the four best-

represented years (2011 – 2014, 97% of total) and states (FL, ME, NY, PA, 69% of total) in each 

of the three groups. A random distribution of isolates into each of the three groups would have 

resulted in approximately equally-sized bars for each group across years and states. Figure 5.6a 

shows significant variability in the relative contribution of each of the four years to each of the 

three groups. For example, 9% of 2011 isolates belonged to group 3, which contained 57% of all 

US-23 isolates. Similarly, 64% of 2011 isolates belonged to group 1, which contained a 

comparatively small 27% of all US-23 isolates. Group 2 was heavily weighted towards years 

2011 and 2012. There was less variability in the relative contribution of each of the four states to 

each of the three groups, with the exception of ME isolates which clustered only into groups 2 

and 3 (Figure 5.6b).  

 Neighbor-joining analysis 

 The average genetic distance between isolates within lineage US-23 was 0.089. Sixty 

nine percent of US-23 isolates originated in FL (7%), ME (14%), NY (31%) and PA (17%).  The 

remaining 31% of isolates originated from 15 states from the east coast to as far west as ID, with 

one to nine isolates included from each state (Figure 5.1, Tables 5.S1 and 5.S2). There were 
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Figure 5.6. K-means hierarchical clustering of lineage US-23 revealed three clusters (group 1 

[27% of isolates, n=44]; group 2 [16% of isolates, n=27]; group 3 [57% of isolates, n=95]). A. 

Relative contribution of the four best-represented years (largest number of isolates) to each of the 

three K-means groups (group 1: top bars; group 2: middle bars; group 3: bottom bars). 97% of all 

US-23 isolates were collected between 2011-2014 (n=161). B. Relative contribution of the four 

best-represented states (largest number of isolates) to each of the three K-means groups (group 1: 

top bars; group 2: middle bars; group 3: bottom bars). 69% of all US-23 isolates originated from 

FL, ME, NY, and PA (n=114).
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examples of isolates that grouped together by geographic regions, like the group shown in Figure 

5.7a which contained three isolates from PA and two isolates from NY. Similarly, Figure 5.7b 

shows four isolates from NY and two isolates each from CT, NH and PA. There were also 

numerous examples of isolates that grouped together from distant states, like the group shown in 

Figure 5.7c which contained one isolate each from NJ, FL, ME and PA. Similarly, Figure 5.7d 

shows a group containing two isolates each from NY and FL and one isolate each from MD and 

WI. Overall, isolates did not group together consistently by geographic origin (Figure 5.S2). 

 The US-23 NJ tree had significantly more clustering by collection year than by 

geographic origin (Figure 5.8). Ninety seven percent of US-23 isolates were collected in 2011 

(13%), 2012 (42%), 2013 (17%), and 2014 (24%). The remaining three percent of isolates were 

collected in 2009 (n=2) and 2010 (n=3) (Figure 5.1, Tables 5.S1 and 5.S2). The two 2009 

isolates did not group together. There was a group of 18 isolates which, besides two 2010 

isolates, were all collected in 2011 and 2012 (Figure 5.S2). Two notable groups of isolates that 

clustered by collection year are indicated in Figure 5.8. The letter A in Figure 5.8 designates a 

group of 11 isolates, all of which were collected in 2014. The isolates shown in Figure 5.8a came 

from MA, NY, VA, NC, FL, and ID. The letter B in Figure 5.8 designates a group of 17 isolates, 

14 of which were collected in 2013 from nine states (ME, RI, MA, NY, PA, NC, OH, IN, and 

WI) and three of which were collected in 2011 (NY and PA) and 2012 (PA).   

 Two US-23 isolates were replicated and included as controls (1726 and 11238). Isolate 

1726 was replicated once (two samples total), and isolate 11238 was replicated six times (seven 

samples total) (Table 5.1). The 1726 replicates were part of a larger group of 12 isolates, but 

were not directly adjacent to each other on the NJ tree. All 11238 replicates were adjacent to 

each other on the NJ tree (Figure 5.S2). The average genetic distance 
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Figure 5.7. Representative examples of US-23 isolates that clustered together by geographic origin (A and B), and US-23 isolates 

from distant geographic origins that clustered together (C and D). All four groups shown here are exactly as they appear in the US-23 

neighbor-joining tree containing all 166 US-23 isolates (Figure 5.S2).
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between replicated US-23 samples was 0.043, compared to 0.089 for all US-23 isolates. The 

average genetic distance between 11238 replicates of the same DNA extract run on different 

GBS plates was 0.043, and the average genetic distance between replicates of different DNA 

extracts run on the same plate was 0.041. Additionally, both Prevosti’s and Nei’s NJ trees 

(reproducibility check) had very similar overall topologies (data not shown). Twenty six US-23 

isolates deviated from the typical US-23 SSR genotype at the same D13 marker, and were 

denoted by .V following their isolate name. Twenty four of these isolates shared the same variant 

alleles, and two isolates (isolates 122320 and 112312) each had unique alleles at this marker. 

Although 14 out of 26 SSR-variant isolates did group with other variants, overall they did not 

collectively group together and were scattered throughout the NJ tree (Figure 5.S2). 

 

Discussion 

 In this study we used genotyping-by-sequencing to identify diversity within four clonal 

lineages of P. infestans. This work builds off of previous studies that identified variability among 

asexual progeny of P. infestans (Abu-El Samen et al. 2003a; Abu-El Samen et al. 2003b; Caten 

& Jinks 1968; Goodwin et al. 1995; reviewed in Goodwin 1997). For example, Abu-El Samen et 

al. (2003b) found significant variability in virulence among asexual progeny when potato 

differentials were inoculated with 102 single-zoospore isolates derived from five different 

parental isolates. The two parental isolates showing the lowest and highest levels of phenotypic 

diversity among asexual progeny were chosen for genotypic analysis using random amplified 

polymorphic DNA (RAPD) and amplified fragment length polymorphism (AFLP) (Abu-El 

Samen et al., 2003a). Significant genotypic variability, presumed to be the result of mutation and 

mitotic recombination, was observed among the progeny of both parental isolates, but was not 
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Figure 5.8. Neighbor-joining tree of all 166 US-23 individuals, color-coded by collection year. 

97% of US-23 isolates were collected between 2011 and 2014. Isolates collected in 2011 (blue) 

and 2012 (black) are consistently scattered throughout the tree. Isolates collected in 2013 (red) 

and 2014 (green) group strongly together. A. Group of 11 isolates collected in 2014 from six 

states (MA, NY, VA, NC, FL, and ID). B. Group of 17 isolates, 14 of which were collected in 

2013 from eight states (ME, RI, MA, NY, PA, OH, IN, and WI). The remaining three isolates in 

this group were collected in 2011 (NY and PA) and 2012 (PA).
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well-correlated with phenotypic variability. Studies like these were important in demonstrating 

that, with sufficient genetic marker density, variability in asexual progeny of P. infestans could 

be detected. Our goal was to use GBS to generate a large number of genetic markers to evaluate 

genetic diversity within clonal lineages of P. infestans, and to use those data to detect sub-

lineages within a naturally-occurring asexual population. 

 The majority of isolates used in the study were collected as part of the national 

USAblight project (http://usablight.org/) tasked with improving our understanding of the 

pathogen biology and management of tomato and potato late blight. Isolates were chosen to 

maximize spatial and temporal diversity, and each isolate had previously been genotyped using 

SSR markers developed by Lees et al. (2006) as part of the pathogen population monitoring 

aspect of the USAblight project. Principal component analysis (PCA) separated all isolates into 

four distinct groups corresponding to lineages US-8, US-11, US-23, and US-24. The relatively 

close grouping of lineages US-8 and US-24 compared to the other lineages is consistent with 

previous findings (Danies et al., 2014).   

 Using GBS, we identified between 3,774 and 5,070 SNPs within lineages US-8, US-11, 

US-23, and US-24. To investigate population sub-structuring and inoculum dispersal patterns, 

pairwise distances between all isolates within each lineage were calculated using Prevosti’s 

genetic distance (Prevosti et al., 1975), and the resulting distance matrices were used to construct 

NJ trees (Saitou and Nei, 1987; Tamura et al., 2004). Prevosti’s and Nei’s (control check) 

genetic distances were chosen because they rely on allele frequencies to determine distances 

between individuals (Nei, 1972; Prevosti et al., 1975). This approach, rather than relying on 

genotype frequencies, was appropriate for assessing diversity in our data because each individual 

was genetically unique. The average genetic distance within each lineage was 0.119 (US-8), 
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0.095 (US-11), 0.089 (US-23), and 0.102 (US-24). We hypothesized that the older US-8 and US-

11 lineages, first identified in 1993 and 1994, respectively (Goodwin et al., 1998), would have 

greater average genetic distances than the younger US-23 and US-24 lineages, first identified in 

2009 (Fry et al., 2013), due to the accumulation of mutations over time. This phenomena has 

been well documented in the US-1 lineage of P. infestans, which was the globally-predominant 

lineage throughout much of the 20
th

 century (reviewed by Goodwin (1997)). An important caveat 

to consider is the fact that genotypic diversity is expected to increase with sample size 

(Grünwald et al., 2003; Milgroom, 2015). Lineages US-8 and US-11 had the smallest sample 

sizes (n=28 and n=27, respectively), followed by US-24 (n=38) and US-23 (n=166). Despite 

having the largest sample size (more than 4.5 times larger than the second-most-sampled lineage) 

US-23 had the lowest average genetic distance among isolates. This supports our hypothesis 

while considering the effect of uneven sample sizes. The same result was not observed with 

lineage US-24, which had an average genetic distance between that of lineages US-11 and US-8. 

Although lineage US-24 was first reported in 2009 (Fry et al., 2013), as with all naturally-

occurring lineages, its true age is not known. Therefore, it is possible that US-24 existed prior to 

2009, thereby increasing the number of mutations accumulated within the lineage over time. 

Additionally, genetic drift resulting from annual genetic bottlenecks could have reduced diversity 

within lineages US-8 and US-11 (Milgroom, 2015). These questions warrant further 

investigation. 

 Phytophthora infestans is known to move locally and regionally by wind-dispersal 

(Mizubuti and Fry, 2006) and both regionally and nationally through the shipment of infected 

seed tubers and tomato transplants (Fry et al., 2013). We found support for both dispersal 

mechanisms through the analyses of the US-8, US-11, and US-24 NJ trees. There were isolates 
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collected from the same state during the same year that grouped together, like US-24 isolates 

from 2009 (ND), 2013 (OR), and 2014 (OR). The specific collection locations of the ND isolates 

are unknown, but the OR isolates originated in Philomath, Corvallis, and Lebanon which are less 

than 50 miles apart; a feasible distance for an individual isolate to spread by wind-dispersal in a 

single season (Mizubuti and Fry, 2006; Zwankhuizen et al., 1998). There were also isolates 

collected from distant states during the same year that grouped together, like US-8 isolates from 

ID and PA in 2011 (Figure 5.3), US-11 isolates from FL and WA in 2012 (Figure 5.4), and US-

24 isolates from ND and NY in 2011 (Figure 5.5). The grouping of these isolates supports long-

distance pathogen dispersal on infected host tissue, as the spread of airborne P. infestans 

inoculum over such distances in a single season is highly unlikely. Overall, isolates did not group 

by geographic origin in the US-8, US-11, and US-24 NJ trees, which may be evidence that P. 

infestans individuals are regularly moving throughout the sampling area by infected seed tubers 

or tomato seedlings to initiate infections. Alternatively, this might indicate that enough 

individuals are overwintering in each state, presumably in cull piles or as unharvested tubers, so 

that the majority of isolates collected from a given state are members of separate sub-lineages 

rather than descendants of the same aerially-dispersed sub-lineage. This scenario may explain 

some of the cases where isolates from the same state did not group together. Future work 

involving higher-density sampling in one or a few smaller geographic areas could help to address 

this question.  

 Similar to the analysis by geography, the US-8, US-11, and US-24 NJ trees did not show 

consistent groupings of individuals by collection year. The groupings of individuals by year that 

were observed in the US-24 NJ tree probably reflected regional wind-dispersal because in each 
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case isolates that grouped together by year were also from the same state (2009, ND, n=2; 2013, 

OR, n=3; 2014, OR, n=3). 

 Consistent with the US-8, US-11, and US-24 results, US-23 individuals were not 

significantly grouped by geographic origin (Figures 5.6 and 5.S2). This result is exemplified by 

isolates 645 (tomato) and 122345 (potato), both of which were collected from the same Penn 

State research farm three weeks apart and resulted from natural inoculum. However, on the NJ 

tree these isolates did not group near each other, but isolate 122345 did group closely with 

another 2012 isolate collected on tomato from Troy, ME (isolate 122318) (Figure 5.S2). There 

were examples of individuals from the same state that grouped together from the same year (ME, 

2012, n=2) and from different years (NY, 2012 and 2013, n=2). The former probably reflects 

regional pathogen spread by wind dispersal, while the latter probably reflects pathogen 

overwintering in potato cull piles or unharvested tubers. However, there was not a consistent 

pattern of isolates grouping by geographic origin overall.  

 Contrary to results from the US-8, US-11, and US-24 NJ trees, some US-23 individuals 

did group together significantly by collection year (Figures 5.6, 5.7, and 5.8). In particular, 

isolates from 2013 and 2014 showed a strong tendency to group with other isolates from those 

years. Given the large geographic areas represented in the major 2013 and 2014 groups (Figure 

5.8), this is a strong indication that long-distance pathogen dispersal by infected host plant 

material played a significant role in initiating late blight epidemics in those years. The late blight 

pandemic in the eastern United States in 2009 (Fry et al., 2013) illustrated how efficiently P. 

infestans can be dispersed over large distances through the movement of infected plant material. 

During that outbreak, late blight-infected tomato seedlings, which were observed by plant 

pathologists at numerous large retail garden centers throughout the Northeast, were identified as 
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the primary source of inoculum. This was unusual because the source of late blight inoculum was 

observable, compared to typical late blight outbreaks where the source of primary inoculum is 

ambiguous (infected seed tubers, volunteer potatoes and tomatoes, potato cull piles, etc.). 

Although late blight has been a recurrent problem since 2009, the widespread distribution of 

infected tomato seedlings is not known to have re-occurred in the United States. 

 Replicated control samples were also included in each of the three GBS runs to assess 

random effects, such as sequencing error and DNA extraction, which may have influenced our 

data. The average genetic distance between control samples was consistently approximately half 

that of the average distance within the entire lineage. This pattern was consistent whether the 

exact same DNA extract was replicated on different GBS plates, or separate DNA extracts of the 

same isolate were run on the same GBS plate. This indicates that the genetic distance separating 

replicated controls is probably the result of sequencing error, and not differences in the sample 

DNA. Seventeen out of 21 replicated samples were adjacent to their replicate in the NJ trees. 

There were two replicated control isolates (1403 [US-11, n=2] and 1726 [US-23, n=2]) that were 

not directly adjacent to each other on the NJ tree, although they were relatively near to each 

other. All replicated controls, besides the robustly-replicated US-23 isolate 11238, were stored in 

separate long-term storage vials. It is possible that variability in storage conditions or number of 

culture transfers may have resulted in changes in the DNA of those isolates. We were not able to 

tease apart real differences in replicated sample DNA versus sequencing error. Regardless, the 

consistency with which our replicated control samples grouped together on the NJ trees, along 

with the significantly lower average genetic distances between controls compared to entire 

lineages, gives us confidence that sequencing error did not significantly influence our results.    
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 Here, we showed that there is a significant amount of genetic diversity within clonal 

lineages of P. infestans, which is consistent with results from previous studies. Additionally, our 

data indicate that GBS is capable of generating enough genetic markers to detect sub-structuring 

within naturally-occurring clonal populations. Our analysis revealed that long-distance pathogen 

transport, presumably by infected plant tissue, likely plays an important role in initiating late 

blight outbreaks on an annual basis. This highlights an opportunity for improving late blight 

management, and warns of the potential for rapid long-distance transport of novel P. infestans 

genotypes. 
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Table 5.S1. All isolates included in the GBS study.  

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

1182 na us8 USA ID Bonner Ferry Co P 2011 10/6/2011 

1382 na us8 USA MA Hadley na 2013 10/8/2013 

882 na us8 USA ME na P 2008 9/1/2008 

862 na us8 USA NY na P 1994 na 

1241 na us8 USA NY na P 2004 na 

881 na us8 USA NY Elba na 2008 9/1/2008 

1190 na us8 USA NY Monroe Co P 2008 9/1/2008 

982 na us8 USA NY Bliss P 2009 9/1/2008 

1398 na us8 USA NY Freeville P 2009 9/25/2009 

981 na us8 USA NY Steuben Co P 2009 11/3/2011 

1086 na us8 USA NY Yates Co P 2010 8/19/2010 

1087 na us8 USA NY Wayne Co P 2010 9/15/2010 

1381 130829203S1 us8 USA NY Erie Co P 2013 8/30/2013 

1078 na us8 CAN ON Shelburne P 2010 8/17/2010 

1082 na us8 CAN ON Shelburne P 2010 8/17/2010 

1083 na us8 CAN ON Shelburne P 2010 8/17/2010 

1084 na us8 CAN ON Shelburne P 2010 8/17/2010 

1085 na us8 CAN ON Shelburne P 2010 8/17/2010 

1133 na us8 CAN ON Shelburne P 2010 8/17/2010 

BL2009P3 na us8 USA PA Blair Co na 2009 na 

1168 na us8 USA PA Erie Co P 2010 8/17/2010 

1301 110907001 us8 USA PA Erie Co P 2011 9/7/2011 

824 120613056S1 us8 USA VA Painter P 2012 6/6/2012 

1184 na us8.v USA WA Pasco P 2011 10/6/2011 

2039 na us8.v USA WA Pasco P 2011 10/6/2011 

1185 111011001 us8.v USA WA Othello P 2011 10/11/2011 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

1383 na us8 USA WA Columbia Basin  na 2013 10/14/2013 

1576 na us8 USA WA Eltopia P 2014 na 

11112 110817001 us11 USA CA Stockton T 2011 8/17/2011 

11113 110829001 us11 USA CA Stockton T 2011 8/29/2011 

11115 na us11 USA CA San Joaquin Co T 2011 12/1/2011 

680 120702103S1 us11 USA CA San Francisco Co P 2012 7/2/2012 

1993 120702104S1 us11 USA CA San Francisco T 2012 7/2/2012 

13112 131011282S1 us11 USA CA San Francisco T 2013 10/16/2013 

150413005S1 150413005S1 us11 USA CA Woodland T 2015 4/13/2015 

12111 120613048S1 us11 USA FL Loxahatchee T 2012 4/28/2012 

12112 120613049S1 us11 USA FL Collier Co T 2012 5/4/2012 

12113 120705112S1 us11 USA NC na T 2012 7/6/2012 

1403 na us11 USA NY Albany T 2005 na 

11111 110818001 us11 USA NY Boonville T 2011 8/18/2011 

1310 na us11 USA OR na P 2005 na 

980 110830003 us11 USA OR Corvallis T 2011 8/30/2011 

11114 110830002 us11 USA OR Corvallis T 2011 8/30/2011 

11116 na us11 USA OR Linn Co T 2011 10/20/2011 

11117 na us11 USA OR Linn Co T 2011 10/20/2011 

11118 na us11 USA OR Linn Co T 2011 10/20/2011 

11119 na us11 USA OR Linn Co T 2011 10/20/2011 

13113 131012284S1 us11 USA OR Corvallis T 2013 10/16/2013 

12114 121119306S2 us11 USA WA Skagit Co T 2012 11/21/2012 

12115 121120309S1 us11 USA WA Skagit Co T 2012 11/21/2012 

12116 121120310S1 us11 USA WA Skagit Co T 2012 11/21/2012 

12117  121120311S1 us11 USA WA Skagit Co T 2012 11/21/2012 

12119 121120312S1 us11 USA WA Skagit Co P 2012 11/21/2012 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

121110 na us11 USA WA Franklin Co P 2012 11/21/2012 

815 121119307S2 us11.v USA WA Skagit Co P 2012 11/21/2012 

10231 na us23 USA CT New Haven T 2010 6/22/2010 

708 120716120S1 us23 USA CT Salem T 2012 7/18/2012 

122316 120725134S1 us23.v USA CT Colchester T 2012 7/26/2012 

122320 120815182S1 us23.v USA CT Coventry T 2012 8/16/2012 

1112 na us23.v USA CT Suffield T 2012 12/11/2012 

1717 140825206S1 us23 USA CT Kent T 2014 8/25/2014 

1208 na us23 USA DE na na 2013 5/12/2013 

1260 na us23 USA DE na na 2013 5/12/2013 

12232 120429027S1 us23 USA FL Jupiter T 2012 4/28/2012 

13231 130104001S1 us23 USA FL na P 2013 1/4/2013 

1011 130115005S1 us23 USA FL Collier Co T 2013 1/16/2013 

1040 130115004S1 us23 USA FL Collier Co P 2013 1/16/2013 

13232 130219012S1 us23 USA FL Palm Beach Co T 2013 2/6/2013 

1038 130410017S1 us23 USA FL Manatee T 2013 4/10/2013 

952 na us23 USA FL Hendry Co T 2014 na 

956 na us23 USA FL Naples T 2014 na 

957 na us23 USA FL Ruskin T 2014 na 

958 na us23 USA FL Parrish T 2014 na 

1537 na us23 USA FL Naples T 2014 na 

1753 na us23 USA FL Naples T 2014 na 

1723 140916274S1 us23 USA ID Blackfoot P 2014 9/16/2014 

132348 131119293S1 us23 USA IN Miami Co T 2013 11/18/2013 

132342 na us23 USA MA Amherst  T 2013 10/8/2013 

132344 na us23 USA MA Montague T 2013 11/4/2013 

1734 140729078S1 us23 USA MA South Deerfield P 2014 7/29/2014 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

1733 140813121S1 us23 USA MA Concord T 2014 8/13/2014 

1618 140822174S1 us23 USA MA Merrimac T 2014 8/22/2014 

122323 120813177R us23 USA MD na T 2012 8/21/2012 

820 na us23.v USA MD na T 2012 10/16/2012 

132337 na us23 USA MD Cumberland T 2013 9/10/2013 

1742 140813117S1 us23 USA MD Grantsville T 2014 8/13/2014 

1495 na us23 USA ME na T 2011 8/25/2011 

2013 na us23 USA ME Bridgewater P 2011 9/9/2011 

112319 110928001 us23 USA ME Mapleton P 2011 9/28/2011 

1424 120712116S1 us23 USA ME Fryeburg P 2012 7/24/2012 

803 120721126S1 us23.v USA ME Exeter P 2012 7/24/2012 

468 120725131S1 us23 USA ME Littleton P 2012 7/26/2012 

697 120725133S1 us23 USA ME Fort Kent P 2012 7/26/2012 

122318 120809162S1 us23 USA ME Troy T 2012 8/10/2012 

122319 120809161S1 us23.v USA ME Charleston P 2012 8/10/2012 

122340 120814180S1 us23 USA ME Waldo Co T 2012 8/15/2012 

122341 120814181S1 us23 USA ME St. David P 2012 8/15/2012 

122344 120814179S1 us23 USA ME na P 2012 8/15/2012 

646 120823216S1 us23 USA ME Old Town T 2012 8/24/2012 

579 na us23 USA ME na P 2012 11/15/2012 

132313 130807102S1 us23 USA ME Houlton P 2013 8/8/2013 

132322 130827183S1 us23 USA ME Aroostook Co P 2013 8/28/2013 

132323 130827184S1 us23 USA ME Aroostook Co T 2013 8/28/2013 

1630 140813123S1 us23 USA ME Exeter P 2014 8/13/2014 

1663 140814128S1 us23 USA ME Frenchville P 2014 8/14/2014 

1664 140814127S1 us23 USA ME Littleton P 2014 8/14/2014 

1737 140814129S1 us23 USA ME Grand Isle P 2014 8/14/2014 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

1611 140822186S1 us23 USA ME Corinna P 2014 8/22/2014 

1607 140828220S1 us23 USA ME Winslow T 2014 8/28/2014 

834 na us23 USA MN na P 2012 10/9/2012 

1308S1 na us23 USA na na na 2013 na 

12233 120613051S1 us23 USA NC Camden Co P 2012 5/30/2012 

12237 120608263S1 us23 USA NC Belvidere T 2012 6/6/2012 

702 120608261S1 us23.v USA NC Chowan Co T 2012 6/6/2012 

727 120618078S1 us23 USA NC Pasquotank Co na 2012 6/19/2012 

13236 130722065S1 us23 USA NC Fleetwood T 2013 7/25/2013 

1542 140718039S1 us23 USA NC Mills River T 2014 7/18/2014 

1615 140825204S1 us23 USA NC Mills River T 2014 8/25/2014 

1726 140909262S1 us23 USA NC Mills River T 2014 9/9/2014 

1729 140909262S1 us23 USA NC Mills River T 2014 9/9/2014 

833 na us23 USA ND na P 2012 10/9/2012 

694 120724129S1 us23 USA NE Calverton T 2012 7/25/2012 

10233 na us23 USA NH Grafton Co T 2010 10/6/2010 

1239 na us23 USA NH na T 2011 8/26/2011 

1129 120911277S1 us23.v USA NJ Mercer Co T 2012 8/30/2012 

122329 na us23 USA NJ Morris Co T 2012 9/6/2012 

122330 na us23 USA NJ Sussex Co T 2012 9/7/2012 

1222 na us23 USA NJ Great Meadows T 2012 9/10/2012 

1189 na us23 USA NY Long Island T 2011 6/28/2011 

11231 na us23 USA NY Long Island T 2011 6/28/2011 

11232 na us23 USA NY Long Island P 2011 6/28/2011 

11234 na us23 USA NY Long Island T 2011 6/28/2011 

112323 na us23 USA NY Long Island P 2011 6/28/2011 

11237 na us23 USA NY Long Island T 2011 7/7/2011 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

11238 na us23 USA NY Long Island T 2011 7/7/2011 

2027 na us23 USA NY Chazy T 2011 9/7/2011 

1108 na us23 USA NY Long Island T 2011 10/7/2011 

817 120529031S1 us23 USA NY Long Island P 2012 5/30/2012 

12239 120621086S1 us23 USA NY Suffolk Co T 2012 6/21/2012 

122312 120703106S1 us23 USA NY Suffolk Co T 2012 7/2/2012 

122315 na us23.v USA NY Suffolk Co T 2012 7/14/2012 

707 120725130S1 us23.v USA NY Dutchess Co T 2012 7/20/2012 

122336 120822206S1 us23 USA NY Clinton Co T 2012 8/2/2012 

122337 120802148S1 us23 USA NY Washington Co T 2012 8/3/2012 

122317 120803149S1 us23 USA NY Wyoming Co P 2012 8/8/2012 

122338 120806155S1 us23 USA NY Tompkins Co T 2012 8/9/2012 

122342 120815185S1 us23 USA NY Long Island T 2012 8/15/2012 

122343 120815184S1 us23 USA NY Long Island T 2012 8/15/2012 

122322 120822204S1 us23 USA NY Columbia Co T 2012 8/17/2012 

811 120821199S1 us23.v USA NY Varna T 2012 8/20/2012 

532 1208212000S1 us23.v USA NY Fulton Co T 2012 8/21/2012 

807 120821197S1 us23 USA NY Bemus Pt T 2012 8/22/2012 

812 120821198S1 us23.v USA NY Whitesboro T 2012 8/22/2012 

813 120822205S1 us23.v USA NY Salem T 2012 8/23/2012 

809 120823213S1 us23 USA NY New Paltz T 2012 8/24/2012 

122324 120911273S1 us23 USA NY Saranac Lake T 2012 8/24/2012 

778 120830242S1 us23.v USA NY Baldwinsville T 2012 8/31/2012 

122328 120905260S1 us23 USA NY Wayne Co T 2012 9/5/2012 

773 na us23.v USA NY Chenango Co T 2012 9/14/2012 

1020 na us23.v USA NY Columbia Co T 2012 9/17/2012 

776 120917282S1 us23.v USA NY Canandaigua T 2012 9/18/2012 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

558 na us23 USA NY Erie Co T 2012 10/12/2012 

769 na us23.v USA NY Canton T/P 2012 10/17/2012 

136140 na us23 USA NY Geneva T 2013 8/19/2013 

132318 na us23 USA NY Stuyvesant T 2013 8/22/2013 

132319 na us23 USA NY Salem T 2013 8/22/2013 

132320 130820157S1 us23 USA NY Avoca T 2013 8/22/2013 

132336 130902210S1 us23 USA NY Newark P 2013 9/9/2013 

132340 131002280S1 us23 USA NY Wilseyville T 2013 10/3/2013 

1703 140718040S1 us23 USA NY Columbia Co P 2014 7/18/2014 

1627 140804089S1 us23 USA NY Penn Yan T 2014 8/4/2014 

1662 140814124S1 us23 USA NY Canandaigua T 2014 8/14/2014 

1638 140820155S1 us23 USA NY Batavia T 2014 8/20/2014 

1609 140827215S1 us23 USA NY Oneida Co T 2014 8/27/2014 

1610 140827214S1 us23 USA NY Seneca Co T 2014 8/27/2014 

1714 140902236S1 us23 USA NY St. Lawrence Co P 2014 9/2/2014 

1697 140922278S1 us23 USA NY Marcellus T 2014 9/22/2014 

1858 na us23 USA NY Trumansburg T 2014 na 

990 120822207S1 us23.v USA OH Pike T 2012 8/14/2012 

132314 130809107S1 us23 USA OH Wooster T 2013 8/13/2013 

132325 na us23 USA OH Summit Co T 2013 8/29/2013 

132327 na us23 USA OH Massillon T 2013 8/29/2013 

9231 na us23 USA PA Blair Co P 2009 na 

2055 110707001 us23 USA PA Loretto P 2011 7/7/2011 

2057 110922001 us23 USA PA na P 2011 9/22/2011 

112317 110927001 us23 USA PA Lehigh Co T 2011 9/27/2011 

628 111006006 us23 USA PA Centre Co T 2011 10/6/2011 

112322 111018001 us23 USA PA Bedford T 2011 10/18/2011 
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Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

795 120607039S1 us23 USA PA Mifflin Co T 2012 6/8/2012 

12238 120613059S1 us23.v USA PA Schuylkill Co P 2012 6/14/2012 

805 120614065S1 us23 USA PA Mifflin Co T 2012 6/15/2012 

506 120618075S1 us23 USA PA Chester Co P 2012 6/19/2012 

644 na us23.v USA PA na T 2012 7/31/2012 

122335 120731146S1 us23 USA PA Lehigh Co T 2012 8/2/2012 

1153 120809159S1 us23 USA PA Cumberland Co T 2012 8/10/2012 

645 120813173S1 us23 USA PA 

Pennsylvania 

Furnace T 2012 8/14/2012 

122345 120816187S1 us23 USA PA 

Pennsylvania 

Furnace P 2012 8/17/2012 

122326 120827228S1 us23 USA PA 

Northumberland 

Co T 2012 8/28/2012 

673 120827227S1 us23.v USA PA Cambria Co T 2012 8/28/2012 

520 120904255S1 us23 USA PA Indiana Co T 2012 9/5/2012 

678 120904256S1 us23.v USA PA Montour Co T 2012 9/5/2012 

13239 130731080S1 us23 USA PA Alleghany Co T 2013 8/6/2013 

132317 130820159S1 us23 USA PA Manhiem T 2013 8/22/2013 

1637 140630023S1 us23 USA PA Lancaster Co P 2014 6/30/2014 

1636 140721050S1 us23 USA PA Centre Co T 2014 7/21/2014 

1600 140806096S1 us23 USA PA Lehigh Co T 2014 8/6/2014 

1666 140815136S1 us23 USA PA Schuylkill Co T 2014 8/15/2014 

1671 140815134S1 us23 USA PA Indiana Co T 2014 8/15/2014 

1727 140828218S1 us23 USA PA Chambersburg T 2014 8/28/2014 

1602 140903242S1 us23 USA PA Westmoreland Co T 2014 9/3/2014 

112311 110819001 us23 USA RI na T 2011 8/19/2011 

132312 130806094S1 us23 USA RI Cranston T 2013 8/7/2013 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

112310 na us23 USA VA Greene Co P 2011 7/12/2011 

1757 140812111S1 us23 USA VA Washington T 2014 8/14/2014 

1608 140820160S1 us23 USA VA Blacksburg T 2014 8/20/2014 

112312 na us23.v USA WI Vernon Co P 2009 8/23/2011 

10232 na us23 USA WI Waukesha Co T 2010 8/4/2010 

1237 na us23 USA WI na T 2011 8/23/2011 

112313 na us23 USA WI Waukesha Co T 2011 8/23/2011 

767 na us23.v USA WI Barron Co na 2012 10/18/2012 

132330 na us23 USA WI na na 2013 9/1/2013 

1247 na us24 USA ME Caribou P 2011 7/21/2011 

1426 na us24 USA ME na P 2011 8/25/2011 

1268 na us24 USA MN Freeborn Co P 2011 7/19/2011 

1409 na us24 USA MN Sabin na 2011 11/17/2011 

1344 na us24 USA MT na P 2010 10/15/2010 

1345 na us24 USA MT na P 2010 10/15/2010 

1346 na us24 USA MT na P 2010 10/15/2010 

1348 na us24 USA MT na P 2010 10/15/2010 

700 120613060S1 us24 USA NC Camden Co P 2012 6/6/2012 

ND884_5 na us24 USA ND na na 2009 na 

ND888 na us24 USA ND na na 2009 na 

ND889_1 na us24 USA ND na na 2009 na 

1198 na us24 USA ND na P 2011 8/23/2011 

1246 na us24 USA ND na P 2011 8/23/2011 

1249 na us24 USA ND na P 2011 8/23/2011 

2041 na us24 USA ND na P 2011 8/23/2011 

1219 na us24 USA ND Hoople na 2011 11/17/2011 

1513 na us24 USA ND na na 2011 11/17/2011 
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(Table 5.S1 continued)        

Isolate 

Name 

USAblight 

ID
y 

Clonal 

lineage
z 

Country 

State or 

Province City Host 

Sample 

Year 

Date 

collected 

2008 na us24 USA ND Grafton na 2011 11/17/2011 

US110157 na us24 USA ND Grand Forks na 2011 11/17/2011 

1326 na us24 USA ND na P 2012 6/5/2012 

630 na us24 USA NY Freeville P 2011 10/12/2011 

685 na us24 USA NY Freeville P 2011 10/12/2011 

1228 na us24 USA NY Freeville P 2011 10/12/2011 

1273 na us24 USA NY Freeville P 2011 10/12/2011 

1250 110830001 us24 USA OR Corvallis Y 2011 8/30/2011 

1322 130806099S1 us24 USA OR Lebanon P 2013 8/7/2013 

1476 130905227S1 us24 USA OR Lebanon T 2013 9/6/2013 

1324 130923275S1 us24 USA OR Corvallis T 2013 9/25/2013 

13111 130923276S1 us24 USA OR Corvallis P 2013 9/25/2013 

1628 na us24 USA OR Philomath P 2014 na 

1634 na us24 USA OR Lebenon P 2014 na 

1635 na us24 USA OR Corvallis T 2014 na 

1312 na us24 USA WA na P 2011 10/6/2011 

1335 na us24 USA WA na P 2011 10/6/2011 

1339 na us24 USA WA George Co P 2011 10/6/2011 
y
 Isolates submitted prior to the USAblight project initiation in 2011 do not have USAblight IDs (http://www.usablight.org). Several 

isolates submitted during and after 2011 were not submitted to the USAblight database, and therefore also do not have USAblight IDs. 

na = not available. 
z 
Clonal lineages with a variant SSR genotype are denoted by (.v). 
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Table 5.S2. Number of P. infestans isolates within each lineage organized by year and collection location.  

Location
y 

1994 2004 2005 2008 2009 2010 2011 2012 2013 2014 2015 Sum
z 

    US-8 

ID 0 0 0 0 0 0 1 0 0 0 0 1 

MA 0 0 0 0 0 0 0 0 1 0 0 1 

ME 0 0 0 1 0 0 0 0 0 0 0 1 

NY 1 1 0 1 3 2 0 0 1 0 0 9 

OR 0 0 0 0 0 0 1 0 0 0 0 1 

PA 0 0 0 0 1 1 1 0 0 0 0 3 

VA 0 0 0 0 0 0 0 1 0 0 0 1 

WA 0 0 0 0 0 0 3 0 1 1 0 5 

On, Can 0 0 0 0 0 6 0 0 0 0 0 6 

Sum 1 1 0 2 4 9 6 1 3 1 0 28 

    US-11 

CA 0 0 0 0 0 0 3 2 1 0 1 7 

FL 0 0 0 0 0 0 0 2 0 0 0 2 

NC 0 0 0 0 0 0 0 1 0 0 0 1 

NY 0 0 1 0 0 0 1 0 0 0 0 2 

OR 0 0 1 0 0 0 6 0 1 0 0 8 

WA 0 0 0 0 0 0 0 7 0 0 0 7 

Sum 0 0 2 0 0 0 10 12 2 0 1 27 

    US-23 

CT 0 0 0 0 0 1 0 4 0 1 0 6 

DE 0 0 0 0 0 0 0 0 2 0 0 2 

FL 0 0 0 0 0 0 0 1 5 6 0 12 

ID 0 0 0 0 0 0 0 0 0 1 0 1 

IN 0 0 0 0 0 0 0 0 1 0 0 1 
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(Table 5.S2 continued)           

Location
y 

1994 2004 2005 2008 2009 2010 2011 2012 2013 2014 2015 Sum
z 

 US-23 

MA 0 0 0 0 0 0 0 0 2 3 0 5 

MD 0 0 0 0 0 0 0 2 1 1 0 4 

ME 0 0 0 0 0 0 3 11 3 6 0 23 

MN 0 0 0 0 0 0 0 1 0 0 0 1 

NC 0 0 0 0 0 0 0 4 1 4 0 9 

ND 0 0 0 0 0 0 0 1 0 0 0 1 

NH 0 0 0 0 0 1 1 0 0 0 0 2 

NJ 0 0 0 0 0 0 0 4 0 0 0 4 

NY 0 0 0 0 0 0 9 27 6 9 0 51 

OH 0 0 0 0 0 0 0 1 3 0 0 4 

PA 0 0 0 0 1 0 5 13 2 7 0 28 

RI 0 0 0 0 0 0 1 0 1 0 0 2 

VA 0 0 0 0 0 0 1 0 0 2 0 3 

WI 0 0 0 0 1 1 2 1 1 0 0 6 

na 0 0 0 0 0 0 0 0 1 0 0 1 

Sum 0 0 0 0 2 3 22 70 29 40 0 166 

    US-24 

ME 0 0 0 0 0 0 2 0 0 0 0 2 

MN 0 0 0 0 0 0 2 0 0 0 0 2 

MT 0 0 0 0 0 4 0 0 0 0 0 4 

NC 0 0 0 0 0 0 0 1 0 0 0 1 

ND 0 0 0 0 3 0 8 1 0 0 0 12 

NY 0 0 0 0 0 0 4 0 0 0 0 4 

OR 0 0 0 0 0 0 1 0 4 3 0 8 
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(Table 5.S2 continued)           

Location
y 

1994 2004 2005 2008 2009 2010 2011 2012 2013 2014 2015 Sum
z 

 US-24 

WA 0 0 0 0 0 0 3 0 0 0 0 3 

Sum 0 0 0 0 3 4 20 2 4 3 0 36 
y
All locations are within the United States except six US-8 isolates collected in Ontario, Canada in 2011. 

z 
One individual from each of the replicated isolates was included in the final isolate totals.
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Figure 5.S1. K-means hierarchical clustering of lineage US-23 revealed three clusters (group 1 

[27% of isolates, n=44, red]; group 2 [16% of isolates, n=27, green]; group 3 [57% of isolates, 

n=95, blue]). The US-23 neighbor-joining tree was then color-coded by K-means groups. Groups 

1 and 3 do not associate well with the neighbor-joining groups, which is evidence for panmixia 

in a sexual population, or individuals moving throughout the sampling area in an asexual 

population. Group 2 does associate well with a neighbor-joining group, which is evidence for 

population sub-structuring. 
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Figure 5.S2 (continued).
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Figure 5.S2 (continued).
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Figure 5.S2. Neighbor-joining tree of US-23 isolates. Bootstrap values below 50 are not shown. Taxa are labeled by isolate code: 

collection year: collection state: host. Isolates that showed variation in their SSR profile are indicated by .V following their isolate 

code. NA=information not available.
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CONCLUSION 

 

 The overall goals of this work were to generate information and tools to help growers 

from New York State and around the country manage late blight. I was fortunate to enter into my 

Ph.D. work just as the USDA-AFRI late blight grant was funded, allowing me to become part of 

the extension team. Watching the development and maintenance of the USAblight.org website 

gave me an appreciation for how research and extension teams from around the country can 

collaborate and coordinate efforts to improve our understanding and management of a significant 

disease like late blight. This also helped me to develop the specific goals of my project. When I 

first started this work, there was little information available on the susceptibility of tomato to the 

current lineage of the pathogen. My first project provided that information, which could be used 

immediately to help growers manage the disease. The late blight occurrence map on the 

USAblight website allowed me to monitor when and where late blight occurred each season, and 

which lineages were being observed. This prompted me to think about pathogen detection and 

diagnostics. The second part of my project was focused on this topic with the goal of improving 

our ability to detect P. infestans and diagnose which lineage a given sample belonged to. Finally, 

the dominance of relatively few clonal lineages of P. infestans in the United States encouraged 

me to think about diversity within lineages, and how those lineages spread and persist year-to-

year. My final project revealed genetic diversity within lineages through genotyping-by-

sequencing which provided valuable insights into late blight epidemiology.  

 

Differential Susceptibility of Thirty Nine Tomato Varieties to Phytophthora infestans Clonal 

Lineage US-23 

 During the summers of 2012 and 2013 thirty nine tomato varieties were evaluated for 

resistance to P. infestans clonal lineage US-23. This lineage became the predominant lineage in 

the United States shortly after it was first identified in 2009, and continues to be the predominant 

lineage at the time of this writing. Based on results from these trials, we know that tomato 
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varieties with both Ph-2 and Ph-3 late blight resistance genes are highly resistant to US-23. 

Several commercially-available varieties possess both of these genes, including ‘Mt. Magic’, 

‘Mt. Merit’, and ‘Defiant PHR’. Varieties with only the Ph-3 gene varied in their resistance 

levels. ‘NC25P’, which was homozygous for Ph-3, had resistance similar to varieties with Ph-2 + 

Ph-3. ‘Plum Regal F1’, which was heterozygous for Ph-3, had moderate resistance. Because 

these two varieties do not share parental backgrounds, it is unclear whether the difference in 

resistance is due to the zygosity of the Ph-3 gene or the effects of unknown quantitative 

resistance genes. This question warrants further study. Three heirloom varieties, ‘Matt’s Wild 

Cherry’, ‘Lemon Drop’, and ‘Mr. Stripey’, had resistance comparable to varieties with Ph-2 + 

Ph-3. The source of resistance in these varieties is unknown and could be a focus of future 

studies.  

 The knowledge gained by these studies can immediately be implemented by growers to 

help manage late blight. Because we know that P. infestans has a history of overcoming host 

resistance, it is important to continue to monitor P. infestans populations, and re-evaluate 

resistant tomato varieties as new pathogen genotypes emerge. This is especially important if 

growers reduce the number of protectant fungicide sprays when using resistant varieties, which 

would leave crops vulnerable to disease-breaking pathogen genotypes. Characterizing the 

resistance found in the above mentioned heirloom varieties could also lead to an expanded 

arsenal of resistance genes, along with opportunities for gene pyramiding and the development of 

tomato varieties with potentially more durable late blight resistance.  

 

Phytophthora infestans detection and diagnostics 

 With the goal of developing a tool for the early detection of late blight inoculum, roto-rod 

spore traps were deployed over seven location-seasons. Spore trapping samples were evaluated 

for the presence of P. infestans DNA using a previously-designed qPCR assay. Although P. 

infestans was detected in six out of seven location-seasons, significant variability was observed 

in the amount of time between initial P. infestans detection and initial late blight symptom 
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observations. These results limit the potential utility of the roto-rod trapping + qPCR detection 

system described here. As discussed, there are several factors that may have contributed to this 

inconsistency, including PCR inhibition and possible detection of dead sporangia. Future work 

should focus on mitigating the effects of PCR inhibitors in the qPCR assay, and possibly 

evaluating new qPCR primers to enhance the sensitivity of the assay. The inoculum detection 

method described here, in its current form, does not provide reliable predictive data for the onset 

of late blight. Therefore, there remains an opportunity to refine this approach and develop a 

reliable tool for late blight inoculum detection, which could improve the efficiency of late blight 

management. 

 Besides detecting late blight inoculum, it is also important to be able to detect P. 

infestans in diseased plant tissue. To this end, the LAMP assays described here offer an 

alternative to existing PCR and qPCR assays for the detection of P. infestans DNA. Importantly, 

these LAMP assays do not require a thermal cycler to amplify target DNA, and positive results 

can be visualized with the naked eye. LAMP could be used in situations where it is necessary to 

rapidly identify P. infestans, but access to conventional PCR lab equipment is unavailable. 

Future work should focus on identifying DNA targets for LAMP primers that combine the 

sensitivity of the ITSII primers with the specificity of the Rgn86_2 primers.  

 For potato and tomato growers concerned with managing late blight, it is important to 

know which pathogen genotype is present, and to know the agriculturally-significant 

characteristics of that genotype such as host preference and sensitivity to fungicides. Fortunately, 

much work had already been done to phenotypically characterize the P. infestans genotypes most 

commonly observed in the United States. Locked nucleic acid (LNA) probes and high resolution 

melt (HRM) assays were developed as tools for differentiating lineage US-23 from three other 

recently-predominant lineages (US-8, US-11, and US-24). Because of the wide availability of 

qPCR instrumentation in many plant disease diagnostic laboratories, these assays are more 

accessible than the existing microsatellite analysis currently used to genotype P. infestans. 

However, the LNA and HRM assays developed here are not replacements for SSR genotyping 
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because they are not necessarily able to identify novel genotypes and a mutation in the target site 

could confound results. Nevertheless, they may simplify the process of monitoring current 

United States P. infestans individuals for deviation from the predominant US-23 lineage. As new 

P. infestans genotypes are identified, either through microsatellite analysis or genotyping-by-

sequencing, new SNP-based diagnostic tools should also be developed to keep up with the 

changing population. Because of the known variability among lineages in genomic regions 86, 

87, 88, and 92, these are good candidates to begin searching for diagnostic targets for novel 

lineages. 

 

Genetic variation within clonal lineages of Phytophthora infestans 

 Advances in sequencing technology have made the generation of large genetic datasets 

commonplace in the life sciences. One application of next-generation sequencing is genotyping-

by-sequencing (GBS), which was used to investigate diversity within clonal lineages of P. 

infestans in a way that, until recently, would not have been possible. GBS provided sufficient 

resolution to detect diversity within four lineages of P. infestans. Additionally, the data showed 

the prevalence of long-distance transport of the pathogen, presumably by infected plant tissue, 

and the importance of this mechanism as a likely source of late blight inoculum each year. For 

example, there were isolates collected the same year from distant states like Idaho and 

Pennsylvania (US-8), Florida and Washington (US-11), North Dakota and New York (US-24), 

and Florida and New York (US-23) that grouped together by neighbor-joining analysis. We 

know that P. infestans sporangia spread by wind on a regional basis, and long distance dispersal 

on infected plant tissue is supported by previous studies, but the relative importance of the two 

mechanisms in spreading late blight on a year to year basis was not well understood until now. 

Future work should focus on characterizing the genetic variability within lineages to identify if 

certain genomic regions associated with fitness, like RxLR effector genes and fungicide targets, 

show enhanced variability compared to the rest of the genome. This would have important 

implications for P. infestans evolution.  



 

 

180 

 

 

Final thoughts 

 Late blight has been a costly and destructive disease of potato and tomato since at least 

the mid-19th century when it destroyed Irish potato crops and lead to mass starvation and 

emigration. Although much has been learned about the disease and its causal organism since that 

time it remains one of the most constraining factors affecting potato and tomato production. The 

pathogen has demonstrated the ability to overcome host resistance and develop resistance to 

fungicides. The work presented here has been focused on providing practical knowledge for late 

blight management, developing new tools to detect and diagnose the pathogen, and investigating 

P. infestans diversity in order to better understand its biology and epidemiology. The 

identification of tomato varieties with resistance to the currently-predominant pathogen lineage 

provides growers with practical knowledge which can be used right now to manage late blight. 

New pathogen detection and lineage-diagnostic tools may be more accessible than previously-

existing techniques, expanding opportunities for researching, characterizing, and monitoring the 

pathogen. Finally, the diversity observed within lineages of P. infestans shows us that even 

without sexual reproduction this pathogen may be capable of rapid evolution, and the prevalence 

of long-distance transport highlights an opportunity for improving late blight management. It 

also warns us that novel genotypes, introduced through migration or recombination, could be 

spread quickly around the country within a single season. Continued pathogen monitoring along 

with efficient information sharing, and development of new resistant host varieties and 

management strategies are the best ways to prevent significant losses to this disease in the future. 

  

  


