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Abstract 
 

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

disease of potato and an important disease of tomato worldwide.  In addition to potato and 

tomato, the pathogen attacks a broad range of plants in the Solanaceae family.  Most studies on 

P. infestans have been conducted in the temperate zone on potato and tomato, but less is 

known about the interaction of the pathogen with other wild and cultivated solanaceous species 

growing in Central and South America, center of diversity of Solanaceae and of the pathogen 

itself.  To have a better understanding of this interaction, a series of studies were carried out on 

the pathogen population in Ecuador. Isolates of Phytophthora infestans sensu lato were 

collected from various host plants and characterized with a set of phenotypic and genotypic 

markers (mating type, metalaxyl resistance, Gpi, Pep, mtDNA haplotype, RFLPs, and 

microsatellites (SSR)).  At least 20 plant species were identified as hosts of the pathogen in 

nature, including five cultivated crops (potato, S. tuberosum and S. phureja; tomato, S. 

lycopersicum; pear melon, S. muricatum; tree tomato, S. betaceum; and naranjilla, S. 

quitoense).  All hosts, with the exception of two species, belong to the genus Solanum.  The 

results of the isolate characterization showed that the previous pathogen population structure 

with four clonal lineages is no longer adequate for all pathogen genotypes found in the country.  

The study confirmed the existence of three pathogen populations, which appear to be clonal 

lineages, and that correspond to those previously reported as EC-1, US-1, and EC-3.  A fourth 

pathogen group was identified in association with hosts of section Anarrhichomenum of 

Solanum that could not be identified to the species level.  This group was designated previously 

as the EC-2 clonal lineage attacking S. brevifolium and S. tetrapetalum.  However, the detection 

of both mating types on hosts of this section was not in agreement with a definition of clonal 

lineage, and therefore, these pathogens have been referred to as the EC-2 group or the 

Anarrhichomenum group.  In addition to Anarrhichomenum, EC-2 was found on Brugmansia 

sanguinea, although only on flower petals.  Isolates of both the EC-3 and the EC-2 groups have 

multilocus genotypes distinct from all P. infestans genotypes described in other parts of the 

world.  The A2 mating was detected on three hosts in Ecuador: hosts in sect. 

Anarrhichomenum, on S. muricatum, and S. hispidum.  The presence of both mating types on 

the same host increases the risk that sexual reproduction might take place, but to date there is 

no evidence of gene flow between both pathogen groups.  Field observations, as well as 

pathogenicity and aggressiveness tests showed that the different pathogen groups can infect 

more than one host species, but generally each group is highly aggressive on only one species.  

Apparently, host specificity plays a major role in determining host range through quantitative 

differences in pathogen aggressiveness.  We did not find evidence to confirm the existence of 
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specificity for section Petota hosts  within the EC-1 pathogen lineage in Ecuador.  This implies 

that potato breeders can use wild potatoes as sources of resistance to late blight without 

worrying about the eventual effects of widely diverse and host specific pathogen groups.  The 

characterization of isolates with SSR markers uncovered a high level of genetic diversity of P. 

infestans sensu lato in Ecuador, not detected before with conventional markers.  Diversity was 

particularly high in the pathogens attacking S. betaceum, S. quitoense, and sect. 

Anarrhichomenum but was reduced among isolates of the EC-1 lineage.  The SSR analysis 

confirmed the existence of the four pathogen subgroups described above and revealed that 

they clustered into two major groups : the “classical” P. infestans, which comprises the EC-1 

and US-1 lineages, and a second group containing the EC-3 lineage, EC-2, and other pathogen 

genotypes.  This second group would correspond to a new species, closely related to P. 

infestans, that has been referred to by some authors as P. andina.  Geographical substructuring 

was evident in the EC-3 lineage attacking S. betaceum and in the EC-2 group on 

Anarrhichomenum.  Finally, the results showed a general correlation between pathogen and 

host phylogenies, which suggests a process of coevolution between solanaceous hosts and P. 

infestans sensu lato in the highland tropics of South America. 
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Zusammenfassung 
 

Die Kraut- und Knollenfäule, verursacht durch den Oomyceten Phytophthora infestans 

(Mont.) de Bary, ist eine weltweit verbreitete, wichtige Pflanzenkrankheit auf Kartoffeln und 

Tomaten.  Neben Kartoffeln und Tomaten befällt der Erreger eine große Anzahl weiterer 

Pflanzen aus der Familie der Solanaceae.  Viele Untersuchungen mit P. infestans wurden in 

den gemäßigten Zonen an Kartoffeln und Tomaten durchgeführt.  Über Interaktion des 

Pathogens mit anderen wilden und kultivierten Nachtschattengewächsen, die in Zentral- und 

Südamerika, dem Zentrum der Diversität von Solanaceen wachsen, ist jedoch wenig bekannt.  

Um ein besseres Verständnis über diese Interaktionen zu erlangen, wurde eine Reihe von 

Untersuchungen mit Erregerpopulationen in Ecuador durchgeführt.  Isolate von Phytophthora 

infestans sensu lato wurden von verschiedenen Wirtspflanzen gesammelt und mit einer Reihe 

von phänotypischen und genotypischen Markern charakterisiert (Paarungstyp,  

Metalaxylresistenz, Gpi, Pep, mt-DNA Haplotyp, RFLPs und Mikrosatelliten (SSR)).  

Mindestens 20 Pflanzenarten, darunter fünf Kulturpflanzen (Kartoffel, S. tuberosum und S. 

phureja; Tomate, S. lycopersicum; Melonenbirne, S. muricatum; Baumtomate (Tamarillo), S. 

betaceum und Lulopflanume, S. quitoense) wurden als natürliche Wirte des Pathogens 

identifiziert. Alle Wirte, mit Ausnahme von zwei Arten, gehörten zur Gattung Solanum.  Die 

Ergebnisse der Isolat-Charakterisierung zeigten, dass die ursprüngliche Struktur der 

Erregerpopulation mit vier klonalen Linien nicht mehr für alle im Land gefundenen Genotypen 

des Pathogens gültig ist.  Die Untersuchungen bestätigten die Existenz von drei 

Pathogenpopulationen, welche sich als klonale Linien herausstellten und die den ehemals 

beschriebenen  EC-1, US-1 und EC-3 Populationen entsprechen.  Eine vierte Erregergruppe 

wurde in Gesellschaft des Wirtes der Gattung Solanum, Sektion Anarrhichomenum gefunden, 

welcher nicht bis auf die Art bestimmt werden konnte.  Diese Gruppe wurde vormals als klonale 

Linie EC-2 bezeichnet, die S. brevifolium und S. tetrapetalum befällt.  Der Nachweis beider 

Paarungstypen auf Wirten dieser Sektion war nicht in Übereinstimmung mit der Definition von 

klonalen Linien, daher wurden die Erreger als EC-2 Gruppe oder Anarrhichomenum Gruppe 

bezeichnet.  Neben Anarrhichomenum, wurde EC-2 ebenfalls auf Blütenblättern von 

Brugmansia sanguinea gefunden.  Isolate der EC-3 und EC-2 Gruppe haben Multilocus-

Genotypen die sich von P. infestans Genotypen, die in anderen Gegenden dieser Welt 

gefunden wurden, deutlich unterscheiden.  Der A2 Paarungstyp wurde auf drei Wirten in 

Ecuador gefunden: Wirte der Sektion Anarrhichomenum, sowie auf S. muricatum und S. 

hispidum.  Das Vorkommen von beiden Paarungstypen auf der gleichen Wirtspflanze erhöht die 

Wahrscheinlichkeit der sexuellen Reproduktion.  Dennoch ist bis heute kein eindeutiger Beweis 

erbracht worden, dass ein Genfluss zwischen den Erregergruppen existiert.  Sowohl 

Feldstudien als auch Pathogenitäts- und Aggressivitätstest zeigten, dass die unterschiedlichen 
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Pathogengruppen mehr als eine Wirtsart infizieren können.  Generell ist jedoch jede pathogene 

Gruppe nur auf einer Pflanzenart hoch aggressiv.  Die Wirtsspezifität spielt anscheinend eine 

wichtige Rolle bei der Festlegung der Wirtsauswahl durch quantitative Unterscheidungen in der 

Pathogen-Agressivität.  Es konnten keine Beweise für die Existenz einer Spezifität für die Wirte 

der Sektion Petota in der EC-1 Pathogenlinie in Ecuador erbracht werden.  Dies bedeutet, dass 

Kartoffelzüchter wilde Kartoffeln als Quelle für Resistenzen gegen die Kraut- und Knollenfäule 

verwenden können, ohne sich über eventuelle Effekte, verursacht durch diverse und 

wirtspezifische Pathogengruppen, sorgen zu müssen.  Die Charakterisierung der Isolate mit 

SSR-Markern erbrachte, dass ein hoher Grad an genetischer Diversität bei P. infestans sensu 

lato in Ecuador existiert, der mit konventionellen Markern vorher nicht entdeckt wurde. 

Besonders hoch war die Vielfältigkeit in den Pathogenen, die S. betaceum, S. quitoense und die 

Sektion Anarrhichomenum attackieren, jedoch vermindert in den Isolaten, die zur EC-1 Linie 

zählen.  Die SSR-Analyse bestätigte die Existenz der vier bereits erwähnten, pathogenen 

Untergruppen und offenbarte, dass diese sich in zwei Hauptgruppen gliedern: die klassische P. 

infestans-Gruppe, welche die EC-1 und US-1 Linien umfasst und eine zweite Gruppe, welche 

die EC-3 Linie, EC-2 und andere pathogene Genotypen enthält.  Diese zweite Gruppe 

entspricht einer neuen Art, die nahe verwandt mit P. infestans ist und bei einigen Autoren als P. 

andina beschrieben wird. Geographisch bedingte Untergliederungen waren in den EC-3 Linien, 

die S. betaceum befällt und in der EC-2 Gruppe auf Anarrhichomenum offensichtlich. 

Letztendlich zeigen die Ergebnisse eine allgemeine Korrelation zwischen der Phylogenie von 

Pathogen und Wirt, welche auf einen Prozess der Co-Evolution zwischen Solanaceen-Wirten 

und P. infestans sensu lato in den tropischen Hochländern Südamerikas hinweisen. 
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Late blight, the pathogen 

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

devastating disease of potato (Solanum tuberosum) and an important disease of tomato (S. 

lycopersicum) worldwide (Hooker, 1981; Ross, 1986).  In the United States, Europe, and 

developing countries, $ 1 US billion dollars is spent annually on fungicides to control the 

disease.  In developing countries the average production loss is estimated at 15%, which 

translates into a total loss of approximately $ 2.75 billion, with $750 million spent on fungicides 

(http://gilb.cip.cgiar.org/index.php).  Historically, the pathogen is famous for being responsible 

for epidemics that led to the Great Irish Potato Famine between 1845 and 1847 that resulted in 

poverty, starvation, and emigration of Irish people overseas to Europe and America (Bourke, 

1993). 

P. infestans has closer affinities with algae than with the ascomycetes and 

basidiomycetes (Bruns et al., 1991).  It is classified within the alga-like Oomycetes in the 

Stramenopile clade of the Chromista (Paquin et al., 1997).  Phylogenetic studies in the genus 

Phytophthora based on ribosomal, mitochondrial, and nuclear DNA sequences, have shown 

that P. infestans is closely related to P. mirabilis, P. ipomoeae, P. phaseoli, and P. andina 

(Cooke et al., 2000; Martin & Tooley, 2003; Kroon et al., 2004).  Knowledge generated from 

studies of ascomycetes and basidiomycetes may not be altogether useful in understanding or 

manipulating P. infestans and other oomycetes.  Therefore, compared to true fungi, oomycetes 

are less well characterized, and sophisticated procedures for their molecular and classical 

genetic analysis have developed more slowly (Judelson, 1997). 

P. infestans is a hemibiotrophic pathogen, having both a biotrophic and a necrotrophic 

phase (Smart et al., 2003).  The organism is generally diploid although polyploidy, aneuploidy 

and other chromosome aberrations are not uncommon (van der Lee et al., 2004).  P. infestans 

has ceonocytic mycelium, lacks chitin in the cell walls, and produces biflagellate zoospores 

(Erwin & Ribeiro, 1996).  It has two compatibility types, A1 and A2, differing in hormone 

production rather than being dimorphic sexual forms (Galindo & Gallegly, 1960).  Sexual 

structures (anteridia and oogonia) are induced only in the presence of the opposite mating type, 

and genetic fusion results in oospores.  In addition to their obvious role in sexual reproduction, 

oospores are survival structures, although initial infection starting from oospores appears rare 

with circumstantial evidence only from Europe and Mexico (Lehtinen & Hannukkala, 2004). 

Hosts of P. infestans include the economically important crops potato and tomato, but 

the pathogen also infects a large number of tuber-bearing Solanum species, which belong to 

section Petota (Hawkes, 1990), and other species in the Solanaceae family (Erwin & Ribeiro, 

1996). 
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According to the most accepted theory, P. infestans originated in the central highlands 

of Mexico (Niederhauser, 1991; Goodwin et al., 1992b).  The evidence that supports this theory 

includes: a) this is the only region where both mating types have coexisted in a 1:1 ratio for as 

long as mating type assessments have been made (Tooley et al., 1985; Fry & Spielman, 1991; 

Niederhauser, 1991); b) the population is especially diverse for virulence factors (Tooley et al., 

1986; Niederhauser, 1991); and c) populations are remarkably diverse for neutral markers 

(Goodwin et al., 1992b).  In addition to the theory of a Mexican origin, two major panglobal 

migrations of the pathogen out of Mexico have been postulated (Goodwin et al., 1994; Goodwin, 

1997).  The first migration started in the 1840s and it consisted only of the A1 mating type, 

apparently the US-1 lineage (Fry et al., 1993; Goodwin et al., 1994).  The pathogen was 

transported from central Mexico into the northeastern United States in 1842 or 1843 and from 

the United States into Europe in 1844 or 1845, where it was a major causal factor of the Irish 

Famine.  Subsequently the pathogen was distributed from Europe to the rest of the world 

through international trade of seed and ware potatoes (Fry et al., 1993; Goodwin et al., 1994; 

Goodwin, 1997).  After undergoing several bottlenecks, the founder populations contained little 

genetic diversity (Goodwin, 1997).  Following the first panglobal migration, populations of P. 

infestans outside Mexico appear to have remained relatively stable until the late 1970s or early 

1980s (Spielman et al., 1991), when reports emerged that late blight epidemics became more 

and more severe.  The cause of this increased severity has been attributed to a second 

worldwide migration revealed by the detection for the first time of the A2 mating type outside 

Mexico.  It was found in Switzerland in 1981 (Hohl & Iselin, 1984) and shortly there after in other 

European countries (Malcolmson, 1985; Tantius et al., 1986).  The probable route of the second 

migration was from Mexico to Europe in 1976 and 1977 (Niederhauser, 1991), but this time the 

genetic bottleneck was not as severe as before (Goodwin, 1997).  The migrant population was 

characterized by both the A1 and A2 mating types (Hohl & Iselin, 1984; Malcolmson, 1985; 

Shaw et al., 1985; Tantius et al., 1986), new allozyme genotypes (Shattock et al., 1990; Fry et 

al., 1991; Spielman et al., 1991; Sujkowski et al., 1994), greater diversity of DNA fingerprints 

(Drenth et al., 1993; Sujkowski et al., 1994), and more virulence factors (Spielman et al., 1991).  

In Europe, the new migrants displaced the old genotypes in only a few years (Hohl & Iselin, 

1984; Spielman et al., 1991; Lebreton & Andrivon, 1998), and by the 1990s, in the Middle East 

(Goodwin et al., 1994), parts of Africa (Goodwin et al., 1994), parts of South America (Fry et al., 

1993), and parts of Asia (Koh et al., 1994; Nishimura et al., 1999). 

A variant to the theory of a Mexican origin proposes that P. infestans was originally 

introduced into Europe from South America and not directly from Mexico (Tooley et al., 1989; 

Andrivon, 1996).  The possible route was from central Mexico to South American Andes several 

centuries ago, followed by the fixation of the US-1 lineage in this area; from South America to 

the United States in 1841-1842; and from either South America, United States or both to Europe 
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in 1843-1844.  The most important evidence proposed for an ancient introduction of the 

pathogen into South America from central Mexico is the presence of race specific resistance 

genes to P. infestans in wild Andean potato species (Andrivon, 1996).  However, there are other 

cases of resistance in hosts that have not co-evolved with the pathogen (Harris & Frederiksen, 

1984). 

A second alternative hypothesis on the origin of P. infestans proposes the Andes, the 

center of origin of the cultivated potato, as the center of origin of the pathogen (Abad & Abad, 

1995; Abad et al., 1995; Abad & Abad, 1997).  The theory claims that late blight has been 

endemic in the Andean region for centuries, and proposes that the disease could have been 

introduced from South America into Europe in the 1840s through the guano trade and potato 

varieties imported into Belgium as a source of resistance to viral diseases and Fusarium dry rot 

(Bourke, 1964).  Evidences for the Andean theory include diversity of pathogen population, an 

unusual type of mitochondrial DNA, the presence of the A2 matting type, and natural resistance 

(race non-specific resistance) in native and wild potatoes (van Soest et al., 1984; Abad et al., 

2002). 

Sexual reproduction is expected in locations where both mating types occur.  At present, 

there is circumstantial evidence for sexual reproduction in Europe (Drenth et al., 1994; 

Sujkowski et al., 1994; Turkensteen et al., 2000), North America (Goodwin et al., 1995; Miller et 

al., 1997; Gavino et al., 2000), and Asia (Ghimire et al., 2003).  Nonetheless, the coexistence of 

the A1 and A2 mating types apparently does not always lead to sexual reproduction, as both 

mating types occur in Japan, Brazil (Brasier, 1992; Reis et al., 2003), and Ecuador (Ordoñez et 

al., 2000; Oliva et al., 2002), where only clonal populations have been found. 

 

Population structure of P. infestans sensu lato in Ecuador 

P. infestans populations are frequently classified into clonal lineages.  A clonal lineage 

includes the asexual descendants of a single genotype originally arisen through sexual 

recombination.  The description of clonal lineages, as well as the characterization of P. infestans 

populations around the world, have relied on several genotypic and phenotypic markers.  The 

conventional genotypic markers used so far for this purpose include the dilocus allozyme 

genotype for glucose-6-phosphate isomerase (Gpi) and peptidase (Pep) (Tooley et al., 1985); 

DNA fingerprint using RFLPs (with probe RG-57) (Goodwin et al., 1992a), and mitochondrial 

DNA haplotype (Griffith & Shaw, 1998).  Among the phenotypic markers, the most informative 

include: mating type (A1 and A2) (Gallegly & Galindo, 1957), virulence (Malcolmson, 1969), and 

metalaxyl resistance (Dowley & O'Sullivan, 1981).  A global marker database for P. infestans 

containing information on these markers was compiled (Forbes et al., 1998). 
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P. infestans follows the metapopulation model (Day & Shattock, 1997).  This model 

recognizes the uneven distribution of local populations that may be linked by patch-to-patch 

migration events.  Each of the local populations in the metapopulation has a finite life 

expectancy and the local populations are continually being replaced my migration from 

neighboring populations (Burdon, 1993).  Individual populations reproduce and evolve 

independently of each other and are not necessarily temporally synchronized with their 

neighbors (Olivieri et al., 1991). 

Most studies on P. infestans have been carried out in the temperate zone (North 

America, Europe, and few locations in Asia) and have produced detailed information on the 

pathogen population in these areas (Forbes et al., 1998).  However, because of the lack of 

alternative hosts, most of the research has been focused on potato and tomato.  In contrast, 

there is a reduced number of studies from Central and South America, where several alternative 

hosts exist in the same geographical environment as potatoes and tomatoes.  In the case of 

South America, the Andean region contains a large number of environments and microclimates 

that have favored the development of an enormous variety of cultivated and wild solanaceous 

species; however, relatively few studies have been done on the pathogen populations attacking 

these plants in the wild.  The species richness of tuber-bearing species, is particularly high in 

the Central and South American tropical highlands, with clear peaks in the Andes of northern 

Argentina, Bolivia, Ecuador, and Peru, and in central Mexico (Hijmans & Spooner, 2001).  

Solanum species of this region have been assessed for resistance to P. infestans and used as 

sources of resistance in breeding programs (Glendinning, 1983; Hunger & Hinze, 1991; Colon 

et al., 1995). 

Little is known about the possible role of other Solanaceae crops and wild solanaceous 

species in the dynamics of the pathogen population.  Genetic characterization of the pathogen 

population attacking alternative hosts could give new insight into the biology and life history of 

this pathogen, and can be used to develop and modify disease management strategies and in 

deployment of host resistance. 

The tropical highlands of Ecuador offer an excellent opportunity for this type of research 

due to high diversity in solanaceous species (Hijmans & Spooner, 2001), highly variable 

ecosystems, and environmental factors that favor the development of the disease.  Based on 

research done in this country in the late 1990s, four subgroups of P. infestans sensu lato were 

found in association with one or more solanaceous species.  Each group attacks one or more 

hosts, but no two groups appear to be primary pathogens of the same host (Erselius et al., 

1999).  The first pathogen group is EC-1, found on cultivated potato and some wild Solanum 

potato species (Forbes et al., 1997; Erselius et al., 1999).  The second is US-1, found on 

tomato, pear melon (S. muricatum), S. caripense, S. ochranthum, and rarely on potato and S. 

andreanum (Forbes et al., 1997; Oyarzun et al., 1998; Erselius et al., 1999).  The third group is 
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EC-3, found only on tree tomato (S. betaceum) (Erselius et al., 1999), which is a perennial fruit 

crop important in Ecuador and Colombia.  These three pathogen groups appear to be clonal 

lineages and all of them are of the A1 mating type.  Another pathogen group was described as 

the EC-2 clonal lineage (Ordoñez et al., 2000); it was of the A2 mating type, had the Ic 

mitochondrial haplotype, and was isolated from S. brevifolium and S. tetrapetalum (Oyarzun et 

al., 1997; Ordoñez et al., 2000).  The A2 isolates from these wild species are quite different from 

all P. infestans genotypes collected from tomato or potato to date (Ordoñez et al., 2000).  It is 

not known how and when the A2 mating type arrived in Ecuador, but its presence may imply an 

undocumented migration out of Mexico (Ordoñez et al., 2000).  The presence of both mating 

types in Ecuador opens the possibility to sexual reproduction; however, evidence suggests that 

mating among host-adapted populations of P. infestans sensu lato is hindered by a genetic 

barrier (Oliva et al., 2002).  Apparently, host adaptation and low viability and reduced 

pathogenic fitness of the progeny are acting as strong pre-mating and post-mating mechanisms 

of reproductive isolation, respectively (Oliva et al., 2002). 

Our knowledge of host specificity of the pathogen populations attacking wild and 

cultivated species is reduced.  Particularly, it is not known if the pathogen population attacking 

wild potatoes differs from that attacking the cultivated potato.  A study done in Ecuador 

demonstrated that the US-1 lineage was found, although rarely, on the cultivated potato until 

1993, but after that year, EC-1 is the clonal lineage attacking the crop (Forbes et al., 1997).  

However, isolates belonging to the US-1 lineage have been found on a wild potato species, S. 

andreanum (Erselius et al., 1999).  Therefore, while there appears to be some evidence for host 

specificity in section Petota, it is not known if it is general.  A recent study carried out in Peru 

(Garry et al., 2001) showed that both wild and cultivated potatoes are attacked by the same 

population of P. infestans (EC-1), and that isolates collected on these hosts did not have greater 

aggressiveness on the host from which they were isolated. 

 

Integrated management of late blight on potato 

P. infestans can be controlled by frequent fungicide applications, but their high cost, the 

development of resistance to some of these products, and concerns for environmental and 

human health have lead to the development of integrated pest management (IPM) strategies to 

control the disease.  Any late blight management program should consider factors that reduce 

population size and pathogen population growth rates.  An integrated approach will include 

sanitation, use of resistant cultivars, exclusion of novel pathogen genotypes, and judicious use 

of appropriate fungicides (Fry et al., 1993). 

The development of resistant varieties to late blight has been the main focus of many 

potato breeding programs around the world.  The genus Solanum comprises an extensive gene 
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pool with a broad spectrum of pathogen resistance (Ross, 1986) and some wild Solanum 

species have been identified as sources of durable resistance to P. infestans (van Soest et al., 

1984; Colon & Budding, 1988).  Attempts to breed resistance have been somewhat successful 

and partially resistant varieties are in use in some parts of the world (Bradshaw et al., 1992; 

Forbes & Jarvis, 1994; Landeo et al., 1995).  However, most potato production is still based on 

susceptible varieties (Wastie, 1991); for this reason, the need to breed for late blight resistant 

cultivars with durable forms of genetic resistance is probably stronger than before. 

 

Importance of host specificity in the Solanum/P. infestans pathosystem 

Host specificity has been studied in much detail in the pathogen populations attacking 

potato and tomato.  Some studies have identified pathogen genotypes that infect both hosts 

equally (Spielman et al., 1989; Fry et al., 1991).  Other studies, however, showed clear genetic 

differences between the two host-derived populations, as well as differences in their level of 

aggressiveness on the two hosts (Lebreton & Andrivon, 1998; Oyarzun et al., 1998; Vega-

Sánchez et al., 2000).  In Ecuador, specifically, potato and tomato are attacked by the EC-1 and 

US-1 lineage, respectively (Forbes et al., 1997; Oyarzun et al., 1998).  Host specificity has also 

been detected in other pathogen subgroups, as the EC-3 lineage attacking tree tomato (Erselius 

et al., 1999) or the EC-2 group on S. brevifolium and S. tetrapetalum (Ordoñez et al., 2000).  

Nonetheless, it is not known to what extent host specificity is influencing the dynamics of P. 

infestans sensu lato populations in Ecuador and if management strategies should be modified 

to improve control of the disease. 

The analysis of host specificity is particularly important in the Petota/P. infestans system 

because several Solanum species in Petota have been used as sources of resistance to late 

blight.  There are at least two possible consequences of using wild potatoes in breeding without 

taking host specificity into consideration.  First, progeny derived from crosses between wild and 

cultivated potatoes are generally screened in zones where the dominant population is that of 

cultivated potato.  Progenies may be segregating for classical horizontal resistance and host 

specificity, two factors that could be difficult to separate in the field.  Hybrids that appear 

resistant to the potato population of P. infestans may be susceptible to one or more wild 

populations of the pathogen.  Deployment of such hybrids may simply shift the population 

structure of the pathogen, selecting for the wild genotypes in the pathogen population.  Second, 

the introduction of host specificity from wild populations of P. infestans into the cultivated potato 

may greatly increase the inoculum load, which is compatible with wild species, thus disturbing 

natural equilibria and endangering wild species of Solanum. 
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Objectives of the presented research 

The original objective of this research project was to determine whether wild Solanum 

species found in Ecuador (tuber bearing and non-tuber bearing species) are attacked by the 

same pathogen population as cultivated potato or by different host-specific populations.  If any 

host-specificity was found, an additional objective was to learn about the heritability of host 

specificity in the Petota/P. infestans pathosystem and the possible selection of pathogen 

genotypes.  During the research process we realized that the complexity of P. infestans in 

Ecuador was larger than expected, and hence, more emphasis was given to the 

characterization of the pathogen itself, i.e., to the identification and characterization of host 

specificity within different pathogen subpopulations.  Subsequently, we did not find enough 

evidence to support the existence of host specificity among the pathogen attacking section 

Petota, and hence the additional objective of characterizing the heritability of this trait was not 

accomplished.  

 

How this research report is organized 

This thesis has been divided into seven sections or chapters according to the different 

themes that are addressed. 

Chapter 1 presents a general introduction to the P. infestans pathogen.  Emphasis is 

given to research done in Ecuador.  This chapter describes the aims and objectives of the 

present research project. 

Chapter 2 presents a general overview of the pathogenicity of P. infestans isolates 

collected in the highland tropics of Ecuador from several plant species of the family Solanaceae.  

For this, detached leaflets of the different host species were artificially inoculated with the 

different isolates and evaluated qualitatively for disease symptoms. 

Chapter 3 describes the genetic diversity of P. infestans in Ecuador.  In order to evaluate 

this diversity, a large number of isolates were collected from wild and cultivated solanaceous 

species and characterized with a set of phenotypic and genotypic markers.  This chapter is 

based on the paper published by N. E. Adler, L. J. Erselius, M. G. Chacón, W. G. Flier, M. E. 

Ordoñez, L. P. N. M. Kroon, and G. A. Forbes in 2004 in Phytopathology 94: 154-162.  My 

personal contribution to this publication included pathogen collection and isolation, host 

collection and identification, DNA extraction, characterization of isolates for mating type, 

metalaxyl resistance, mtDNA, and RFLP fingerprinting.  Additionally, I participated in the 

preparation of the manuscript with some tables, comments, and suggestions. 

Chapter 4 includes the characterization of P. infestans isolates with four microsatellite 

(SSRs) markers.  The genetic diversity of the pathogen was determined among and within 
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pathogen populations.  Part of the isolate characterization was performed by Tobias Schmid as 

part of his Diploma thesis (Schmid, 2001). 

Chapter 5 presents the case of Solanum ochranthum, as an example of a host species 

that can be attacked by more than one pathogen group.  Isolates collected from S. ochranthum 

were characterized with a set of molecular markers, including SSRs, and evaluated for their 

aggressiveness on various wild and cultivated hosts.  The work reported in this is chapter is 

based on the paper published by G. Chacón, N. E. Adler, F. Jarrín, W. G. Flier, C. Gessler, and 

G. A. Forbes in 2006 in the European Journal of Plant Pathology 115: 235-245. 

Chapter 6 reports a field and greenhouse experiment to evaluate the aggressiveness of 

some P. infestans isolates collected from Petota hosts and determine if host specificity does 

exist.  This was achieved by inoculating whole plants in the field and in the greenhouse with 

different P. infestans isolates and measuring relevant epidemiological components of the 

disease.  Chapter 6 is based on the paper by M. G. Chacón, J. L. Andrade-Piedra, C. Gessler, 

and G. A. Forbes, accepted for publication in Plant Pathology. 

Chapter 7 presents a summary and discussion of the results, as well as future 

perspectives. 
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Abstract 
 

Isolates of Phytophthora infestans sensu lato collected from tuber-bearing (section 

Petota) and non-tuber-bearing species (non-Petota) were artificially inoculated on detached 

leaves of various solanaceous species (Petota and non-Petota) to determine qualitatively their 

role as potential hosts.  The P. infestans isolates tested belonged to the four pathogen groups 

(EC-1, EC-2, EC-3, and US-1) present in Ecuador.  In general, Petota isolates were able to 

infect the various Petota hosts tested.  Petota isolates inoculated on non-Petota hosts produced 

compatible and incompatible reactions.  Most of the compatible reactions occurred when 

isolates were inoculated on species genetically related to the Petota section.  A similar pattern 

was observed when non-Petota isolates were inoculated on Petota hosts.  The inoculation of 

non-Petota isolates on non-Petota hosts led to both compatible and incompatible reactions, 

which were less clearly associated with the genetic relatedness of the host plants.  These 

results demonstrated that some P. infestans groups, that in nature are not regular pathogens of 

certain solanaceous plants, have the potential to infect them when inoculated artificially.  In 

nature, host specificity seems to play a major role in determining host range, although in the 

absence of the natural hosts, alternative hosts might serve as inoculum reservoirs.  Host 

species in section Anarrhichomenum had the potential to be infected by all P. infestans 

groups that exist in Ecuador (including A1 and A2 mating types), which suggests their 

possible role as inoculum reservoirs and as places where sexual recombination within the 

pathogen might take place. 

 

 

Introduction 
 

Late blight, caused by the oomycete Phytophthora infestans Mont de Bary, is a 

devastating disease of potato and tomato (Hooker, 1981); however, the pathogen has been 

reported to attack a range of hosts that includes over a hundred species spread among 14 

botanic families within the Magnoliopsideae class (Patiño et al., 1999).  Some of these species 

are infected in nature, whereas others have only been demonstrated as hosts based on 

inoculations in the laboratory or greenhouse (Patiño et al., 1999).  Most of the natural hosts fall 

in the Solanaceae, a plant family that includes many economically important species (Erwin & 

Ribeiro, 1996).  Most hosts are in the genus Solanum, but other genera as Petunia, 

Calibrachoa, and Nicotiana are also potential hosts of the pathogen (Becktell et al., 2006).  

Solanum is divided into several subgenera, including Potatoe, which contains important 

sections, including Lycopersicon (tomatoes), Juglandifolium (S. ochranthum), Petota (wild and 
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cultivated potatoes), Basarthrum (S. muricatum and S. caripense), and Anarrhichomenum 

(Spooner et al., 1993).  The Andes in South America represent a center of diversity of 

Solanaceae (Spooner et al., 1992) and the natural habitat of most hosts of P. infestans (Patiño 

et al., 1999). 

Most studies on host adaptation in P. infestans have centered on potatoes and 

tomatoes, where host specialization among the pathogen populations attacking these hosts 

does exist (Goodwin & Fry, 1992; Lebreton & Andrivon, 1998; Oyarzun et al., 1998; Vega-

Sánchez et al., 2000).  The interaction of the pathogen with the wild hosts has received less 

attention and the role of wild hosts in the epidemiology of the disease on cultivated hosts has 

not been established.  Wild, and potentially ancestral hosts of the pathogen (Abad & Abad, 

1997) might be more important from the ecological, genetic, population, and evolutionary point 

of view than the economically important commercial hosts. 

Recent studies in the tropical highlands of Ecuador have revealed differences among P. 

infestans populations attacking wild and cultivated hosts in Solanaceae (Forbes et al., 1997; 

Oyarzun et al., 1998; Ordoñez et al., 2000; Adler et al., 2004).  At least 15 solanaceous species 

have been detected as natural hosts of the pathogen (Adler et al., 2004).  Four groups of P. 

infestans have been identified (EC-1, US-1, EC-3, and EC-2) and each one is associated with 

one or more hosts species (Erselius et al., 1999; Adler et al., 2004).  Some  hosts can be 

attacked by different pathogen groups, but generally only one of these pathogen groups is 

highly aggressive on each host species (Forbes et al., 1997; Oyarzun et al., 1998; Erselius et 

al., 1999).  EC-1 (Forbes et al., 1997), US-1 (Oyarzun et al., 1998), and EC-3 (Adler et al., 

2004) appear to be clonal lineages.  EC-2 was described originally as a clonal lineage (Ordoñez 

et al., 2000) but later a subgroup (EC-2.1) with a different mating type and mtDNA haplotype 

was also identified.  The EC-2 group with its two mating types and two mtDNA haplotypes does 

not fit the definition of a clonal lineage and therefore this group has been referred to as the 

Anarrhichomenum group (Adler et al., 2004), in reference to section Anarrhichomenum in the 

genus Solanum (Anderson et al., 1999), that includes a group of poorly defined plant species 

with highly variable phenotypes that these pathogens attack.  The unique multilocus genotypes 

of EC-3 and the Anarrhichomenum pathogen groups, suggested that they are genetically 

distinct from P. infestans and consequently have been referred to as a new species, closely 

related to P. infestans, tentatively referred to by some authors as P. andina (Kroon et al., 2004).  

For the purpose of this paper, all pathogen groups will be considered as P. infestans sensu lato, 

the species that most adequately accommodates them. 

 The goal of this study was to gain a better understanding of the pathogenicity of P. 

infestans sensu lato on various solanaceous species that grow in the highlands of Ecuador.  To 

do this, P. infestans sensu lato isolates collected from several host species were artificially 

inoculated on various solanaceous plants to determine qualitatively their role as potential hosts.  
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This knowledge will be valuable to plant breeders that use many wild species as sources of 

resistance to late blight and will give some insight into host range and host specificity in the 

highland tropics and the possible role of alternative hosts in the epidemiology of the disease. 

 

 

Materials and methods 
 

Plant material 

Seventeen species of Solanaceae (90 plant accessions), including tuber-bearing 

(section Petota, (Spooner et al., 1993)) and non-tuber-bearing species (hereafter referred to as 

non-Petota species), were used in the inoculation assays (Table 1).  Identification of plant 

species was carried out in situ or in herbaria specimens by taxonomists in Solanaceae or was 

based on published descriptions (Correll, 1962; Hawkes, 1990).  Under Anarrhichomenum (ana) 

some viny accessions were included that belong to the section of the same name in the genus 

Solanum.  Because of their high phenotypic variation some viny accessions in the 

Anarrhichomenum group could not always be identified at the species level, but at least two 

taxa were identified as S. brevifolium, and “tomatillo”, the local name for a vine with red edible 

fruits.  Leaflets for the detached leaf assays came from different sources:  host plants collected 

directly in their natural environments, plants derived from true potato seed (from berries 

collected in the field) and seed tubers, plants growing near CIP station in Quito, Ecuador, and 

plants bought in markets.  Plants collected in the field were transplanted to pots (20 cm 

diameter) filled with a pasteurized mixture of 5 parts soil from earth-worm culture, 4 parts of field 

soil, and 1 part of granular pumice.  Plants did not receive any fertilization and were kept under 

conditions (light and relative humidity) similar to their natural environments. 

 

Phytophthora infestans sensu lato isolates 

Fifty-seven P. infestans sensu lato isolates collected in the highlands of Ecuador 

between 1995 and 2003 from different hosts in Solanaceae, including Petota and non-Petota 

hosts, were used in the inoculation assays (Table 1).  Isolates collected from Petota species will 

be referred to as Petota isolates and those isolated from non-Petota species will be referred to 

as non-Petota isolates.  As for plant material, isolates collected from plants of section 

Anarrhichomenum were designated as Anarrhichomenum, due to the uncertainty of host 

species.  From 2001 on, collection sites were geo-referenced with GPS.  Isolates were collected 

on plants with sporulating foliar lesions that resembled those produced by P. infestans on 

potato.  Each isolation was made from a single lesion by trapping diseased tissue with potato 
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tuber slices (Forbes et al., 1997) or with a selective medium (Oyarzun et al., 1998).  Isolates 

were checked for the morphological characteristics of P. infestans, including sporangiophore 

growth, presence of operculum and sporangial shape (Erwin & Ribeiro, 1996).  Isolates were 

maintained for short periods on Rye A and Rye B medium (Caten & Jinks, 1968) at 18 °C in the 

dark, and stored for longer periods on Rye A agar slants at 15 °C with 12-hour photoperiod. 

Most isolates were characterized previously in detail for mating type, metalaxyl 

resistance, virulence, glucose-6-phosphate isomerase (Gpi), peptidase (Pep), mitochondrial 

haplotype (mtDNA) and RFLP (with RG-57) (Oyarzun et al., 1998; Erselius et al., 1999; 

Ordoñez et al., 2000; Adler et al., 2004), so that the clonal lineage or pathogen group they 

belonged to was already known. 

 

Inoculation and post inoculation conditions 

Twenty-five different inoculation assays were performed between 2001 and 2004 

according to the availability of plant material.  In most species, the first pair of fully expanded 

lateral leaflets of the upper 1/3 of the plant was used.  In other species, such as S. caripense 

and S. paucijugum, whole leaves were employed.  In the case of species with large leaves, 

such as S. betaceum or S. quitoense, pieces of the central part of the leaves were cut out and 

used.  Hereafter we refer to all tissues as leaflets.  Leaflets were washed with tap water, towel 

dried and stored abaxial side up in the lids of inverted Petri dishes which contained water agar 

(4%) in the base.  Petri dishes were subsequently used as high humidity chambers for 

inoculation and incubation. 

Before inoculation, the Petota-isolates were multiplied on leaves of their original hosts to 

restore aggressiveness after cultivation on rye agar.  US-1 isolates from S. andreanum could 

not be multiplied on S. andreanum leaves and therefore were washed directly from culture 

plates (Rye-A).  Non-Petota isolates were multiplied on green tomato fruits or washed directly 

from culture plates.  Whether from living tissue or Rye A medium, sporangia were rinsed several 

times with distilled water over a 12 µm filter.  The resulting spore suspension was calibrated to a 

concentration of 6000 and 30000 sporangia per ml.  One 10 µl drop was placed on the abaxial 

side of each leaflet close to the midrib.  Petri dishes containing inoculated leaflets were 

incubated by replication (in blocks) at 15 ± 2°C with 14 h of fluorescent light per day. 

 

Assessment of pathogenicity 

Each host genotype by isolate combination was represented by 6 lesions on six leaflets 

randomly distributed in three Petri dishes (three replications).  Inoculated leaflets were 

monitored five, six, seven, and 10 (sometimes 11) days after inoculation for disease 
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development and were visually and qualitatively rated for the presence or absence of disease.  

Disease lesions were characterized based on the presence or absence of sporulation and as 

expanding or nonexpanding, according to the scheme used by Becktell et al. (2006).  Infection 

(compatible reaction) was defined as the presence of expanding, sporulating lesions. 

 

 

Results 
 

The qualitative ratings of the inoculations between isolates and hosts of the Petota and 

non-Petota sections were compiled over all trials (Table 1). 

 In general Petota isolates were able to infect the different Petota hosts tested.  

Isolates from S. andreanum were not always compatible, and sometimes caused  no visible 

reaction or hypersensitivity.  This occurred both with the EC-1 and US-1 isolates from S. 

andreanum.  Hypersensitivity also occurred with some of the other isolates on S. colombianum, 

S. regularifolium, and S. tuberosum. 

When Petota isolates were inoculated on non-Petota hosts the effects were variable.  

On some of the hosts from the Potatoe clade of the genus Solanum, which are therefore 

genetically close to potato, there was compatibility.  Petota isolates frequently infected S. 

lycopersicum, S. ochranthum, and the Anarrhichomenum accessions.  However, the isolates 

were generally incompatible with S. muricatum and S. caripense which are also in the same 

clade.  S. betaceum and S. quitoense, more distant genetically from Petota species (Potatoe 

clade), were not infected by Petota isolates.  US-1 isolates from S. andreanum produced no 

reaction or nonexpanding, nonsporulating necrotic lesions on most hosts tested. 

 A similar pattern to that described above was evident when non-Petota isolates were 

inoculated on Petota hosts.  Most of the compatible reactions occurred when isolates were 

inoculated on species genetically related to the Petota section: S. ochranthum, S. lycopersicum 

and the Anarrhichomenum.  Exceptions were the “A” type isolates from S. ochranthum (Chacón 

et al., 2006) and the US-1 isolate from S. muricatum, which were incompatible on most hosts.  

Isolates from the more genetically distant S. quitoense and S. betaceum did not cause disease 

on Petota accessions.   

 The inoculation of non-Petota isolates on non-Petota hosts led to both compatible and 

incompatible reactions which were less clearly associated with the genetic relatedness of the 

host plants.  S. lycopersicum cultivars became infected with US-1 isolates from S. ochranthum, 

A2 isolates (EC-2.1) from Anarrhichomenum, and EC-3 isolates from S. betaceum.  The 

accessions of S. caripense tested did not show any reaction upon inoculation.  S. ochranthum 

was infected by some US-1 isolates from S. caripense and S. lycopersicum and by all types of
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Table 1.  Results of several independent inoculation assays showing the susceptibility of various solanaceous species to several isolates of Phytophthora infestans 

sensu lato collected from different solanaceous hosts 

col1 min pcj phu rgf sol tbr tuq hib adr lyc car qui mur och ana bet Total
EC-1 US-1 US-1 EC-1 EC-2

EC-12 US-1 US-1 US-1 new EC-2.1 US-1 A EC-2.1 EC-3
Origin3 Group4 N5 17 3 3 4 6 3 6 5 1 9 6 8 2 7 1 5 4 90
adr EC-1 4 ++/HR/0 ++/HR/0 ++/0 ++/0 ++/HR/0 ++/HR ++ ++/0 -- ++/0 ++/HR ++/0 0 HR/0 ++/+ ++/0 0
col EC-1 5 ++/HR ++ -- ++ ++ ++ ++ ++ -- ++ -- -- -- HR/0 ++ ++/0 --
min EC-1 4 ++/HR/0 ++ -- -- ++ ++ ++ ++ -- ++ ++ 0 -- HR/0 ++/+ 0 --
phu EC-1 1 ++/HR -- -- -- ++ -- -- -- -- 0 -- 0 -- -- + -- --
pcj EC-1 3 ++/HR ++ ++ ++ ++ ++ ++ ++ -- ++ -- HR/0 HR -- ++ ++/HR --
rgf EC-1 1 ++ -- -- -- ++ ++ ++ ++ -- ++ ++ -- -- 0 ++ ++ --
sol EC-1 1 ++ ++ -- -- ++ ++ ++ ++ -- ++ ++ 0 -- HR + ++ --
tbr EC-1 7 ++/+ ++/0 ++ -- ++ ++ ++ ++ -- ++ ++ 0 -- HR ++ ++/HR HR
tuq EC-1 2 ++ -- -- -- ++ ++ ++ ++ -- ++ -- -- -- HR/0 + 0 --
adr US-1 3 HR/0 -- 0 -- HR/0 ++/+/0 ++/HR/0 0 -- 0 HR/0 HR/0 0 0 + 0 HR/0
och EC-1 5 ++/+/HR/0 ++/0 ++ 0 ++/0 -- ++/0 ++/HR/0 ++ ++/+/HR/0 0 0 0 HR ++/+ ++/HR/0 0
car US-1 1 -- -- -- -- -- -- ++ -- -- -- -- 0 -- -- ++ -- --
lyc US-1 2 ++ -- -- -- -- ++ ++/0 ++ -- -- ++ 0 -- 0 ++/+ ++/0 --
mur US-1 2 HR/0 -- -- -- HR ++ HR -- -- + 0 -- -- HR/0 + 0 --
och US-1 2 +/HR/0 ++/+/0 ++/0 ++ ++/0 -- ++/0 HR/0 + ++/+/0 ++/0 0 0 HR/0 ++ 0 +/HR/0
qui US-1 1 -- -- -- -- -- -- -- -- -- -- -- -- -- -- 0 -- --
ana EC-2 2 HR HR -- -- -- -- +/HR/0 HR/0 -- HR -- 0 -- -- + -- --
brg EC-2 1 HR -- -- -- HR -- ++/HR -- -- -- -- 0 -- HR + ++ --
ana EC-2.1 3 HR 0 -- HR/0 + ++ + HR -- 0 ++ 0 -- 0 0 ++ --
bet EC-3 5 HR/0 -- 0 HR/0 -- HR/0 HR/0 0 -- HR ++/HR HR/0 0 HR + ++/HR/0 ++/0
och A6 2 HR/0 0 HR/0 0 0 -- ++/0 0 +/0 +/HR/0 0 0 -- HR ++/+ 0 HR/0
Total 57

Host

P
et

ot
a

no
n-

P
et

ot
a

Petota non-Petota

Isolate
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Table 1.  Continued. 

 
1 Inoculated host species.  adr, S. andreanum; col, S. colombianum; min, S. minutifoliolum; pcj, S. paucijugum; rgf, S. regularifolium; sol, S. solisii; tbr, S. tuberosum; 

tuq, S. tuquerrense; hib, tuq29.4 x Chata Blanca; bet, S. betaceum; ana, section Anarrhichomenum, car, S. caripense; lyc, S. lycopersicum; mur, S. muricatum; S. 

ochranthum; qui, S. quitoense. 
2 Pathogen group that generally attacks each host species. 
3 Host species from which the P. infestans sensu lato isolates were collected and isolated.  Abbreviations are the same as for host species; brg, Brugmansia 

sanguinea. 
4 P. infestans lineage or pathogen group according to multilocus genotype. 
5 Number of isolates and host accessions tested. 
6 New multilocus genotype described for certain P. infestans sensu lato  isolates collected from S. ochranthum (Chacón et al., 2006) 

0 = no reaction; HR = macroscopic hypersensitive response (nonsporulating, nonexpanding lesions); + = expanding, nonsporulating lesions; ++ = expanding, 

sporulating lesions (compatible reaction); -- =not inoculated. 

In bold face, reaction most commonly observed. 
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isolates from S. ochranthum (EC-1, US-1, and A).  S. betaceum developed sporulating lesions 

only with inoculum of S. betaceum isolates, whereas with US-1 ochranthum isolates produced 

expanding necrotic lesions without sporulation.  Accessions of section Anarrhichomenum 

developed sporulating lesions when inoculated with isolates from S. ochranthum (EC-1), S. 

lycopersicum (US-1), B. sanguinea (EC-2), Anarrhichomenum (EC-2.1), and S. betaceum (EC-

3).  As this host group may include more than one plant species, the type of reaction observed 

varied according to the host-isolate combination.  For example, the EC-3 isolates produced 

sporulating lesions on S. brevifolium, whereas on “tomatillo” caused only hypersensitive 

reactions (data not shown); US-1 isolates of tomato sporulated only on S. brevifolium but 

caused no symptoms on “tomatillo”.   

 

 

Discussion 
 

 The results of this study demonstrate that some P. infestans groups that in nature are 

not regular pathogens of certain solanaceous plants, have the potential to infect them when 

inoculated artificially.  For example, the EC-3 lineage has only been isolated from S. betaceum 

in Ecuador (Adler et al., 2004); however, in our experiments it had the potential to infect S. 

lycopersicum and some members of section Anarrhichomenum.  EC-2.1 isolates that have only 

been isolated from certain hosts (Adler et al., 2004), and are generally not found on Petota 

species, were pathogenic on S. solisii and S. lycopersicum.  EC-2 isolates normally attack B. 

sanguinea and some plants of section Anarrhichomenum (Adler et al., 2004) but we observed 

that they can also infect S. tuberosum cultivars.  This is consistent with other studies which 

demonstrated a broader host range with artificial inoculation (Inglis et al., 2001; Rathbone et al., 

2002; Becktell et al., 2006). 

The increased host range with artificial inoculation could be due to many factors.  It is 

possible that pathogens do infect many more hosts in nature than is demonstrated by periodic 

isolations.  Weak infections of alternative hosts may be difficult to find in nature, particularly if 

the host is attacked at the same time by a more aggressive population.  For example, we have 

isolated potato isolates (EC-1 lineage) from tomato in Ecuador, but only when the tomato plants 

were not infected with an aggressive, highly adapted or host specific, tomato population (US-1 

lineage).  The larger host range in laboratory studies may also be due to disease-favorable 

conditions of the inoculation process which do not occur in nature.  Infection after inoculation 

might result from an alteration of leaflet surface during the detached-leaf assay and the 

selection of environmental conditions that favor infection and disease development.  For 

example, prior to inoculation, leaflet surfaces are rinsed several times and towel dried, a 
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process that may alter or eliminate natural barriers to infection, such as long trichomes and toxic 

substances. 

Host specificity plays a major role in determining host range.  There are two possible 

explanations for host specificity:  limited dispersal or limited adaptation (Timms & Read, 1999).  

Some pathogens may have a limited host range because they do not get in contact with other 

host species.  This does not appear to be the case of P. infestans populations in the highland 

tropics, where two or more pathogen groups may coexist at the same location --for example a 

small home garden-- on different plant species growing close to each other.  Alternatively, host 

specificity could arise because of adaptive specialization, that is, the existence of trade-offs 

between adaptation to different hosts or a high cost of being a generalist (van Tienderen, 1991; 

Timms & Read, 1999).  If adaptive constraints are responsible, then pathogen fitness will be 

severely reduced on novel hosts (Timms & Read, 1999).  The latter seems to be a more 

plausible explanation for host specificity in P. infestans in Ecuador.  This hypothesis is 

consistent with the fact that host specificity in our systems often appeared to be quantitative.  

Pathogen groups can infect several hosts but they are probably most adapted to the host(s) with 

which they are commonly associated in nature.  Our results also suggested that this adaptation 

appears to extend to plant species that are taxonomically related.  This was observed in the 

case of potato isolates, that is isolates of the EC-1 lineage, which were compatible or more 

adapted to hosts taxonomically related to potato and less adapted to more genetically distant 

species, such as S. betaceum or S. quitoense.  In general, host specificity is still a driving 

force for maintaining genetic isolation between pathogen groups in Ecuador (Adler et al., 

2002). 

 Host species in section Anarrhichomenum have the potential to be infected by all P. 

infestans groups that exist in Ecuador.  As mentioned before, we do not exactly how many 

species of this section were involved in our inoculation assays, but at least two taxa (S. 

brevifolium and “tomatillo”) were easy to identify.  We observed that infection and type of 

reaction varied depending on whether the inoculated host was S. brevifolium or “tomatillo”.  

Therefore, one should be careful not to make generalizations about the pathogenicity of the 

different P. infestans groups on plant species in this section.  There is clearly a need for a 

detailed taxonomic description of these highly variable viny species.  Additionally, the fact 

that this plant group can be attacked by so many pathogen groups, suggests its potential role 

as inoculum reservoir.  Most of these plants grow within other plant canopies, conditions 

which are humid even during dry periods.  Moreover, since this host section harbors both A2 

and A1 mating types there is a potential for sexual recombination within the pathogen. 

 The fact that some pathogen groups have the potential to jump or infect other species 

that normally are not their natural hosts, may have an effect on disease epidemiology.  If the 

natural hosts are not present, as for example when they are harvested, killed by drought or 
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when the tubers or stolons remain latent under the soil surface, alternative hosts can serve as 

inoculum reservoirs. 

 Some isolate/host combinations showed a marked tendency toward incompatible 

interactions.  On some occasions no reaction was observed at all on the leaf surfaces after the 

incubation period, i.e. the plant species were apparently immune.  For example, the eight 

accessions of S. caripense tested were immune to all isolates inoculated.  The only exception 

was one isolate of S. andreanum that infected only one accession of S. caripense.  The failure 

of infection and symptoms development can result from the presence of abundant trichomes on 

the leaf surface of this species, that would be related to a general (horizontal) resistance.  

However, S. caripense is readily infected in nature, so this appears unlikely.  Other isolate-host 

combinations showed a macroscopic hypersensitive response or small nonexpanding necrotic 

lesions (both rated as HR, see Table 1).  The hypersensitive response was very common on 

some S. colombianum and S. muricatum accessions after the inoculation with both Petota and 

non-Petota isolates.  Major resistance genes (R-genes) have been identified in S. colombianum 

(Chacón Acosta, 1995), but may be present in some of the other species we evaluated. 

 The US-1 isolates from S. andreanum failed to infect many plant accessions.  In 

general, andreanum isolates were difficult to multiply on S. andreanum leaves, and in the case 

of US-1 isolates, it was impossible.  For this reason, US-1 isolates were washed directly from 

Petri dishes.  US-1 isolates used in the assays have been stored on rye A agar since 1998, and 

may have lost their aggressiveness.  

 The inoculation tests showed that S. ochranthum is unusual, in that it can be infected by 

isolates of both the Petota and non-Petota pathogen groups and in that S. ochranthum isolates 

can infect Petota and non-Petota hosts.  The plurality of pathogen groups attacking this host 

was examined in more detail by Chacon et al. 2006, who found that three pathogen types were 

associated with the host but differences in aggressiveness among them could not be 

established.  This is a rare host and disease is spotty and a larger sample of pathogens is 

probably needed to future understand the pathosystem.  Genetic diversity within the host 

species may also play a role. 

 The results obtained from our inoculation assays revealed the complexity of the 

interaction between P. infestans and its hosts in the highland tropics of Ecuador.  There are 

several pathogen groups that have the potential to attack several host species; however, host 

specificity plays an important role in maintaining genetic isolation between the different P. 

infestans groups. 
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Abstract 
 

The metapopulation structure of Phytophthora infestans sensu lato is genetically diverse 

in the highlands of Ecuador.  Previous reports documented the diversity associated with four 

putative clonal lineages of the pathogen collected from various hosts in the genus Solanum.  

This paper simultaneously analyzes diversity of the complete collection of isolates, including a 

large number that had not yet been reported.  This analysis confirmed the existence of three 

pathogen populations, which all appear to be clonal lineages, and which correspond to those 

previously reported as US-1, EC-1 and EC-3.  No evidence was found from the analyses of 

recently collected isolates that would contradict earlier reports about these three lineages.  In 

contrast, new data from a group of isolates from several similar hosts causes us to modify the 

previous description of the clonal lineage EC-2 and its previously proposed hosts, S. brevifolium 

and S. tetrapetalum.  Given the uncertainty associated with the identification of these hosts, 

which all belong to the section Anarrhichomenum, we refer to them as Anarrhichomenum 

complex, pending further taxonomic clarification.  New pathogen genotypes associated with 

Anarrhichomenum complex were isolated recently that are A1 mating type and Ia mitochondrial 

DNA (mtDNA) haplotype, and therefore differ from the previously described EC-2 lineage, which 

is A2 and Ic, respectively.  Because of uncertainty on host identification, we do not know if the 

new genotypes are limited to one host species and therefore represent yet another host-

adapted clonal lineage.  For now, we refer to the new genotypes and previously described EC-2 

genotypes, together, as the pathogen group attacking the Anarrhichomenum complex.  Two A2 

isolates identical to the previously described EC-2 archetype were collected from severely 

infected plants of pear melon (S. muricatum).  Pear melon is generally attacked by US-1 and 

this is the first clear case we have documented in which two distinct pathogen genotypes have 

caused severe epidemics on the same host.  Based on presence of unique marker alleles 

(restriction fragment length polymorphism [RFLP] and mtDNA) and genetic similarity analysis 

using RFLP and amplified fragment length polymorphism data, EC-3 and isolates from 

Anarrhichomenum complex are genetically distinct from all genotypes of P. infestans that have 

been reported previously.  No current theory of historical migrations for this pathogen can 

adequately support a Mexican origin for EC-3 and genotypes of Anarrhichomenum complex and 

they may, therefore, be palaeoendemic to the Andean highlands.  To date, we have identified 

15 hosts in the genus Solanum, in addition to the Anarrhichomenum complex and some 

unidentified species, of P. infestans sensu lato in Ecuador.  Five of the Solanum hosts are 

cultivated.  One isolate was collected from Brugmansia sanguinea, which represents the first 

report from Ecuador of a host of this pathogen that is not in the genus Solanum.  However, P. 

infestans sensu lato was only found on flower petals of B. sanguinea.  This study provides new 
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insights into the population structure of highly specialized genotypes of P. infestans sensu lato 

in the Andean highlands.  The results are discussed in light of previous hypotheses regarding 

the geographic origin of the pathogen. 

 

 

Introduction 
 

The late blight pathogen, Phytophthora infestans (Mont.) de Bary, which has a global 

distribution on potatoes and tomatoes, is believed to have originated in the highlands of central 

Mexico (Goodwin et al., 1992b; Grünwald et al., 2001) causing mild epidemics on native wild 

tuber-bearing Solanum species (Reddick, 1939).  Mexico is considered the center of origin of P. 

infestans because both mating types (A1 and A2) are present and there is a high genetic 

diversity for this pathogen in this region (Niederhauser et al., 1954; Tooley et al., 1986; Goodwin 

& Drenth, 1997; Grünwald et al., 2001).  In contrast, only the A1 mating type and low genetic 

diversity had been found outside Mexico until the mid 1980s (Hohl & Iselin, 1984; Goodwin et 

al., 1992b; Grünwald et al., 2001).  An alternative hypothesis proposed the Andes, the center of 

origin of the cultivated potato, as the center of origin for P. infestans (Abad & Abad, 1997).  This 

hypothesis is based primarily on historical accounts of potato disease in the Andes, and 

appears to have little support in the scientific literature. 

Late blight of potato first appeared in the US and Europe in the middle 1800s. 

Devastating late blight epidemics destroyed potato crops in Ireland during 1845 and 1846, 

contributing to poverty, starvation, and emigration.  Until recently, most isolates of P. infestans 

found outside North America belonged to the US-1 clonal lineage.  This led to a hypothesis that 

US-1 had caused the original epidemics in Europe in the 1800s (Goodwin et al., 1994) and then 

spread globally, presumably with seed trade (Fry et al., 1993).  Recent analyses, however, of 

mitochondrial DNA (mtDNA) of P. infestans in herbarium material presented evidence that a 

genotype different from US-1 was involved in the original epidemics in Europe (Ristaino et al., 

2001). 

During the 1980s, the A2 mating type of P. infestans was detected in Europe (Hohl & 

Iselin, 1984) along with several new alleles for known markers (Drenth et al., 1993).  A second 

global migration from Mexico had taken place.  The pathogen population in Europe is now 

highly diverse and there is evidence for sexual reproduction in several European countries 

(Drenth, 1994; Andersson et al., 1998; Turkensteen et al., 2000).  As a variant to the hypothesis 

for the first and second global migrations of P. infestans, some authors proposed that earlier 

migrations also took place from Mexico to South America (Tooley et al., 1989; Andrivon, 1996). 
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One hypothesis also advances the idea that P. infestans was originally introduced into Europe 

from South America and not directly from Mexico (Andrivon, 1996; Perez et al., 2001). 

The brief description of the origins and migrations of P. infestans given above can be 

found in much greater detail in recent reviews (Andrivon, 1996; Goodwin, 1997).  Nonetheless, 

the conclusions presented in these reviews are based primarily on studies involving isolates of 

P. infestans originating from potato, and to a lesser extent tomato.  This is probably because 

late blight is an economically important disease on potatoes worldwide and possibly also 

because there appear to be few alternative hosts, apart from tomato, in the temperate zone 

where most of the research on the pathogen was done.  In other parts of the world, however, P. 

infestans, or species similar to P. infestans, are known to attack several other wild and 

cultivated hosts in the family Solanaceae.  In Mexico, P. infestans attacks several wild tuber-

bearing species of Solanum.  Evidence from recent studies in Mexico indicates that these wild 

Solanum species are all attacked by P. infestans (Grünwald et al., 2001), although only limited 

gene flow exists between the subpopulations of the pathogen on wild Solanum spp. and 

cultivated potatoes (Flier et al., 2003).  A new homothallic Phytophthora sp. closely related to P. 

infestans was recently described as Phytophthora ipomoeae (Flier et al., 2002).  In the Toluca 

Valley of central Mexico, epidemics on solanaceous hosts are caused exclusively by P. 

infestans because the host range of P. mirabilis (Galindo & Hohl, 1985) and P. ipomoeae is 

restricted to nonsolanaceous hosts. 

The situation appears to be more complex in South America where a Phytophthora sp. 

very similar to P. infestans was found on hosts then described as S. brevifolium and S. 

tetrapetalum (Ordoñez et al., 2000).  This pathogen group was designated the EC-2 clonal 

lineage of P. infestans sensu lato and it does not attack cultivated potatoes or tomatoes.  Four 

host-adapted groups of P. infestans sensu lato have recently been described in Ecuador.  Little 

variability was found within these groups, and there appeared to be little or no gene flow among 

them, so all were considered to be clonal lineages.  Their designations were EC-1, found on 

potato and tuber-bearing wild Solanum spp. (Forbes et al., 1997); EC-2, described previously; 

US-1, found on tomato, cultivated pear melon (S. muricatum), and S. caripense (Forbes et al., 

1997; Oyarzun et al., 1998); and EC-3, found on cultivated tree tomato (S. betaceum) (Erselius 

et al., 1999).  Novel restriction fragment length polymorphism (RFLP) bands were found in 

fingerprints of EC-2 and EC-3 genotypes (Erselius et al., 1999; Ordoñez et al., 2000), and the 

EC-2 lineage was characterized by a new mtDNA haplotype (Ordoñez et al., 2000), 

subsequently designated as Ic (Oliva et al., 2002).  These results demonstrate that the 

Ecuadorian highlands harbor wide genetic diversity within P. infestans sensu lato that has not 

been detected in studies done elsewhere on pathogen populations attacking potato and tomato.  

Furthermore, preliminary assessment of recent isolates collected in Ecuador indicated that the 

full extent of pathogen diversity has not yet been described.  In the current study, we describe 
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genotypes of P. infestans sensu lato collected recently from several cultivated and wild hosts in 

the highlands of Ecuador.  The new data have caused us to modify some previous conceptions 

about the P. infestans sensu lato in Ecuador.  The origin and historical migrations of this 

pathogen are discussed in light of our current understanding of the pathogen population 

structure in the Ecuadorian highlands. 

 

 

Materials and methods 
 

Definitions 

An operational definition for the taxonomic status of host-adapted populations of P. 

infestans sensu lato was applied throughout this paper.  There is evidence suggesting that 

certain host-adapted clonal lineages present in Ecuador may belong to one or more 

Phytophthora spp. that have not yet been formally described (Ordoñez et al., 2000).  The P. 

infestans sensu lato metapopulation is defined as a group of local pathogen populations with 

varying levels of genetic isolation based on geographic distance, temporal effects, and host 

specialization.  Nonetheless, for the purpose of this publication, we consider these populations 

to be part of P. infestans sensu lato because no other described species accommodates them 

better. 

 

Collection and isolation of P. infestans sensu lato 

We collected and assessed with at least three markers over 450 single lesion isolates 

throughout the highlands of Ecuador from 1995 to 2002 (Table 1).  Except for specific studies 

on pathogen populations attacking potato (Forbes et al., 1997) and tomato (Oyarzun et al., 

1998; Erselius et al., 2000), no specific sampling plan was followed for the collection.  

Collections from wild tuber-bearing species were oriented on previous trips by plant taxonomists 

(Spooner et al., 1992), but we also visited previously unexplored areas.  Researchers from the 

National Agricultural Research Institute (INIAP, Quito, Ecuador) provided useful information on 

the locations of plantations of the cultivated hosts pear melon (S. muricatum) and tree tomato 

(S. betaceum).  In general, Ecuador is a center of diversity for the genus Solanum (Hijmans & 

Spooner, 2001) and most of the wild non tuber-bearing hosts we describe are common.  

Therefore, numerous trips to unexplored areas were planned based on knowledge on climatic 

conditions favorable for late blight development.  Isolations were made by trapping with potato 

tuber slices (Forbes et al., 1997) or with a selective medium (Oyarzun et al., 1998; Ordoñez et 

al., 2000).  Some isolates originating from plants of the Anarrhichomenum complex (Ordoñez et
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Table 1.  Number of isolates of P. infestans sensu lato from different hosts in Ecuador evaluated for different markers 

 

      Metalaxyl5 

Host species RFLP 
classification Base1 mtDNA2 RFLP3 AFLP4 R I S 

Tuber-bearing         
Solanum andreanum EC-1, US-1 17 15 7 ... ... 2 10 
S. colombianum EC-1 91 71 60 2 2 5 12 
S. minutifoliolum EC-1 11 9 11 2 … … 4 
S. paucijugum EC-1 19 17 15 3 1 … 8 
S. regularifolium EC-1 1 1 1 1 … 1 … 
S. solisii EC-1 1 1 1 … … … 1 
Solanum spp.  14 13 8 2 … 1 4 
S. tuberosum, S. phureja (potato) EC-1 49 43 22 5 11 8 19 
S. tuquerrense  EC-1 9 8 5 … … … 9 

Non-tuber-bearing         
Brugmansia sanguinea EC-2 1 1 1 … … … 1 
S. betaceum (tree tomato) EC-3 34 31 17 5 3 3 19 
Anarrhichomenum complex EC-2, EC-2.16 67 66 29 13 … 1 36 
S. caripense US-1 25 22 8 1 ... 10 7 
S. lycopersicum (tomato) US-1 77 49 13 4 2 21 28 
S. muricatum (pear melon) US-1, EC-2.16 19 18 11 … … 3 4 
S. ochranthum US-1 16 15 4 … … 2 13 
S. radicans  ? 1 1 … … … … … 

Total   452 381 213 37 … … … 

1 The base set of markers consists of mating type and banding patterns for glucose-6-phosphate isomerase and peptidase. 
2 Mitochondrial DNA haplotype. 
3 Restriction fragment length polymorphism fingerprint. 
4 Amplified fragment length polymorphism fingerprint  
5 R= resistant to metalaxyl, I = intermediate and, S = sensitive. 
6 The EC-2.1 sub-lineage was described previously (Ordoñez et al., 2000).  The RFLP fingerprint of EC-2.1 differs from EC-2 by three bands.
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al., 2000) and from tree tomato (Erselius et al., 1999) were described previously.  Some of the 

isolates from potato and tomato were also described using several genetic and phenotypic 

markers (Forbes et al., 1997; Oyarzun et al., 1998).  A brief description of two isolates with A2 

mating type isolated from pear melon (S. muricatum) was published recently (Adler et al., 2002).  

All isolates were maintained for short periods on rye A or rye B medium (Caten & Jinks, 1968) at 

18ºC in the dark.  Isolates are being stored for longer periods on rye A agar slants at 15 °C with 

a 12 hour photoperiod in Quito, Ecuador (contact G. Forbes) and in liquid nitrogen at Plant 

Research International in Wageningen, the Netherlands (contact W. G. Flier). 

 

Characterization of isolates 

All isolates reported here (452) were tested for mating type, glucose-6-phosphate 

isomerase (Gpi), and peptidase (Pep) (Table 1).  A majority of isolates from each host was also 

tested for mtDNA haplotype.  Smaller samples from each host were fingerprinted using RFLP 

and amplified fragment length polymorphism (AFLP) technology.  Metalaxyl resistance was 

tested for a subset of isolates from most hosts.  At least two isolates from each of the major 

pathogen groups were compared for sporangial dimensions and papilla shape using light 

microscopy and a video image system. 

 

Metalaxyl resistance 

Isolates were tested for resistance to 5 and 100 µg of metalaxyl per ml of 10% 

unclarified V8 medium and classified as resistant, intermediate, or sensitive.  Conditions of the 

test and criteria for classification were described previously (Forbes et al., 1997). 

 

Isozyme electrophoresis 
Isozyme electrophoresis for the enzymes Gpi and Pep was done on starch gels 

(Spielman, 1991) and on polyacrylamide gels.  Polyacrylamide gel electrophoresis (PAGE) was 

done using 1 mm thick 7.5% gels with 25 mM Tris and 0.19 M glycine, pH 8.8, as separating gel 

and electrode buffer.  Bands were clearer when a 1-cm stacking gel (2.5% acrylamide 0.06 M 

Tris-HCl, pH 6.7) was used (Davis, 1964).  PAGE was run with a constant current of 5 mA for 1 

h and then increased to 10 mA. Voltage rose continuously throughout, from about 50 to 280 V.  

Electrophoresis was terminated when the bromophenol blue dye reached the bottom of the gel, 

at about 16 cm running length.  Allozyme genotypes (inferred from banding pattern phenotypes) 

were scored as described by Spielman (1991).  Scorings represent mobility of the enzyme 

alleles relative to an allele designated arbitrarily as 100.  Isolates with known alleles from the 

collection of W. E. Fry, Cornell University, were used for comparison. 
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DNA extraction 

Isolates were grown for 10 to 14 days at 20 °C in pea broth prepared by autoclaving 

120 g of frozen peas in 1 litre of water.  The peas were removed by filtering through 

cheesecloth and the broth was autoclaved again.  The mycelium was grown on pea broth, 

harvested, lyophilized and stored at -80 °C.  Lyophilized mycelium (10 to 20 mg) was ground 

in microcentrifuge tubes with a pestle and sterile sand.  Total DNA was extracted with the 

Puregene Kit (Gentra/Biozym, Landgraaf, the Netherlands) according to manufacturer’s 

instructions or as previously described (Ordoñez et al., 2000).  DNA was dissolved in 100 µl 

of TE (10 mM Tris-HCl [pH 8.0] and 1mM EDTA [pH 8.0]) and stored at -20 °C.  

 

mtDNA haplotype 

mtDNA haplotypes were determined by amplification of DNA of each isolate using 

primers designed for specific regions of the mitochondrial genome of P. infestans (Griffith & 

Shaw, 1998).  Polymerase chain reaction (PCR) was performed in a thermocycler (PTC100; MJ 

Research, Waltham, MA).  Digestion of the amplified regions with CfoI, MspI, and EcoRI 

restriction enzymes yielded restriction patterns by which the isolates could be classified into five 

haplotypes: Ia, Ib, IIa, IIb (Carter et al., 1990; Griffith & Shaw, 1998), and Ic (Oliva et al., 2002). 

 

RFLP fingerprinting 

A total of 213 isolates were characterized using the moderately repetitive clone RG-57 

(Goodwin et al., 1992a) and the nonradioactive enhanced chemiluminescence (ECL) kit 

(Amersham, Eindhoven, the Netherlands) according to the manufacturer’s instructions. 

 

AFLP fingerprinting 

DNA (250 ng) was digested in a 50 µl reaction volume with EcoRI (10 units) and MseI 

(10 units) for 6 h at 37 °C in restriction ligation buffer (10 mM Tris/Ac [pH 7.5], 10 mM MgAc, 50 

mM KAc, 5 mM dithiothreitol, and 50 ng µl-1 bovine serum albumin).  Digestion was confirmed 

on agarose gels.  Restriction fragments were ligated to MseI adapters (5’-

GACGATGAGTCCTGAT/CTACTCAGGACTAGC-5’) and EcoRI adaptors (5’-

CTCGTAGACTGCGTACC/CATCTGACGCATGGTTAA-5’) using 0.1 µM EcoRI adapter, 1.0 

µM MseI adapter, 0.2 mM ATP, and 2.4 units of T4 DNA ligase (Amersham Pharmacia Biotech, 

Uppsala, Sweden) (Baayen et al., 2000).  Ligation was performed overnight at 10-12 °C, and 

the ligation products were diluted 10 times with filtered ultra pure water.  Nonselective PCR 

amplification was performed using primers E00 (5’-GACTGCGTACCAATTC-3’) and Mse00 (5’-
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GATGAGTCCTGAGTAA-3’) for all restriction fragments.  Nonselective PCR amplifications were 

performed in a PTC200 thermocycler as described previously (Baayen et al., 2000).  The 

amplified restriction fragment products were checked on 1.0% agarose gels.  Selective PCR 

was performed in a 50 µl reaction volume with 5 µl of 20X diluted amplification products with 

200 µM dNTP and 5 ng of Cy5-labeled fluorescent Eco21 primer (5’-

CTCGTAGACTGCGTACC), and 30 ng of Mse16 primer (5’-GATGAGTCCTGAGTAACC).  

Products were loaded on Sequagel (Gentra/Biozym) polyacrylamide gels and run on an 

ALFexpress Automatic Sequencer (Amersham Pharmacia Biotech).  Conditions were 1500 V, 

60 mA, 35 W, and 55 °C.  On each gel, 36 samples were loaded together with flanking Cy5-

labelled fluorescent 50-bp ladders (Amersham, Eindhoven, the Netherlands) and two reference 

isolates (Pic99016 and VK6C). 

 

Data analysis 

A subset of 37 recently collected isolates from a wide range of host plant species was 

selected for comparison of the resolution of multilocus and AFLP genotypes.  Isozyme and 

mating type data were combined with RG57 RFLP fingerprints as described previously (Forbes 

et al., 1998) to create multilocus genotypes.  AFLP patterns were analysed using Imagemaster 

ID software (Amersham, Eindhoven, the Netherlands).  A total of 67 distinct and reproducible 

AFLP bands were identified using the primers Eco-21 and Mse-16.  Bands were treated as 

putative single AFLP loci, and a binary matrix containing the presence or absence of these 

reproducible bands was constructed and used for further analysis.  The AFLP marker matrix is 

available upon request (W. G. Flier).  Multilocus and AFLP genotypes were in separate cluster 

analyses using GENSTAT 6.1 (Lawes Agricultural Trust, Rothamsted Experimental Station, 

UK).  Similarity matrixes of multilocus and AFLP genotypes were constructed using the Jaccard 

method (Van Tongeren, 1995); and similarity between and within P. infestans populations was 

estimated using the HDISPLAY procedure in GENSTAT (Genstat 5, release 3) according to 

manufacturer’s directions.  Trees were constructed from the distance matrixes using the 

unweighted pair-group method of averages algorithm and visualized with TREECON version 

1.3b (Konstanz, Germany) software (van de Peer & De Wachter, 1997). 

 

 

Results 
 

Collections of P. infestans sensu lato were made in all parts of the Ecuadorian highlands 

but were concentrated in the central provinces of Tungurahua and Pichincha (Figure 1).  

Locations for each collection event were logged, and after 1999, each event was geo-
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referenced with a global positioning system; all data are stored in a database.  Disease is 

ubiquitous and generally serious on potato and tomato during each of the two rain periods in the 

highlands, but especially in the most intense rainy season occurring between February and 

May.  The situation was quite different for other hosts.  Disease may be severe on the other 

cultivated hosts but it is generally sporadic.  Disease is sporadic to rare on wild hosts, although 

at times severe epidemics were encountered.  Our sample size was too small to make 

observations on the epidemiological dynamics of the diverse pathosystems we studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  Collection sites in Ecuador and hosts of the collected isolates of P. infestans sensu lato 

obtained between 1995 and 2002.  Each number symbolizes a specific host: 1 = potato (Solanum 

tuberosum or S. phureja), 2 = tomato (S. lycopersicum), 3 = S andreanum, 4 = S. colombianum, 5 = S. 

minutifoliolum, 6 = S. paucijugum, 7 = S. regularifolium, 8 = S. solisii, 9 = S. spp., 10 = S. tuquerrense, 11 

= Brugmansia sanguinea, 12 = tree tomato (S. betaceum), 13 = Anarrhichomenum complex, 14 = S. 

caripense, 15 = pear melon (S. muricatum), 16 = S. ochranthum, and 17 = S. radicans 
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Hosts of P. infestans sensu lato 

All but one of the hosts we found for P. infestans sensu lato are in the genus Solanum, 

including five cultivated Solanum spp.: tomato (S. lycopersicum), tree tomato (S. betaceum), 

potato (S. tuberosum and S. phureja), pear melon (S. muricatum); nine wild species: S. 

regularifolium, S. paucijugum, S. caripense, S. colombianun, S. minutifoliolum, S. tuquerrense, 

S. ochranthum, S. radicans, and S. andreanum; and one complex of wild species similar to S. 

brevifolium that we refer to as Anarrhichomenum complex, pending further taxonomic 

clarification.  One isolate was collected from Brugmansia sanguinea in 2001.  All the wild 

species we studied grow in the highlands of Ecuador (Figure 1), but sometimes at different 

altitudes.  Many tuber-bearing species and some wild species, such as S. caripense and the 

Anarrhichomenum complex, grow at higher altitudes between 2500 and 4000 m above sea 

level.  Tree tomato is generally grown somewhat lower, between 1500 and 2500 m above sea 

level.  The identification of host species was based on published descriptions (Correll, 1962) 

and, when possible, verified by taxonomists.  

 

Phenotypic description of P. infestans sensu lato in Ecuador 

Most foliar lesions from which P. infestans sensu lato isolates were taken closely 

resembled those produced on potato after infection with P. infestans, although some wild host 

species showed slightly differing symptoms in the field.  Leaves of plants in the 

Anarrhichomenum complex, for instance, which are small and thin (most are less than 3 cm 

long), blackened rapidly and sporulation was usually visible only at the edges of lesions.  

Leaflets of S. ochranthum, which are up to 20 cm long and fleshy, had extensive chlorosis 

associated with infection.  The morphology of sporangia from all of the isolates we studied was 

typical of P. infestans: limoniform with a short pedicel (Erselius et al., 2000).  Sporangial 

dimensions were consistent with those published for P. infestans (Erselius et al., 2000) for all 

isolates except some from tomato, tree tomato and pear melon (US-1 clonal lineage), which 

were all larger than those reported previously.  

 

Metalaxyl resistance 

Except for the population attacking potato, P. infestans sensu lato in Ecuador appears to 

be generally sensitive or of intermediate resistance to metalaxyl (Table 1).  A high proportion of 

isolates from the population attacking potato was also found resistant to metalaxyl in an earlier 

study in Ecuador (Forbes et al., 1997).  In contrast to the potato-attacking population, a high 

proportion of isolates in the US-1 lineage from tomato and S. caripense were of intermediate 

sensitivity, but a few were resistant (Table 1).  The number of isolates assayed for most hosts 
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was small, making it difficult to do further comparisons.  Nonetheless, it is interesting that only 2 

of 19 isolates assayed from S. colombianum were resistant, a much lower proportion than that 

found in isolates from cultivated potato.  S. colombianum generally grows close to potato 

production zones and isolates coming from this wild species could not otherwise be 

differentiated from those on potato with the markers we used. 

 

Genetic markers 

Based on mating type, mtDNA haplotype and RFLP fingerprint, isolates from all 

hosts, except Anarrhichomenum complex, fell into one of three distinct groups, US-1, EC-1, 

or EC-3 (Table 2).  We consider these groups to be clonal lineages because all are A1mating 

type, each has at least one unique marker allele, and very little polymorphism was found 

within each group.  All three lineages were described previously for all markers except AFLP 

(Erselius et al., 1999; Ordoñez et al., 2000; Oliva et al., 2002) and the recent study did not 

produce any marker information that was inconsistent with the previous descriptions. 

In contrast, isolates collected recently from plants in the Anarrhichomenum complex 

provided data that were not consistent with our previous descriptions.  We have reported 

previously on isolates from S. brevifolium and S. tetrapetalum (Ordoñez et al., 2000), for 

which host identifications were based on published descriptions (Correll, 1962).  It now 

appears, however, that one or more new host species may be involved and the identification 

of these hosts is uncertain, although all are vines with roots growing from nodes and belong 

to the section Anarrhichomenum of the genus Solanum (Lynn Bohs, personal 

communication).  Pending further taxonomic clarification, we refer to this group of hosts as 

the Anarrhichomenum complex. 

It is now evident that the pathogen population associated with Anarrhichomenum 

complex is more genetically diverse than we had thought.  Some isolates, a total of 57, collected 

recently are similar to those reported previously as EC-2 (Ordoñez et al., 2000) in that they are 

A2 mating type, 100/100 and 76/100 for Gpi and Pep, respectively, Ic mtDNA haplotype (Oliva 

et al., 2002), and have one of two similar RFLP fingerprints (Ordoñez et al., 2000).  However, 

other isolates collected recently from Anarrhichomenum complex are A1 mating type and Ia 

mtDNA haplotype and are therefore quite distinct from earlier EC-2 isolates.  Nonetheless, 

these Ia haplotype isolates have the typical RFLP fingerprint of the previously described EC-2 

clonal lineage (Ordoñez et al., 2000).  Furthermore, although the sample of isolates from 

Anarrhichomenum complex is small, there appears to be more polymorphism for Gpi (Table 2) 

than found in the other groups of P. infestans sensu lato in Ecuador.  Two isolates from the 

Anarrhichomenum complex had the 86/100 genotype for Gpi and one had the 90/100 genotype.  

The 86/100 genotype is generally associated with the US-1 lineage, which has been found  
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Table 2.  Some characteristics of subpopulations of Phytophthora infestans sensu lato found in Ecuador since 1995 and host species from which they were 

isolated 

 

RFLP1 Clonal 
lineage2 Mating type Gpi3 Pep3 mtDNA3 Hosts 

US-1 US-1 A1 86/100 92/100 Ib Tomato (S. lycopersicum), pear melon (S. muricatum), S. caripense, 
S. ochranthum, and S. andreanum4 

EC-1 EC-1 A1 90/100 96/100 IIa Potatoes (S. tuberosum and S. phureja) and wild potatoes (Solanum 
spp. in section Petota) 

EC-2, EC-2.15 ? A2 100/100 6 76/100 Ic Anarrhichomenum complex 7, pear melon (S. muricatum)  
EC-2 ? A1 100/100 8 76/100 Ia Anarrhichomenum complex, Brugmansia sanguinea 
EC-3 EC-3 A1 86/100 76/100 Ia Tree tomato (S. betaceum) 

1 Restriction fragment length polymorphism (RFLP) fingerprints are named according to the clonal lineage with which they were associated in previous publications. 
2 Designations for populations with very little variability and for which there is no evidence of sexual reproduction. 
3 Gpi = Glucose-6- phosphate isomerase; Pep = peptidase; mtDNA = mitochondrial DNA haplotype. 
4 S. andreanum is a tuber-bearing species in the section Petota.  It is also attacked by isolates of EC-1. 
5 The EC-2.1 sub-lineage was described previously (Ordoñez et al., 2000).  The RFLP fingerprint of EC-2.1 differs from EC-2 by three bands. 
6 Two isolates of the Anarrhichomenum complex with the Ic mtDNA haplotype were 86/100 for Gpi. 
7 Specific species in this complex have not yet been determined. 
8 One isolate of the Anarrhichomenum complex with the Ia mtDNA haplotype was 90/100 for Gpi. 
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worldwide (Goodwin et al., 1994), and 90/100 genotype is found in the EC-1 lineage and 

genotypes in Europe (Forbes et al., 1997). 

 

AFLP analysis 

The AFLP analysis demonstrated that all isolates from the Ecuadorian highlands can be 

classified to one of two major clusters (Figure 2).  Isolates from potato and its tuber-bearing wild 

relatives (EC-1 lineage) and tomato (US-1) formed one cluster, which is genetically distant to 

isolates from tree tomato (EC-3) and Anarrhichomenum complex, the latter two forming the 

second major cluster.  Each of these major clusters was divided into minor clusters.  The first 

major cluster was clearly divided into EC-1 and US-1 lineages; the second clearly distinguished 

EC-3 from isolates attacking the Anarrhichomenum complex.  Furthermore, the AFLP analysis 

separated isolates coming from Anarrhichomenum complex into two groups, each one 

associated with a particular mtDNA haplotype and mating type combination. 

Both EC-1 and US-1 minor clusters had isolates from several different hosts and there 

was no evidence of host-related grouping, because S. tuberosum was scattered across the EC-

1 cluster.  The taxonomy of Anarrhichomenum complex is too obscure at this stage to tell 

whether any particular host species is associated with either of the pathogen groups isolated 

from the host complex.  Results of the cluster analysis of the multilocus genotypes involving 

isozyme banding patterns, mating type and RFLP fingerprints are not presented here because 

they were generally similar to the results from the AFLP analysis. 

The AFLP analysis also indicated that isolates from the Anarrhichomenum complex and 

EC-3 have a low genetic similarity with potato-tomato related groups of P. infestans sensu lato, 

ranging from 0.488 to 0.536 and 0.380 to 0.435 for US-1 and EC-1, respectively (Table 3).  High 

genetic similarities were calculated for isolates within EC-3 and within the two groups attacking 

Anarrhichomenum complex. 

A2 isolates, identical for marker data with the original EC-2 archetypal description 

(Ordoñez et al., 2000), were isolated from severely infected plants of pear melon.  Prior to this, 

only US-1 isolates had been collected from pear melon.  One isolate with Ia haplotype was also 

isolated from a lesion on flower petals of B. sanguinea.  This is the first isolate of P. infestans 

sensu lato we have collected from a host outside the genus Solanum.  
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Figure 2.  Phenogram of cluster analysis of amplified fragment length polymorphism banding patterns for 

37 isolates of P. infestans sensu lato collected in Ecuador between 1995 and 2002.  EC-1, US-1, and EC-

3 refer to putative clonal lineages of the pathogen; anar Ic and anar Ia are two pathogen groups that 

together attack hosts in Anarrhichomenum complex.  Ic and Ia refer to the mitochondrial haplotype of 

isolates in each group.  Mex-Pic99016 and NL-IPO-VK6C are from Mexico and the Netherlands, 

respectively.  The latter was previously determined to be in the US-1 lineage.  Bsan = Brugmansia 

sanguinea, Sana = Anarrhichomenum complex, Sbet = S. betaceum (tree tomato), Scar = S. caripense, 

Scol = S. colombianum, Slyc = S. lycopersicum (tomato), Smin = S. minutifoliolum, Smur = S. muricatum 

(pear melon), Spau = S. paucijugum, Sphu = S. phureja (potato), Ssp = Solanum spp., Stub = S. 

tuberosum (potato), and Sreg = S. regularifolium 
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Table3.  Genetic similarity between and within groups of Ecuadorian isolates of Phytophthora infestans 

sensu lato based on amplified fragment length polymorphism fingerprinting 

 

Groupa US-1 EC-1 Ic Ia EC-3 

Tomato (S. lycopersicum) (US-1) 0.826 … … … … 
Solanum spp. section Petota (EC-1) 0.651 0.834 … … … 
Anarrhichomenum complex Ic (Ic)1 0.488 0.380 0.944 … … 

Anarrhichomenum complex Ia (Ia)1 0.536 0.435 0.834 0.955 … 

Tree tomato (S. betaceum) (EC-3) 0.504 0.433 0.787 0.759 0.924 

1 Isolates from a complex of hosts similar to Solanum brevifolium.  One group of isolates has a Ic 

mitochondrial haplotype and another group has the Ia haplotype. 

 

 

Discussion 
 

This study confirmed earlier studies in several ways, but also provided new insights into 

the population structure of P. infestans sensu lato in Ecuador.  The present study confirmed the 

presence and previous description of clonal lineages EC-1, US-1, and EC-3 (Erselius et al., 

1999; Ordoñez et al., 2000; Oliva et al., 2002).  Data derived from some isolates collected 

recently, however, are not consistent with the previous description of the putative clonal lineage 

EC-2 (Ordoñez et al., 2000).  EC-2 isolates collected previously were all A2 mating type, and 

had 100/100 and 76/100 for Gpi and Pep, respectively.  Furthermore, all had a new mtDNA 

haplotype that was subsequently described as Ic (Oliva et al., 2002) and one of two similar 

RFLP fingerprinting patterns (Ordoñez et al., 2000).  Strains with the variant fingerprint were all 

collected in the valley of Nono and were designated EC-2.1 as a sub-group within the clonal 

lineage EC-2 (Ordoñez et al., 2000).  Genotypes in the EC-2 lineage were believed to 

indiscriminately attack two host species, which were then identified as S. brevifolium and S. 

tetrapetalum.  In recent collection trips, we found plants that do not appear to be either S. 

brevifolium or S. tetrapetalum; however, all are woody vines with roots growing from nodes and 

belong to the section Anarrhichomenum in the genus Solanum.  Further collection and 

taxonomic evaluation is needed to clarify which host species in section Anarrhichomenum occur 

in Ecuador and are hosts of P. infestans sensu lato. 

Analysis of isolates collected recently from these hosts revealed greater diversity than 

previously described for EC-2 (Ordoñez et al., 2000).  Some new isolates are A1 mating type 

and Ia mtDNA haplotype.  Although these represent important differences with the EC-2 lineage 

as described previously (A2 mating type and Ic mtDNA haplotype), the new A1 isolates have 
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RFLP fingerprints identical to archetype RFLP fingerprint of EC-2 (Ordoñez et al., 2000).  

Furthermore, recent isolates from Anarrhichomenum complex that have an A2 mating type and 

Ic haplotype have the EC-2.1 fingerprint, which we previously thought was only associated with 

the pathogen populations in the relatively isolated valley of Nono (Ordoñez et al., 2000).  To add 

to the confusion, two isolates with A2 mating type and Ic haplotype have the 86/100 genotype 

for Gpi and one isolate (A1 mating type and Ia haplotype) is 90/100 for Gpi.  Each of these Gpi 

genotypes occurs in one or more of the three clonal lineages found in Ecuador: US-1, EC-1, 

and EC-3.  With our limited sample, we cannot speculate on how these Gpi genotypes occurred 

in the Anarrhichomenum complex but gene flow between this group and the more common 

potato and tomato types of P. infestans can not be excluded until further studies are carried out. 

Previous studies established a one-host/one-pathogen hypothesis for the host pathogen 

relationship of P. infestans sensu lato in Ecuador.  A particular pathogen lineage could be 

associated with several hosts, but each host species was associated with one primary pathogen 

lineage.  This was particularly true for potato (EC-1 lineage) and tomato (US-1), but also for tree 

tomato (EC-3), S. caripense (US-1), S. colombianum and other tuber-bearing Solanaceae 

(attacked by EC-1).  Other pathogen genotypes may infect a host as alternative pathogens, but 

these are weak and not epidemiologically significant (Forbes et al., 1997; Oyarzun et al., 1998; 

Erselius et al., 1999; Ordoñez et al., 2000).  For example, both EC-1 and US-1 had been 

isolated from S. ochranthum, but EC-1 appeared to be a weak pathogen in the field and this 

was subsequently confirmed by inoculations on detached leaves (Erselius et al., 1999).  EC-1 

was probably only evident on S. ochranthum in the absence of inoculum from the primary 

pathogen lineage. 

Recent observations indicate that cultivated pear melon may be an exception to the one-

host/one-pathogen hypothesis.  Pear melon is generally attacked by genotypes of the US-1 

lineage in all areas where we have collected in Ecuador, including near the town of Baños.  

However, a few isolates taken from severely infected plants near Baños were identical to those 

previously described as EC-2 lineage (A2 mating type, Ic haplotype).  The RFLP fingerprint was 

also identical to EC-2.1 (Ordoñez et al., 2000).  These isolates were subsequently found to be 

highly aggressive on pear melon in detached-leaf inoculations.  This observation is important for 

two reasons.  First, it is the only case we have documented in Ecuador of major epidemics 

being caused on one host species by two pathogen genotypes, which apparently come from 

genetically isolated pathogen groups.  Second, the two pathogen groups attacking pear melon 

are A1 and A2 mating type, respectively, greatly increasing the potential for sexual reproduction 

(2).  Reduced viability and low pathogenicity of offspring from P. infestans sensu lato crosses 

made in Ecuador (Oliva et al., 2002) are consistent with earlier work on oospore viability in P. 

infestans (Flier et al., 2001).  The hypothesis that the risk of recombination may be greater 

between co-existing genotypes that are genetically distant or between local and introduced 
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genotypes (Brasier et al., 1999) is pertinent to the Ecuadorian situation because genotypes 

infecting pear melon are genetically distant. 

Other hosts may also be attacked by more than one pathogen group, but we have not 

found them because of limited sample size.  On one occasion we isolated both US-1 and EC-1 

lineages from plants of S. andreanum (Table 2) all growing within a 50 m radius.  Since that 

time, however, all isolates taken from S. andreanum have been EC-1, and we have no clear 

explanation for the earlier presence of US-1. 

The genetic diversity of P. infestans sensu lato in wild Solanum sp. found in Ecuador is 

extremely wide, although more different genotypes are found in sexual reproducing populations 

(e.g. Mexico and the Netherlands).  Three clonal lineages and one heterogeneous group as well 

as a high diversity in the mtDNA were found in association with different host species in the 

genus Solanum and beyond.  The pathogen groups attacking the Anarrhichomenum complex 

and the EC-3 lineage are quite different from any genotypes of P. infestans described to date.  It 

appears highly unlikely that either was introduced on potato seed, which is considered the 

primary means of long-distance transport of this pathogen (Fry et al., 1993).  An earlier study on 

isolates from the Anarrhichomenum complex, which were then designated as EC-2 clonal 

lineage, compared them with genotypes from a global database using multilocus marker data 

(Ordoñez et al., 2000).  EC-2 was different from any genotype of P. infestans reported 

previously.  The AFLP analysis done here confirmed the earlier study in that it showed that 

isolates from the Anarrhichomenum complex are distinct from genotypes of P. infestans found 

on potato and tomato.  Therefore, it is extremely difficult to speculate on the time when 

Anarrhichomenum complex pathogens and EC-3 were possibly introduced into South America 

or on the mechanism of introduction.  A more plausible alternative hypothesis to explain the 

presence of these distinctive groups is that they are indigenous to the Andean highlands of 

South America, surviving in humid refugia during dry seasons.  The hypothesis that these 

pathogen groups represent a palaeoendemic population is supported by the fact that several of 

their alleles, including the mitochondrial haplotype of some isolates, have not yet been reported 

for other populations of P. infestans, not even those studied in Mexico (Forbes et al., 1998).  

The taxonomic status of the isolates assigned to the Anarrhichomenum complex and EC-3 

clonal lineage is still unresolved.  A detailed taxonomic study including quantitative assessment 

of gene flow and construction of a molecular phylogenetic tree based on conserved DNA 

sequences may elucidate their relatedness to populations of the pathogen that attack potato 

and tomato.  

Based on our limited study of resistance to the systemic fungicide metalaxyl, it would 

appear logical that high resistance was found in isolates coming from cultivated crops that are 

regularly sprayed with fungicides (potato, tomato, and tree tomato).  The apparent difference in 

frequency of resistance between wild tuber-bearing hosts and potato is interesting and merits 
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further consideration.  However, the difference could be due to sampling in some potato fields 

where metalaxyl had been used, which would increase the frequency of resistant isolates.  

The economic importance and social significance of P. infestans have been historically 

aligned with the disease it causes on potato, and to a lesser extent tomato (Schumann, 1991).  

The potato and tomato populations, however, appear to represent only two of several 

specialized forms of this pathogen.  In terms of significance for humans, other specialized forms 

that attack tree tomato and pear melon are extremely important in the areas where these crops 

are produced and are in fact among the most eminent threats to the survival of these native 

crops in the Andean highlands of Ecuador. 

It is important to note that our study was not exhaustive and even greater genetic 

diversity in P. infestans sensu lato probably exists in Ecuador.  Furthermore, because of the 

relatively small sample size that we have been able to analyze, we do not know to what extent 

the new diversity we report here is due to geographic substructuring or is temporal in nature.  

For that reason, it is difficult to conclude whether the population of P. infestans sensu lato in 

Ecuador is stable or changing.  The subpopulations on potato and tomato appear to be stable 

(Forbes et al., 1997; Oyarzun et al., 1998; Erselius et al., 2000), but we do not know if this is the 

case for new diversity found in subpopulations on pear melon or the Anarrhichomenum 

complex. 

At this time, the diversity of P. infestans sensu lato reported in Ecuador is much greater 

than that reported in other Andean countries.  We assume that, to some extent, the diversity 

exists but has not been described in other countries.  We know, for example, that tree tomato is 

severely affected by late blight in Colombia although we are not aware of reports demonstrating 

that the pathogen is EC-3.  Furthermore, plant species in the Anarrhichomenum complex are 

found throughout the Andes (Correll, 1962) and these may be attacked by P. infestans sensu 

lato.  For these reasons we are unable to comment at this time on the geographic limits of the 

diversity we have found. 

Our ability to manage this important plant pathogen may be greatly enhanced when we 

better appreciate its genetic potential and further investigation in the Andean highlands is clearly 

warranted.  
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Abstract 
 

Five hundred sixty-six isolates of Phytophthora infestans sensu lato collected from 

different solanaceous hosts in Ecuador were characterized with four SSR markers (4B, 4G, 2D, 

and 1F) to assess the genetic diversity of the pathogen in the country.  Cluster analysis was 

performed and genetic diversity was calculated in terms of allelic and genotypic richness and 

the polymorphic index content (PIC).  The cluster analysis showed that the isolates grouped into 

four large sub-clusters.  Three of these corresponded to clonal lineages previously described in 

Ecuador:  EC-1, US-1, and EC-3.  The fourth sub-cluster (EC-2) grouped isolates collected from 

wild hosts in sect. Anarrhichomenum of Solanum, from Brugmansia sanguinea, all A2 isolates 

from other hosts, and some isolates with unusual RFLP fingerprints.  The EC-1 and US-1 sub-

clusters primarily corresponded to isolates of P. infestans that attack tomato, potato and 

genetically similar hosts, but also contained a few isolates from genetically distant hosts (e.g., 

Salpichroa sp.).  The EC-3 and EC-2 sub-clusters represented isolates that are genetically 

distant from typical P. infestans and may comprise a new species, referred to as P. andina in a 

previous publication.  With the four SSR markers greater diversity was identified than had been 

detected before with conventionally used markers.  Some isolates showed more than two bands 

or alleles per locus, indicating possible poly or aneuploidy.  Locus 4G was not amplified in most 

isolates of the putative P. andina group.  The highest level of polymorphism was found in the 

pathogen populations collected from S. quitoense, S. betaceum, and sect. Anarrhichomenum.  

The pathogens collected from tuber-bearing-species (sect. Petota) had reduced variability. 

 

 

Introduction 
 

The oomycete, Phytophthora infestans (Mont.) de Bary, causes late blight, the most 

devastating disease on potato (Solanum tuberosum) worldwide and an important disease of 

tomato (Solanum lycopersicum) (Hooker, 1981).  During the last 15 years, this pathogen has 

gained importance due to increased disease severity in Europe and the US associated with the 

introduction of new pathogen genotypes (Miller & Johnson, 2000; Flier et al., 2003) 

P. infestans populations are frequently classified into clonal lineages, i. e., the asexual 

descendants of a single genotype.  The genotypic markers used previously to describe clonal 

lineages and separate populations of P. infestans include: glucose-6-phosphate isomerase 

(Gpi) and peptidase (Pep) banding patterns (Tooley et al., 1985); DNA fingerprint by RFLPs 

(probe RG-57) (Goodwin et al., 1992a), and mitochondrial DNA haplotype (Griffith & Shaw, 

1998).  Mating type (A1 and A2) (Gallegly & Galindo, 1957) is a phenotypic marker that has also 

been used to describe clonal lineages of this pathogen.  A global marker database for P. 
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infestans containing information on these and several other markers was compiled (Forbes et 

al., 1998).  

Population genetics studies on P. infestans have revealed that before the 1980s, the 

world population of this pathogen was dominated by or consisted only of the US-1 clonal lineage 

(Goodwin et al., 1994).  P. infestans is believed to have originated in central Mexico (Goodwin 

et al., 1992b), where the highest genetic diversity is found.  According to the most widely-

accepted hypothesis, the first panglobal migration of P. infestans consisted only of the A1 

mating type, possibly the US-1 lineage (Fry et al., 1993).  It was transported from Mexico to the 

United States, then to Europe in the 1840s, where it was a major factor in the Irish Famine, and 

subsequently to the rest of the world.  This founder population contained little genetic diversity.  

One hundred and fifty years after this migration, reports emerged that late blight epidemics 

became more and more severe (Spielman et al., 1991).  Increased severity has been 

associated with a second worldwide migration revealed by the detection of non-US-1 A2 mating 

type isolates in Switzerland in 1981 (Hohl & Iselin, 1984).  Subsequently, reports of the 

presence of A2 isolates arose from around the world (Fry et al., 1993; Goodwin et al., 1994).  

The probable route of the second migration was from Mexico to Europe in 1976 and 1977 

(Niederhauser, 1991) apparently involving both A1 and A2 genotypes.  Overall, the new 

populations had greater fitness and rapidly displaced the old clonal US-1 lineage.  A result of 

this second migration was the appearance of sexual reproduction of P. infestans in Europe 

(Drenth et al., 1994), that increased the adaptation and aggressiveness of the pathogen (Flier, 

2001).  

Most population studies on P. infestans have been carried out on isolates from its two 

main hosts, potatoes and tomatoes.  Some studies have identified host specialization between 

the populations attacking these hosts (Goodwin & Fry, 1992; Lebreton & Andrivon, 1998; 

Oyarzun et al., 1998; Vega-Sánchez et al., 2000).  Less is known about P. infestans populations 

attacking wild Solanum species.  In South America, a center of diversity of Solanaceae 

(Hunziker, 1979), both cultivated and wild Solanum species grow close to each other.  Recent 

studies in the tropical highlands of Ecuador identified at least 15 host species in the Solanaceae 

as natural hosts of P. infestans (Adler et al., 2004).  In Ecuador, four groups of P. infestans have 

been detected and each one is associated with one or more hosts species (Erselius et al., 1999; 

Adler et al., 2004).  The hosts can be attacked by different pathogen groups, but generally only 

one of these groups is highly aggressive on each host species (Forbes et al., 1997; Oyarzun et 

al., 1998; Erselius et al., 1999).  Three groups, EC-1 (Forbes et al., 1997), US-1 (Oyarzun et al., 

1998), and EC-3 (Adler et al., 2004) appear to be clonal lineages.  A fourth group was described 

as the EC-2 clonal lineage (Ordoñez et al., 2000) but later the subgroup (EC-2.1) with the A2 

mating type and the Ic mtDNA haplotype was also identified.  Since the EC-2 group with its two 

mating type subgroups does not fit the definition of a clonal lineage, this population has 
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subsequently been referred to as the Anarrhichomenum group, in reference to the section in the 

genus Solanum comprising the varied and poorly defined plant species that these pathogens 

attack (Adler et al., 2004).  The unique multilocus genotypes, including AFLP fingerprints, of EC-

3 and the Anarrhichomenum group, suggested that they are genetically distinct from any P. 

infestans genotype reported previously (Adler et al., 2004) and may eventually be described as 

one or more new species of Phytophthora.  These groups have been referred to as P. andina, a 

new species, closely related to P. infestans (Kroon et al., 2004).  For the purpose of this paper, 

however, the four groups mentioned before will be referred to as P. infestans sensu lato. 

Microsatellites or simple sequence repeats (SSRs) are short fragments of DNA with 

tandemly repeated nucleotide motifs.  They consist of repeats of 1-6 bp and the frequency of 

occurrence of the different motifs varies among different groups of organisms.  SSRs show high 

levels of polymorphism due to the variability in the number of repeat units.  They have been 

detected in the genomes of every organism analyzed so far (Li et al., 2002) and are particularly 

abundant throughout eukaryotic genomes, where their distribution is random (Luty et al., 1990).  

Microsatellites are inherited in a simple Mendelian manner (Morgante & Olivieri, 1993) and are 

considered to be selectively neutral.  In diploid organisms microsatellite markers are co-

dominant, revealing simultaneously allele sizes of the SSR locus on both chromosomes. 

Because of their high variability, the length polymorphism and co-dominance of their 

alleles, microsatellites are widely used as molecular markers for genotypic identification, 

genome mapping and population genetics studies (Morgante & Olivieri, 1993) and are 

considered the markers of choice for P. infestans population analysis (Cooke & Lees, 2004).  

Despite their advantages over other markers, SSRs have only recently been used for 

oomycetes.  Some examples include the characterization of European isolates of P. infestans 

collected from potato and tomato (Knapova et al., 2001; Knapova & Gisi, 2002), the analysis of 

sexual progenies of P. cinnamomi (Dobrowolski et al., 2002), and the analysis of Italian and 

Greek populations of Plasmopara viticola (Gobbin et al., 2003; Rumbou & Gessler, 2006). 

In this study the genetic diversity among and within populations of P. infestans sensu 

lato isolates collected in Ecuador was assessed using four microsatellite loci.  The primary 

hypothesis tested was that the pathogen groups EC-3 and Anarrhichomenum are genetically 

distinct from other populations of P. infestans sensu lato in Ecuador.  
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Materials and methods 
 

P. infestans isolates 

Five hundred sixty-six isolates of P. infestans sensu lato were collected in the highlands 

of Ecuador between 1995 and 2003 from different hosts in the Solanaceae, including tuber-

bearing (section Petota) (Hawkes, 1990) and non-tuber-bearing species (Table 1).  From 2001 

on, collection sites were geo-referenced with GPS and all passport data are available from the 

corresponding author.  Isolates were collected on plants with sporulating foliar lesions that 

resembled those produced by P. infestans on potato.  Isolation was made from single lesions by 

trapping diseased tissue with potato tuber slices (Forbes et al., 1997) or with a selective 

medium (Oyarzun et al., 1998).  Isolates were maintained for short periods on Rye A and Rye B 

medium (Caten & Jinks, 1968) at 18 °C in the dark, and stored for longer periods on Rye A agar 

slants at 15 °C with 12-hour photoperiod. 

Most isolates were characterized previously in sub-sets (Forbes et al., 1997; Oyarzun et 

al., 1998; Erselius et al., 1999; Vega Sánchez, 1999; Ordoñez et al., 2000; Chacón et al., 2002; 

Adler et al., 2004) for one or more of the following markers: mating type, metalaxyl resistance, 

virulence, glucose-6-phosphate isomerase (Gpi), peptidase (Pep), mitochondrial haplotype 

(mtDNA), RFLP (with RG-57), and AFLPs according to standard techniques. 

 

Microsatellite characterization 

Isolates were evaluated with four SSR primers: 4B, 4G, 2D, and 1F, developed by 

Knapova et al. (2001) for European isolates of P. infestans collected from potato and tomato 

(Table 2).  In a preliminary screening of a set of Ecuadorian isolates, they showed high allelic 

richness, good readability and quality of amplicons, and gene diversity within and among 

populations (Schmid, 2001). 

PCR amplifications were performed in a 10-µl volume containing 5 ng of genomic DNA 

of P. infestans, 1µl of 10x PCR buffer (Amersham Pharmacia Biotechnology Inc.), 0.1 mM of 

each dNTP, 0.2 µM each of forward and reverse primers, and 0.7 U of Taq DNA polymerase 

(Amersham Pharmacia Biotechnology Inc.).  One quarter of the forward primer was end-labeled 

with (γ-33P) ATP (1000-3000 Ci/mmol; Amersham Pharmacia Biotechnology Inc.).  PCR was 

performed in an OmniGene cycler (MWG-Biotech) under the following conditions: 33 cycles of 

40 sec at 94°C, 40 sec at 60°C and 20 sec at 72°C, with a final extension of 10 min at 72°C.  

Before loading, the radio-labeled PCR products were denatured by adding one volume of 

denaturing 6x gel loading buffer (15% Ficoll, 0.25% bromophenol blue, and 0.25% xylene
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Table 1.  Isolates of Phytophthora infestans sensu lato collected from different host species in Ecuador, that were characterized with four SSR markers, and 

pathogen groups they belong to according to conventional markers 

 

 Clonal lineage or pathogen 
group Host1 RFLP2 Mating 

type Gpi3 Pep3 mtDNA3 

P. infestans8 US-1 1. sect. Anarrhichomenum4 (3) 
2. sect. Petota (1) 
3. Solanum andreanum (7) 
4. S. caripense (36) 
5. S. lycopersicum (11) 
6. S. muricatum (29) 
7. S. ochranthum B (2) 
8. S. quitoense (5) 

US-1 A1 86/1005 92/100 Ib 

 EC-1 9. sect. Petota (286) 
10. S. andreanum (11) 
11. S. lycopersicum (1) 
12. S. ochranthum C (26) 
13. S. radicans (1) 
14. Salpichroa sp. (1)7 

EC-1 A1 90/1006 96/100 IIa 
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Table 1.  Continued. 
 

 Clonal lineage or pathogen 
group Host1 RFLP2 Mating 

type Gpi3 Pep3 mtDNA3 

P. andina Anarrhichomenum group Ic 15. sect. Anarrhichomenum (48) 
16. sect. Petota (2) 
17. S. muricatum (2) 

EC-2.1 A2 100/100 76/100 Ic 

 Anarrhichomenum group Ia 18. sect. Anarrhichomenum (24) 
19. Brugmansia sanguinea (3) 

EC-2 A1 100/100 76/100 Ia 

 EC-3 20. S. betaceum (52) EC-3 A1 86/100 76/100 Ia 
 ? 21. S. betaceum (2) 

22. S. quitoense (4) 
new A1 86/100 76/100 Ia 

 ? 23. S. ochranthum A (4) new A1 86/100 96/100 Ia 
 ? 24. S. hispidum (5) new A2 86/100 76/100 Ic 

1 Sample size in parentheses.  Some hosts are cultivated: S. lycopersicum = tomato; S. muricatum = pear melon; Petota section includes potato (S. tuberosum and 

S. phureja); S. betaceum = tree tomato; and S. quitoense = naranjilla.  Other host species in Petota were S. colombianum, S. minutifoliolum, S. paucijugum, S. 

regularifolium, S. solisii, and S. tuquerrense. 
2 RFLP fingerprints are named according to the clonal lineage with which they were associated in previous publications. 
3 Gpi = Glucose-6- phosphate isomerase; Pep = peptidase; mtDNA = mitochondrial DNA haplotype. 
4 Section in the genus Solanum that comprise woody vines with roots growing from nodes.  Specific species in this section have not yet been determined. 
5 One isolate from Anarrhichomenum was 100/100 for Gpi. 
6 One isolate of Petota (S. colombianum) was 100/100 for Gpi. 
7 The isolate of Salpichroa was A1 mating type, 86/100 for Gpi, 96/96 for Pep, and IIa for mtDNA 
8 Pathogen species according to the characterization of isolates with four SSR markers. 
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cyanol FF) and heating at 94°C for 5 min.  Microsatellite alleles were separated by running the 

reactions on a 6% denaturing acrylamide gel (SequaGel XR, National Diagnostic) in 1x TBE 

buffer using an IBI DNA sequencing unit (BioMax STS45i; Kodak/International Biotechnology 

Inc.) at 1700 V.  After electrophoresis, gels were transferred onto Whatman 3 mm paper 

(Whatman International Ltd.), dried at 80°C in a gel dryer (Bio-Rad Laboratories) for 1 to 2 h, 

and exposed for 24 to 48 h to an X-ray film (Kodak Biomax MR; Eastman Kodak Company).  

Films were developed in a CURIX 60 (AGFA) developing machine. 

 
Table 2.  Details of the four microsatellite loci used in this study to characterize Ecuadorian isolates of 

Phytophthora infestans sensu lato 

 

Locus SSR 
repeat Primer sequence 

Size range 
(bp)1 

Expected 
size (bp)2 

4B (TC)34 F: AAAATAAAGCCTTTGGTTCA 
R: GCAAGCGAGGTTTGTAGATT 

206-290 218 

4G (TC)27 F: CGCTGTGTGGATGACAAGTA 
R: TCGACCTGACATACGAGCTA 

156-165 159 

1F (TC)? F: CGAGAGTGAATGAGAGCGAG 
R: ACAATCTGCAGCCGTAAGAG 

94-168 unknown 

2D (TC)9 F: AATTGAGTGAATGCGTCACC 
R: TTTCCTGCTATCCTCAGCAC 

146-160 155 

1 According to Schmid (2001), based on the analysis of 261 P. infestans sensu lato isolates collected from 

various Solanum hosts in Ecuador. 
2 According to Knapova et al.(2001), based on the analysis of 175 European P. infestans isolates 

collected from potato and tomato. 

Data analysis 

Allele size was estimated by comparing its position to a 33P-3’-labelled 30-330 bp AFLP 

DNA ladder (Gibco BRL).  Genotypes were determined according to the presence (1) or 

absence (0) of each band.  

Cluster analysis was based on a similarity matrix of pairwise genetic distances calculated 

using the Jaccard’s similarity coefficient.  A dendogram was obtained with the UPGMA 

clustering method.  The goodness of fit of the cluster analysis to the data set was computed by 

comparing the cophenetic value matrix with the similarity matrix (Jaccard vs. Upgma-

cophenetic).  The analysis was done using NTSYSpc 2.02j (Applied Biostatistics Inc., NY, 

USA).  The dendogram in the Results was simplified by presenting only unique multi-locus 

genotypes; exact ties were eliminated.  This resulted in a database of 154 unique genotypes 

that were used to construct the dendogram.  Some exact ties for SSR multi-locus genotype 

came from different hosts.  These cases were indicated in the results.  
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To serve as a reference in the cluster analysis, all isolates were identified according to 

their clonal lineage or pathogen group based on conventionally-used markers, and for host 

species from which they were isolated (Table 1).  Isolates that had not been classified into a 

lineage or group were identified only by host.  Preliminary research indicated that there is very 

little variability within the isolates attacking Petota hosts so these were merged, which helped to 

simplify the analysis of data and presentation of results.  As an exception, isolates from the 

Petota species S. andreanum were analyzed separately because two clonal lineages had been 

isolated from this host.  The number of pathogen group by host combinations was 24 (Table 1). 

General estimates of diversity were calculated in terms of allelic and genotypic richness 

and the polymorphic index content (PIC).  Allelic richness was determined for each locus and 

pathogen population as the total number of different alleles.  Genotypic richness was calculated 

as the number of single genotypes (allele combinations) at each locus and population, and as 

the number of multilocus genotypes at each population and in the entire set of isolates.  The 

multilocus genotypes were constructed for each isolate by combining the allelic compositions 

across the four loci.  The PIC was calculated for each locus and population according to the Nei 

statistic (Nei, 1978): 
2

1

1 ∑
=

−=
m

i
piPIC  

where pi is the relative frequency of the i
th 

allele detected, and m is the total number of alleles at 

the locus.  Private alleles were also identified, where private alleles were defined as alleles only 

found in a single population (Neel, 1973). 

 

 

Results 
 

Cluster analysis 

The goodness of fit test for the cluster analysis resulted in a high correlation (r = 0.92), 

suggesting that the cluster was well defined.  The cluster analysis grouped the 154 unique SSR 

multi-locus genotypes of P. infestans sensu lato into two major similarity clusters (Figure 1), the 

first corresponding to typical P. infestans and the second to the putative new species P. andina.  

The P. infestans cluster was sub-divided into smaller clusters that also generally agreed with 

previous groupings, although also shed some new light on population structure.  There was one 

large sub-cluster corresponding to EC-1 isolates that came from section Petota hosts, some 

isolates from S. ochranthum (group C) (Chacón et al., 2006), and single isolates from S.
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Figure 1.  Cluster analysis of 566 isolates of Phytophthora infestans sensu lato collected in Ecuador from 

various host species in Solanaceae and characterized with four SSR markers.  The dendrogram was 

truncated at a similarity index of 0.69 to simplify the image. 1 = US-1 isolates collected from S. 

andreanum.  2 = US-1 isolates from several hosts:  S. lycopersicum, S. caripense, S. muricatum, S. 

ochranthum, S. quitoense, S. tuberosum, section Anarrhichomenum.  3 = Splinter group of US-1 isolates 

from S. caripense and S. muricatum.  4 = Isolates from S. betaceum collected on the western Andes in 

the localities of Cutuglahua, Chiriboga, Tandapi, Cuellaje, San José de Minas and Nanegalito.  5 = 

Isolates from S. betaceum collected on the eastern Andes in the area of Baños, province of Tungurahua. 

6 =  Isolates from S. betaceum collected in San Francisco de Borja (province of Napo).  7 = Isolates from 

section Anarrhichomenum collected on the western Andes in Calacalí, San José de Minas, Nono, 

Chillogallo, and Guarumos.  All are A2 mating type.  8 = Isolates from section Anarrhichomenum collected 

on the eastern Andes, near Baños, province of Tungurahua.  All are A1 mating type. 
 

lycopersicum, S. radicans, Salpichroa sp., and S. caripense.  There was also another large sub-

cluster corresponding to US-1 isolates coming from section Anarrhichomenum, S. muricatum, 

S. caripense, S. lycopersicum, S. tuberosum, S. quitoense, and S. ochranthum (groups A and 

B) (Chacón et al., 2006).  There were also smaller clusters of isolates with unusual genotypes.  

For example, US-1 isolates from the Petota host S. andreanum clustered between US-1 and 
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EC-1.  There was also a splinter group of US-1 isolates coming from S. caripense and S. 

lycopersicum. 

The second major cluster corresponding to the putative new species P. andina was 

divided into two sub-clusters (Figure 1).  In general, these two sub-clusters corresponded to the 

EC-3 lineage and the Anarrhichomenum group.  Geographic sub-structuring was detected 

within both sub-clusters, as isolates from both S. betaceum (EC-3) and section 

Anarrhichomenum clustered according to whether they came from the eastern or western 

slopes of the Andes. 

As for typical P. infestans isolates, clustering of putative P. andina isolates was not 

always consistent with groupings based on other markers.  For example, two isolates collected 

from S. betaceum, apparently of the EC-3 lineage (although with a new, undescribed RFLP 

fingerprint), clustered within the Anarrhichomenum group (see 6 in Figure 1), and one isolate 

from S. quitoense, which is generally attacked by US-1 clustered in the EC-3 group. 

The analysis of putative P. andina also provided new information on isolates for which 

little was known of their phylogeny.  Most isolates collected from host species from section 

Anarrhichomenum, all A2 isolates (including isolates from section Anarrhichomenum, S. 

tuberosum, S. phureja, S. muricatum, and S. hispidum), isolates from flower petals of B. 

sanguinea, and other poorly defined groups with undescribed RFLP fingerprints collected from 

S. betaceum and S. quitoense (G. Chacón and N. Adler, unpublished data) were located in the 

Anarrhichomenum cluster. 

The cluster analysis was also consistent with previous groupings in that it demonstrated 

that isolates coming from some hosts are genetically diverse.  The S. quitoense population was 

distributed along the dendogram in the US-1, EC-3, and EC-2 clusters.  There was no apparent 

geographic substructuring although sample size was reduced (nine isolates).  The population 

from S. ochranthum, where the subgroups A, B, and C have been described (Chacón et al., 

2006) were distributed in the clusters of the EC-1 (C) and US-1 (A and B) lineages. 

 

Genetic diversity 
Some isolates had more than two bands per locus.  Locus 4B was the most remarkable 

for this aspect with 54 of 62 genotypes having more than two bands.  Locus 4G had up to two 

bands, whereas 1F and 2D had up to four and seven bands, respectively. 

Allelic richness.  The four SSR loci revealed different amounts of allelic richness, when 

compared across the complete set of isolates.  Seventy-seven alleles were identified among the 

four SSR loci (Table 3), with locus 4B (Figure 2) and 1F having the highest number of alleles 

(33 and 25, respectively).  All isolates from B. sanguinea and S. hispidum, most isolates from S. 

betaceum, some isolates from S. quitoense, and all A2 isolates from Anarrhichomenum and S. 

muricatum did not show any amplification of locus 4G.  The most common alleles were 216 at
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Table 3.  Alleles found per SSR locus with their length and frequency 

 

Locus 

4B  4G  2D 1F 

Length1 Freq.2  Length Freq.  Length Freq. Length Freq.
206 0.192  1563 0.001  145 0.038 94 0.053
212 0.058  157 0.335  146 0.169 953 0.001
2143 0.001  159 0.013  1513 0.020 96 0.103
216 0.288  1603 0.001  152 0.028 983 0.002
218 0.002  161 0.454  153 0.088 1083 0.008
220 0.247  162 0.012  1545 0.634 1123 0.002
224 0.002  165 0.015  1573 0.005 116 0.096
2283 0.001  2503 0.009  158 0.011 118 0.012
2383 0.001  2523 0.001  160 0.008 119 0.007
2443 0.002  04 0.158    120 0.404
246 0.010       1213 0.002
250 0.044       122 0.015
2523 0.001       123 0.003
254 0.014       124 0.048
256 0.005       126 0.073
258 0.008       1283 0.004
2603 0.001       1303 0.003
262 0.005       1323 0.001
2643 0.001       1443 0.001
266 0.016       162 0.005
2683 0.010       164 0.044
270 0.017       166 0.107
2723 0.017       1683 0.002
2743 0.002       1703 0.001
276 0.017       1763 0.001
2803 0.005         
2823 0.001         
2843 0.009         
286 0.014         
288 0.004         
2903 0.002         
2923 0.004         
3003 0.001         

336  10  9 25 
1 Length of each allele in base pairs (bp). 
2 Relative frequency of each allele. 
3 Private alleles (alleles found only in a single pathogen population). 
4 No amplification was observed. 
5 Common allele (present in all pathogen populations). 
6 Number of different alleles found per locus. 
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locus 4B, which was present in isolates from all hosts with the exception of those from B. 

sanguinea; allele 161 at locus 4G, that was present in all pathogen populations with the 

exception of those from S. betaceum, B. sanguinea, and S. hispidum; allele 154 at 2D, and 

allele 120 at 1F, which was present in all populations except those from B. sanguinea, S. 

hispidum, and S. quitoense.  Allelic richness was highest in the populations from 

Anarrhichomenum and S. betaceum with 38 and 36 alleles, respectively (Table 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Example of the polymorphisms observed in isolates of Phytophthora infestans sensu lato 

collected from various solanaceous hosts species that were characterized with the SSR primer 4B.  Size 

of bands or alleles in bp is listed on the left size.  Lanes 1-2 = S. colombianum; lane 3 = S. paucijugum; 

lanes 4-6 = S. andreanum; lane 7 = 30-330 bp AFLP DNA ladder; lanes 8-12 = S. tuberosum; lanes 13-16 

= S. phureja; lanes 17-18 = S. lycopersicum; lanes 19-21 = S. ochranthum; lane 22 = S. tuquerrense; 

lanes 23-24 = S. caripense; lane 25 = S. radicans; lanes 26-27 = S. muricatum.  

 

 

Private alleles were quite frequent.  Thirty-four private alleles were identified in the four 

loci (Table 3) and the highest number of these was observed in isolates from S. betaceum, 

Anarrhichomenum, S. muricatum, S. ochranthum, and S. caripense.  Allele 154 at locus 2D was 

the only allele present in all 21 populations (Table 3). 

Genotypic richness.  One hundred fifty-four multilocus genotypes were identified among 

the 566 isolates with the four SSR markers used (Table 4).  Genotypic richness, based on 

multilocus genotypes was highest in the population from Anarrhichomenum with 43 different
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Table 4.  Allelic and genotypic richness per SSR locus and host population 

1 Number of isolates per pathogen population. 
2 Single genotypes (allele combinations) found at each locus. 
3 Genotypes constructed based on the combination of alleles at the four loci. 
4 Total number of alleles found on each pathogen population. 
5 Total number of single genotypes found on each pathogen population. 
6  Includes isolates collected from S. colombianum, S. minutifoliolum, S. paucijugum, S. phureja, S. regularifolium, S. solisii, S. tuberosum, S. tuquerrense, and other 
unidentified tuber-bearing species. 
7 The null allele (no amplicon) is included. 
8 Total number of alleles found at the locus. 
9 Total number of single genotypes found at the locus. 
10 Total number of multilocus genotypes found in the entire set of isolates. 

Host N1

Multilocus 
genotypes3

4B 4G 2D 1F Total4 4B 4G 2D 1F Total5

S. andreanum 18 4 3 2 3 12 3 3 2 3 11 8
Petota 6 289 8 8 4 12 32 8 10 5 10 33 33

Anarrhichomenum 75 17 27 5 14 38 20 27 6 14 42 43
S. betaceum 54 17 37 8 8 36 26 37 12 7 48 33
B. sanguinea 3 5 17 2 2 10 2 17 1 1 5 12
S. caripense 36 4 4 2 7 17 3 4 3 7 17 18
S. hispidum 5 4 17 4 2 11 2 17 2 1 6 4
S. lycopersicum 12 4 4 2 5 15 3 4 2 4 13 7
S. muricatum 31 5 37 3 10 21 3 37 4 7 17 12
S. ochranthum 32 4 2 2 7 15 4 3 3 5 15 11
S. quitoense 9 9 27 4 7 22 4 27 3 5 14 7
S. radicans 1 3 2 1 1 7 1 1 1 1 4 1
Salpichroa  sp. 1 3 2 1 2 8 1 1 1 1 4 1

Total 566 338 10 9 25 629 14 18 42 15410

Single genotypes2

Genotypic richness

Locus

Allelic richness
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C
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genotypes from 75 isolates and in the population from S. betaceum with 33 genotypes from 54 

isolates (Table 4).  The most frequent genotype (4B, 206 216 220; 4G, 157 161; 2D, 154; 1F, 

120) was associated with the EC-1 lineage and accounted 38.5% of the 566 isolates analyzed, 

although this was expected because this was the largest population sampled. 

The A2 mating type was almost always associated with unique genotypes or allele 

combinations.  Twenty-five genotypes were found among the 56 A2 isolates (Table 5); these 

genotypes were never found among A1 isolates and in most cases they were exclusive to the 

host species.  The highest number of these genotypes was observed in populations from 

Anarrhichomenum and S. hispidum.  One isolate each from S. colombianum, S. phureja, and S. 

tuberosum were A2 mating type. 

 

 
Table 5.  Genotypes (multilocus genotypes) associated with the A2 mating type and pathogen 

populations where they were detected 

1 Not amplified. 

 

Population
4B 4G 2D 1F
212 246 270 NA1 146 154 96 166
212 250 270 NA 146 154 96 164
212 250 270 NA 146 154 95 96 166
212 250 274 NA 146 154 96 164
212 250 274 NA 146 154 96 166
212 250 286 NA 145 146 94 166
212 250 286 NA 146 160 96 166
212 250 286   NA 146   94 164
212 250 288 NA 146 94 166
212 250 288 NA 146 94 170
212 250 288 NA 146 154 94 166
212 250 288 NA 146 154 96 166
212 250 290 NA 146 160 94 164
212 250 292 NA 145 146 94 166
212 250 292   NA 146   94 164
212 254 270 NA 146 154 96 164
212 254 270 NA 146 154 96 166
212 254 274 NA 146 154 96 166
212 250 270 NA 146 154 96 166 Anarrhichomenum, S. phureja, S. 

tuberosum
212 250 288 NA 146 160 94 166 S. colombianum
216 250 262 NA 145 146 153 154 94 164
216 250 266 NA 145 146 153 154 94 164
216 250 266 NA 145 153 94 164
216 250 266 NA 146 154 94 164
212 246 300   NA 146   94 162 S. muricatum

Anarrhichomenum

S. hispidum

Locus
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PIC.  The four SSR loci differed in their level of polymorphism and revealed different 

levels of variability within the pathogen populations.  Loci 4B and 1F were the most polymorphic 

(PIC = 0.81 and 0.79, respectively) and 2D the least polymorphic (PIC = 0.56) (Table 6).  The 

highest level of polymorphism was found in the pathogen populations collected from S. 

quitoense, S. betaceum, and Anarrhichomenum.  The pathogens collected from Petota had 

reduced variability (PIC = 0.4), with the exception of those from S. andreanum where PIC > 0.5. 

The P. andina group was more diverse (PIC = 0.7) than the P. infestans group (PIC = 

0.5) considering all four SSR loci.  If we exclude locus 4G, because it did not amplify in many 

isolates of P. andina, the PIC value for the latter was even higher (PIC = 0.8), whereas it 

remained more or less the same for P. infestans. 

 

 
Table 6.  Polymorphic index content (PIC) of the four SSR loci analyzed and PIC of the different pathogen 

populations at each locus 

1 Includes isolates collected from S. colombianum, S. minutifoliolum, S. paucijugum, S. phureja, S. 

regularifolium, S. solisii, S. tuberosum, S. tuquerrense, and other unidentified tuber-bearing species. 
2 PIC value for the entire locus. 

 

 

S. andreanum 

The pathogen population collected from S. andreanum was particularly interesting 

because it appeared to contain isolates that represent a transition from EC-1 to US-1 (Table 7).  

The SSR markers uncovered three subgroups among pathogens from this host (Table 7).  The 

first subgroup corresponded perfectly to the EC-1 lineage and the second to a group of US-1 

Population 4B 4G 2D 1F mean

S. andreanum 0.73 0.66 0.18 0.48 0.51
Petota 1 0.68 0.53 0.20 0.17 0.40
Anarrhichomenum 0.83 0.05 0.58 0.83 0.57
S. betaceum 0.87 0.28 0.81 0.66 0.66
B. sanguinea 0.78 0.00 0.50 0.50 0.44
S. caripense 0.53 0.41 0.28 0.72 0.48
S. hispidum 0.72 0.00 0.75 0.50 0.49
S. lycopersicum 0.62 0.60 0.24 0.74 0.55
S. muricatum 0.60 0.23 0.28 0.79 0.47
S. ochranthum 0.69 0.50 0.35 0.59 0.53
S. quitoense 0.84 0.49 0.63 0.83 0.70
S. radicans 0.67 0.50 0.00 0.00 0.29
Salpichroa sp. 0.67 0.50 0.00 0.00 0.29
Total2 0.81 0.66 0.56 0.79
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lineage isolates that were located on a single branch in EC-1 (1 on Figure 1).  US-1 isolates 

from S. andreanum differed from US-1 isolates from other hosts by having allele 108 at locus 

1F.  The third SSR subgroup represented a transition between both groups by the absence of 

allele 206 and the presence of allele 212 at locus 4B.  Isolates of this subgroup were not located 

in the dendogram on a transitional branch between the EC-1 and US-1 subgroups. 

 

 
Table 7.  Isolates collected from Solanum andreanum arranged by SSR loci and subgroup.  An isolate 

from S. lycopersicum was added below for comparison 

1 Locus 2D was not included because it was not polymorphic for this group of isolates. 
2 Subgroup according to SSR genotype. 
3 Isolate number in CIP P. infestans collection. 
4 Pathogen lineage according to the characterization with classical markers. 

 

 

Discussion 
 

Our study provided additional evidence that P. infestans is not the only Phytophthora 

species attacking solanaceous plants in Ecuador.  First, the cluster analysis showed that P. 

infestans sensu lato isolates generally fell into two large groups: P. infestans and the putative P. 

Subgroup2 Isolate3 Lineage4

3304 206 216 220 157 161 120 EC-1
3319 206 216 220 157 161 120 EC-1
3320 206 216 220 157 161 120 EC-1
3527 206 216 220 157 161 120 EC-1
3391 206 216 220 161 120 EC-1
3528 206 216 220 157 161 120 EC-1
3534 206 216 220 157 161 120 EC-1

3152 206 216 220 157 161 120 124 EC-1
3154 206 212 216 220 157 161 120 EC-1
3159 212 216 220 157 161 120 EC-1
3151 212 216 220 157 161 120 124 US-1

3153 212 216 220 159 108 120 US-1
3155 212 216 220 159 108 120 US-1
3156 212 216 220 159 108 120 US-1
3157 212 216 220 159 108 120 US-1
3158 212 216 220 159 108 120 US-1
3160 212 216 220 159 108 120 US-1
3161 212 216 220 159 108 120 US-1

US-1 lyc 2547 216 220 161 116 126 166 US-1

1F

EC-1

US-1 adr

Locus1

Transition

4B 4G
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andina.  The P. infestans group was formed by isolates of the EC-1 and US-1 clonal lineages 

that fit the typical genotypic description of P. infestans based on conventional markers.  The P. 

andina group included isolates of the EC-3 clonal lineage, the Anarrhichomenum group, and 

some isolates that had been poorly described.  Second, the lack of amplification of locus 4G 

was quite frequent in isolates of the putative P. andina and never observed on isolates of P. 

infestans, suggesting that the target sequence (primer annealing site) might differ in some way 

from that of P. infestans.  Third, several isolates of the P. andina group had RFLPs fingerprints 

that have not been described for P. infestans (G. Chacón and N. Adler, unpublished data).  

Adler et al. (2004), detected a similar type of grouping among a set of Ecuadorian isolates of P. 

infestans sensu lato using AFLP analysis.  Their analysis, however, separated isolates from 

section Anarrhichomenum into two subgroups, one with A1 mating type and Ia mtDNA and a 

second one with A2 mating type and Ic mtDNA.  In our study we observed certain tendency of 

A2 isolates to group into small clusters but we did not find all A2 and A1 isolates from 

Anarrhichomenum grouped into separated clusters.  The difference in grouping between the two 

studies it is perhaps a consequence of the number of isolates analyzed; Adler et al (2004) use 

13 isolates from Anarrhichomenum for their analysis whereas we used 75. 

The study by Kroon et al. (2004), using only one isolate from the Anarrhichomenum 

group, also found a clear distinction between P. infestans and P. andina in a phylogenetic 

analysis based on mitochondrial and nuclear gene sequences.  That study also found that P. 

andina is similar to P. infestans, P. phaseoli, P. mirabilis, and P. ipomoeae. 

The hypothesis of two pathogen species is also consistent with a recent analysis of 

potential co-evolution within this pathosystem (Oliva et al., 2006).  The hosts attacked by P. 

infestans are generally closely related among themselves (sections Petota, Basarthrum, 

Lycopersicon, Juglandifolia), but more distantly related to hosts attacked by putative P. andina 

(sections Lasiocarpa, Torva, and Pachyphylla) (Bohs, 2005).  The plausible system of co-

evolution breaks down with isolates from Anarrhichomenum, which are generally of the type P. 

andina but which attack a host closely related to hosts of P. infestans. 

There were few occasions in our analysis where specific pathogen isolates demonstrated 

inconsistency in the cluster analysis.  For example, a few isolates of the P. infestans type were 

found infecting species in section Anarrhichomenum (A1 isolates from the Anarrhichomenum 

group) and a small number of isolates of the P. andina type were found attacking Basarthrum 

(A2 isolates from S. muricatum) or Petota (A2 isolates from S. colombianum, S. tuberosum, and 

S. phureja).  We do not know if these represent real cases of adaptation to another host, or if 

they are isolation events that represent opportunistic infections by alternative pathogens.  

Phenotypic expression of host adaptation in this pathosystem often appears to be quantitative 

and both primary and secondary (pathogenic but weaker) pathogens can be isolated in the field 

(Oyarzun et al., 1998 ). 
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The high genetic variability detected in putative P. andina isolates attacking 

Anarrhichomenum hosts could be result of the existence of more than one plant species in the 

section.  We have identified at least two species, S. brevifolium and a second one known locally 

as “tomatillo” (probably S. sodiroi), but these isolates may also derive from one or more 

additional host species in the section.  The genetic diversity associated with isolates from S. 

andreanum resulted in part from the two lineages that were isolated.  However, isolates of the 

US-1 lineage, both those that were more typically US-1 and those with the transitional SSR 

genotype, were collected in 1998.  Subsequently, all isolates from S. andreanum were EC-1.  A 

recent study in Peru (Garry et al., 2005) found that EC-1 dominated on wild potatoes but some 

other lineages, including US-1 and PE-7 were also found.  Displacement of US-1 by EC-1 on 

cultivated potato was proposed (Forbes et al., 1997) and a similar process may have occurred, 

or is occurring on wild potato species. 

The four SSR primers used (4B, 4G, 2D, and 1F) were an effective tool for identifying 

the genetic diversity among isolates and populations of P. infestans sensu lato in Ecuador.  

They were especially useful in detecting the genetic diversity within the pathogen populations 

collected from Anarrhichomenum and S. betaceum, which was not detected before with 

conventionally used markers.  Although the locus 4G was not as polymorphic as 4B and 1F, it 

had the advantage of easily differentiating isolates of the A2 mating type, since no amplicon was 

observed.  Knapova and Gisi (2002), in their analysis of 176 Swiss and French potato and 

tomato isolates, identified four alleles with primer 4B and six with 4G.  In our set of 566 isolates 

we identified 33 alleles with 4B and 10 with 4G, suggesting that the polymorphism detected in 

the Ecuadorian population of P. infestans sensu lato was higher.  

Monolocus microsatellite primers are designed in such a way that they should amplify a 

locus in a maximum of n bands for an n-ploid organism, i.e. two bands for the diploid P. 

infestans.  The presence of more than two bands can be explained by polyploidy and/or 

heterokaryosis.  Sexual populations of P. infestans are predominantly diploid but asexual or 

clonal populations are predominantly polyploid (Tooley & Therrien, 1991).  Indeed, studies of 

DNA content (C-values) of somatic nuclei of field isolates of P. infestans revealed not only 3C 

and 4C levels (triploids and tetraploids) but also intermediate values, suggesting a range of 

aneuploids (Shaw & Shattock, 1991; Whittaker et al., 1991; Therrien et al., 1993).  Bimodal 

distributions of DNA contents, that are associated with heterokaryons, have also been shown to 

occur naturally in P. infestans (Whittaker et al., 1991; Pipe et al., 2000).  The presence of more 

than two alleles at a locus has been previously reported in P. infestans (van der Lee et al., 

2001; Lees et al., 2006) and P. cinnamomi (Dobrowolski et al., 2002).  Lees et al. (2006) 

identified in P. infestans, although in a limited number of cases, more than two alleles with 

primer 4B and other SSR primers.  Another study identified trisomic progenies from individual 

crosses of P. infestans that were pathogenic on potato, suggesting that trisomy in P. infestans 



Chapter 4  Characterization of Phytophthora infestans with SSR markers  

 86

can occur in nature (van der Lee et al., 2004).  Therefore, we can speculate that trisomy could 

account for the presence of multiple alleles at some loci.  To test this hypothesis, the DNA of 

some three-banded isolates included in our study was sequenced, and they were found to be 

trisomic (Ricardo Oliva, personal communication). 

The lack of amplification of locus 4G was already reported by Knapova et al. (2001) and 

Knapova & Gisi (2002) in some isolates from potato and tomato.  They proposed that the null 

alleles occurred due to mutation at the primer annealing site.  This appears to be a plausible 

explanation for our data as well.  The fact that a given mutation has occurred simultaneously in 

the same locus in the two pathogen groups (Anarrhichomenum and EC-3) may imply that they 

are closely related, thus supporting the hypothesis that these pathogen groups belong to the 

putative species P. andina.  It is not known, however, whether if the absence of bands was 

always due to the same mutation. 

The geographical substructuring detected in our study was evident in isolates of the 

putative P. andina, but was not observed in isolates of P. infestans.  The reasons for this sub-

structuring are not known but may be related to several factors including isolation due to 

mountainous conditions, adaptation to specific weather conditions or even host adaptation.  

Little is known about potential variation within the hosts S. betaceum or Anarrhichomenum.  S. 

betaceum is a cultivated species but it is possible that the pathogen also survives on related 

wild hosts, which may be geographically specific.  The lack of geographic sub-structuring in the 

P. infestans isolates is plausibly due to the ubiquity of the commercial hosts supporting these 

populations: potato, tomato and pepino (S. muricatum).  

The origin of the Anarrhichomenum and S. betaceum pathogen populations was 

discussed by Ordoñez et al. (2000) and Erselius et al. (1999).  They speculated that these 

populations may have resulted from a migration event from Mexico not reported up to now or 

may represent indigenous populations that had not been reported previously.  The acceptance 

of P. andina as a new species adds a new dimension to the long-standing debate on the origin 

of P. infestans  (Fry et al., 1993; Goodwin et al., 1994; Abad et al., 1995).  It is clear that several 

related Phytophthora spp. derive from the Americas, but it is not known which is the ancestral 

species.  P. mirabilis, P. ipomeoea and P. infestans all appear have greater diversity in Mexico, 

while P. andina has only been found in the Andes.  Nonetheless, this may to some extent reflect 

sampling bias, as it is not clear that scientists have looked sufficiently on the respective hosts in 

each location.  Wild Mirabilis and Ipomeoea spp. occur in the Andes, as do Anarrhichomenum 

spp occur in Mexico, but it would appear that these hosts have not been checked for the 

presence of blight-like symptoms in appropriately wet periods.  Furthermore, we are not aware 

of studies on blight-like symptoms in wild solanaceous hosts in northern South America 

(Colombia and Venezuela) or in Central America, south of Mexico.  Unravelling the phylogenetic 
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relationships among these related pathogen species may require a larger and more 

representative sample resulting systematic searching in these habitats. 
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Abstract 
 

Thirty-nine isolates of Phytophthora infestans were collected from the wild host 

Solanum ochranthum in the highland tropics of Ecuador and characterized with a set of 

phenotypic and molecular markers (mating type, metalaxyl sensitivity, the allozyme loci Gpi, 

and Pep, mitochondrial DNA haplotype, RFLP, and SSR), as well as for pathogenicity on 

various hosts.  Three groups of isolates (A, B, and C) were identified based on their 

multilocus genotypes and variable abilities to cause disease on different hosts.  Group A had 

a combination of alleles for the Gpi (86/100), Pep (96/100) and mtDNA (Ia) loci, as well as an 

RFLP fingerprint, that have not been reported for P. infestans in Ecuador, or elsewhere.  

Group B shares many marker characteristics with the US-1 lineage described in Ecuador on 

tomato, pear melon (S. muricatum), and S. caripense, but has SSR alleles not present in 

typical US-1 isolates.  Group C for all markers tested is identical to the EC-1 lineage 

described on cultivated and wild potatoes in Ecuador.  All isolates from S. ochranthum were 

able to re-infect their host of origin in the detached-leaf assay, however, we did not draw 

clear conclusions as to the relative aggressiveness of the three groups on this host.  Isolates 

of group A were the most specialized and were generally non-pathogenic or weakly 

pathogenic on all hosts other than S. ochranthum.  Groups B and C infected tuber-bearing 

hosts, including the cultivated potato but were generally non-pathogenic on other non-tuber-

bearing hosts.  S. ochranthum was infected by isolates coming from tuber-bearing Solanum 

hosts (i.e., the EC-1 lineage of P. infestans) and some US-1 isolates from non-tuber-bearing 

hosts.  Thus, in nature this species might be a potential reservoir of inoculum of different 

pathogen populations able to infect the cultivated hosts potato, tomato and pear melon (S. 

muricatum).  Unlike potato and tomato in Ecuador, each of which primarily is attacked by a 

highly specialized pathogen population, S. ochranthum appears to harbor at least three 

pathogen groups of different genetic makeup.  The unresolved issue of potential host 

specificity in isolates found on S. ochranthum could complicate efforts to use this species in 

tomato improvement.  

 

 
Introduction 
 

The oomycete pathogen Phytophthora infestans causes late blight, the most important 

disease of potato (Solanum tuberosum) worldwide and a very severe disease of tomato (S. 

lycopersicum).  Most research on this pathogen has been conducted in the temperate zone on 

potato and tomato, but the pathogen is reported to infect more than 100 hosts, most of them in 
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the family Solanaceae, occurring in many parts of the world (Abad & Henfling, 1982; Erwin & 

Ribeiro, 1996; Patiño et al., 1999).  In recent studies in the tropical highlands of Ecuador we 

identified at least 18 host species in the Solanaceae with blight-like symptoms in nature (Adler 

et al., 2004).  Some of the pathogen genotypes attacking these hosts are atypical and may 

eventually be described as one or more new species of Phytophthora (Adler et al., 2004).  For 

the purpose of this paper, however, all will be considered P. infestans, the species that most 

adequately accommodates these pathogen genotypes. 

In Ecuador, four groups of P. infestans have been detected (Erselius et al., 1999; 

Chacón et al., 2002; Adler et al., 2004).  Three of these appear to be clonal lineages, each 

characterized by a particular mating type, mitochondrial DNA (mtDNA) haplotype, nuclear RFLP 

fingerprint, and isoenzyme electrophoretic pattern.  Each of the three lineages has been 

described in detail:  EC-1 (Forbes et al., 1997), US-1 (Oyarzun et al., 1998), and EC-3 (Adler et 

al., 2004).  Another pathogen group was described as the EC-2 clonal lineage (Ordoñez et al., 

2000) but we have since identified new genotypes of P. infestans similar to EC-2 but differing in 

mating type and mtDNA haplotype.  Clearly, the EC-2 group with its two mating type subgroups 

does not fit the definition of a clonal lineage and this population has subsequently been referred 

to as the Anarrhichomenum group, in reference to the series in the genus Solanum comprising 

the varied and poorly defined plant species that these pathogens attack (Adler et al., 2004). 

The hosts of P. infestans in Ecuador can be attacked by different pathogen lineages or 

groups, but generally only one of these pathogen groups is highly aggressive on each host 

species (Forbes et al., 1997; Oyarzun et al., 1998; Erselius et al., 1999).  This observation holds 

for most pathosystems we have studied, but not all.  The cultivated pear melon (S. muricatum) 

was thought to be attacked exclusively by isolates belonging to the US-1 lineage (Erselius et al., 

1999), but recently pathogen genotypes belonging to the Anarrhichomenum group were found 

on this host in two separate epidemics, which occurred in the same geographic area but in 

subsequent years.  Re-inoculation of these isolates on pear melon demonstrated that they were 

highly aggressive (Adler et al., 2002).  US-1 and the Anarrhichomenum group are genetically 

distant and have different mating types (Adler et al., 2004). 

Another host apparently attacked with regularity in nature by two or more pathogen 

groups is S. ochranthum Dunal, a woody vine growing in moist habitats of the northern Andes 

(Stommel, 2001).  The initial isolates of P. infestans from S. ochranthum were identified as 

either EC-1 or US-1.  Re-inoculation studies indicated that the US-1 isolates were more 

aggressive on S. ochranthum and were therefore considered the primary pathogen group 

(Erselius et al., 1999).  However, subsequent isolations and pathogenicity studies were 

inconsistent with original observations, and new EC-1 isolates were found that were aggressive 

after re-inoculation.  We had hypothesized that EC-1 was introduced into the Andes from 

Europe during the last two decades and replaced US-1 as the major pathogen lineage on potato 
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(Forbes et al., 1997) but not on tomato (Erselius et al., 2000).  Based on recent isolations of EC-

1 from S. ochranthum, lineage displacement on that host also appeared to be a plausible 

hypothesis. 

S. ochranthum and three other species, S. juglandifolium, S. lycopersicoides, and S. 

sitiens, form the series Juglandifolia in the section Petota, subgenus Potatoe (Hawkes, 1990).  

Potatoe is the group most closely related to tomato (Rick, 1979), with S. juglandifolium and S. 

ochranthum being the closest species (Peralta & Spooner, 2001).  S. ochranthum can 

potentially be used in tomato improvement as a source of resistance to insects, bacteria, fungi, 

viruses (Rick, 1986; Rick et al., 1990), and P. infestans (Kobayashi et al., 1994).  Resistance in 

S. ochranthum could also be transferred to potato via genetic engineering. 

It is important to elucidate the complex and potentially dynamic relationship between S. 

ochranthum and P. infestans in Ecuador for several reasons.  First, the utility of S. ochranthum 

as a source of resistance to P. infestans will be enhanced by understanding the host-pathogen 

relationship of this plant species.  Observation of disease caused by an alternative and weak 

pathogen population may lead to spurious conclusions regarding the degree of resistance.  

Knowledge of the host/parasite relationship for S. ochranthum is also important because this 

plant species grows in the same environment as potato and tomato and may play a role as an 

inoculum reservoir.  Finally, the S. ochranthum story is one more piece in the complex puzzle of 

interactions between solanaceous plants and P. infestans in the Ecuadorian Andes, which has 

intrigued us for the last decade (Adler et al., 2004). 

The objective of this study was to provide further information about the S. ochranthum/P. 

infestans pathosystem.  Specifically, with this study we attempted to test the hypothesis that S. 

ochranthum is attacked by several groups of P. infestans, but one of these is more highly 

adapted to the host than the others.  This was done by enlarging the sample size of isolates 

through new explorations and characterizing all isolates with a suite of molecular and 

phenotypic markers.  Isolates were compared for pathogenicity on S. ochranthum and several 

other hosts of P. infestans. 

 

 

Materials and methods 
 

Pathogen collection 

Thirty-nine isolates of P. infestans (Table 1) collected from wild growing S. ochranthum 

in the Ecuadorian provinces of Carchi, Imbabura, and Pichincha between 1997 and 2004 

(Figure 1) were evaluated in this study.  From 2001 on, collection sites were geo-referenced 

with GPS.  In most cases, isolates were collected on plants with sporulating foliar lesions that 
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resemble those produced by P. infestans on potato.  In all cases, an effort was made to isolate 

from tissue containing only one lesion.  Isolation was done by trapping with potato tuber slices 

(Forbes et al., 1997) or with a selective medium (Oyarzun et al., 1998).  Isolates were 

maintained for short periods on Rye A and Rye B medium (Caten & Jinks, 1968) at 18 °C in the 

dark, and stored for longer periods on Rye A agar slants at 15 °C with 12-hour photoperiod.  

The isolates collected before 2001 were described previously, although in less detail (Erselius et 

al., 1999; Ordoñez et al., 2000; Chacón et al., 2002; Adler et al., 2004). 

 

 
Table 1.  Isolates of Phytophthora infestans collected from Solanum ochranthum between 1997 and 2004 

in the tropical highlands of Ecuador 

 

Year Province Collection site Number Group1 

1997 Pichincha Cutuglahua 1 A 
1998 Pichincha Cutuglahua 1 A/C 
2001 Pichincha Cutuglahua 3 A 
2003 Pichincha Cutuglahua 1 C 
2004 Pichincha Cutuglahua 4 A 
1997 Carchi El Angel 21 C 
1997 Imbabura Otavalo 1 B 
1999 Imbabura Otavalo 1 B 
2002 Imbabura Otavalo 1 C2 
2003 Imbabura Angochagua 5 C 

1 Group designation based on Gpi, Pep, mtDNA, RFLP fingerprint, and SSR alleles. 
2 This is a different collection location from the others in Otavalo. 

 

Pathogen characterization 

Isolates were characterized for mating type, metalaxyl resistance, glucose-6-phosphate 

isomerase (Gpi), peptidase (Pep), mitochondrial haplotype (mtDNA), DNA fingerprint (RFLP), 

and microsatellites (SSR). 

Mating type was determined by pairing agar plugs of each isolate with known A1 and A2 

isolates on 10% clarified V8 agar (Goodwin et al., 1992b).  After 14 days at 18 °C, paired 

isolates were assessed for the presence of oospores in the zone of interaction by visual 

examination under a dissecting microscope.  Isolates that produced oospores with the known 

A1 tester were designated A2 mating type and those that produced oospores with the A2 tester 

were designated A1 mating type. 

Isolates were tested for resistance to 5 and 100 mg ml-1 of metalaxyl in 10% unclarified 

V8 medium and classified as sensitive, intermediate, or resistant.  Conditions of the test and 
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Figure 1.  Collection sites of isolates of Phytophthora infestans from Solanum ochranthum in Ecuador 

between 1997 and 2004.  Number of isolates at each locality in parentheses. 

 

classification criteria were described previously (Forbes et al., 1997).  Isolates were considered 

sensitive to metalaxyl if radial growth on 5 ppm reached 40% of the 0 ppm control; intermediate 

if radial growth was greater than 40% of the control on 5 ppm but not on 100 ppm; and resistant 

if radial growth on 100 ppm was greater than 40% of the control. 

Isozyme electrophoresis for Gpi and Pep was done on starch (Spielman, 1991) and 

polyacrylamide gels.  Polyacrylamide gel electrophoresis (PAGE) was carried out as described 

by Adler et al. (2004).  Mitochondrial haplotypes were also determined as described previously 

(Adler et al., 2004) and classified as Ia, Ib, IIa, IIb (Carter et al., 1990; Griffith & Shaw, 1998) or 

Ic (Oliva et al., 2002). 

Restriction fragment length polymorphisms (RFLP) were obtained using the moderately 

repetitive probe RG-57 (Goodwin et al., 1992a) and the nonradioactive kit ECL (Amersham 

Pharmacia Biotech) according to the manufacturer’s instructions.  The DNA marker λ Hind III 

(10 µg/ml, Amersham Pharmacia Biotech) was used as reference for relative band sizes. 

Isolates were evaluated with four SSR primers (4B, 4G, 1F, and 2D) previously 

published by Knapova et al. (2001).  PCR amplifications were performed in a 10-µl volume 

containing 5 ng of genomic DNA of P. infestans, 1µl of 10x PCR buffer (Amersham Pharmacia 

Biotechnology Inc.), 0.1 mM of each dNTP, 0.2 µM each of forward and reverse primers, and 

0.7 U of Taq DNA polymerase (Amersham Pharmacia Biotechnology Inc.).  One quarter of the 
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forward primer was end-labeled with (γ-33P) ATP (1000-3000 Ci/mmol; Amersham Pharmacia 

Biotech Ltd.).  PCR was performed in an OmniGene cycler (MWG-Biotech) under the following 

conditions: 33 cycles of 40 s at 94°C, 40 s at 60°C and 20 s at 72°C, with a final extension of 10 

min at 72°C.  Before loading, the radio-labeled PCR products were denatured by adding one 

volume of denaturing 6x gel loading buffer (15% Ficoll, 0.25% bromophenol blue, and 0.25% 

xylene cyanol FF) and heating at 94°C for 5 min.  Microsatellite alleles were separated by 

running the reactions on a 6% denaturing acrylamide gel (SequaGel XR, National Diagnostic) in 

1x TBE buffer using an IBI DNA sequencing unit (BioMax STS45i; Kodak/International 

Biotechnology Inc.) at 1700 V.  After this run, gels were transferred onto Whatman 3 mm paper 

(Whatman International Ltd.), dried at 80°C in a gel dryer (Bio-Rad Laboratories) for 1 to 2 h, 

and exposed for 24 to 48 h to an X-ray film (Kodak Biomax MR; Eastman Kodak Company).  

Films were developed in a CURIX 60 (AGFA) developing machine. 

 

Pathogenicity tests 

P. infestans isolates collected from S. ochranthum were re-inoculated on S. ochranthum 

and also on several other hosts from the highlands of Ecuador, some of which are tuber-bearing 

(hereafter referred to as Petota hosts) and others that are non-tuber bearing (hereafter referred 

to as non-Petota hosts).  Isolates collected on these hosts (Petota and non-Petota isolates, 

respectively) were also inoculated on S. ochranthum. 

Leaflets used in the detached-leaf assays came from different sources: host plants 

collected directly in their natural environments, plants derived from true potato seed (from 

berries collected in the field) and seed tubers, plants growing near the CIP station in Quito, 

Ecuador, and plants bought in markets.  S. ochranthum leaflets were collected from plants 

growing naturally in a gorge near the CIP station.  For most species, including S. ochranthum, 

the first pair of fully expanded lateral leaflets were taken from a healthy leaf, and in the case of 

potted plants this was taken from the upper third of the plant.  For other species, such as S. 

betaceum, S. quitoense, S. caripense, and S. paucijugum, whole leaves were used, although 

hereafter we refer to all tissues as leaflets.  Leaflets were washed with tap water, towel dried 

and stored abaxial side up in the lids of inverted Petri dishes which contained water agar (4%) in 

the base.  Petri dishes were subsequently used as high humidity chambers for inoculation and 

incubation.  

Petota isolates were first inoculated on leaflets of potato cultivars or of their original 

hosts to restore aggressiveness after cultivation on rye agar.  Non-Petota isolates were 

multiplied on green tomato fruits or, when these were not available (for S. ochranthum and S. 

quitoense), on Rye A medium.  Some attempts were made to multiply isolates from S. 

ochranthum and S. quitoense on host leaf tissue, but because of long incubation periods, 



Chapter 5 Genetic structure of P. infestans on Solanum ochranthum 

 100

contamination and scarce sporulation (S. quitoense) this approach failed to consistently produce 

sufficient inoculum.  Whether from living tissue or Rye A medium, sporangia were rinsed several 

times with distilled water over a 12-µm filter.  Attempts to standardize inoculum concentrations 

were unsuccessful so variable concentrations were used, which ranged from 6,000 to 30,000 

sporangia ml-1.  One 10-µl drop was placed on the abaxial side of each leaflet close to the 

midrib.  Petri dishes containing inoculated leaflets were incubated at 15 ± 2 °C with 14 h of 

fluorescent light per day.  Evaluations were made 5, 6, 7 and 10 days after inoculation.  

Pathogenicity, or ability to cause infection, was based on presence of signs (sporangiophores 

and/or sporangia) within a 10-day period.  All inocula were checked for inherent pathogenicity 

by inoculation on their host of origin.  

 

 

Results 
 

Pathogen characterization 

All S. ochranthum isolates tested were of the A1 mating type.  The majority of isolates 

were sensitive to metalaxyl, as only two had an intermediate resistance.  These two were 

collected in Carchi and belonged to group C (grouping described below). 

All isolates of S. ochranthum except one fell into one of three distinct groups, designated 

A, B, or C, based on mtDNA haplotype, isoenzyme pattern, RFLP fingerprint, and SSR alleles 

(Table 2).  The SSR primer 2D was not polymorphic and therefore was not included in the 

analysis. 

Group A had a combination of alleles not reported previously for any pathogen genotype 

in Ecuador (Adler et al., 2004).  The eight isolates in this group were characterized by Gpi 

86/100, Pep 96/100, Ia mtDNA haplotype and an RFLP fingerprint different from any described 

previously (Table 2, Figure 2).  The fingerprint lacked bands 2 and 24a, present in the EC-1 

lineage, and had bands 18 and 19, previously described for the RFLP fingerprint EC-2.1 

(Anarrhichomenum group) (Ordoñez et al., 2000).  Isolates in group A were collected in the 

province of Pichincha, near the CIP station, between 1997 and 2004 (Table 1). 

The second group, B, comprised two isolates similar to the US-1 lineage, that were 

collected in the province of Imbabura (close to Otavalo) in 1997 and 1999 (Table 1).  These 

isolates had marker data identical to US-1, including Gpi 86/100, Pep 92/100, Ib haplotype, and 

an RFLP fingerprint identical to that of US-1 (Table 2).  However, two of the SSR alleles 

associated with these isolates have not been found in other US-1 isolates we have tested 

(unpublished data). 
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Table 2.  Multilocus genotypes of Phytophthora infestans isolates collected from Solanum ochranthum in Ecuador between 1997 and 2004 

 

Groupa Isolate # Province Gpi Pep mtDNA RFLP fingerprintb SSRc 

       4B 4G 1F 

A 8 Pichincha 86/100 96/100 Ia New 
101 010 100 100 110 101 111 001 1; 00100 

212 216 161 128 166 

B 2 Imbabura 86/100 92/100 Ib US-1 
101 010 101 100 110 100 011 001 1; 00100 

216 220 161 112 118 164 

C 28 Carchi (21) 
Imbabura (6) 
Pichincha (2) 

90/100 96/100 IIa EC-1 
111 010 100 100 110 100 011 001 1; 00101 

206 216 220 157 161d 120e 

A/Cf 1 Pichincha 86/100 96/100 IIa New 
101 010 100 100 110 101 111 001 1; 00100 

206 216 220 157 161 120 

a Group designation based on Gpi, Pep, mtDNA, RFLP fingerprint, and SSR alleles.  All isolates were A1 mating type. 
b RFLP banding pattern based on probe RG-57 (Goodwin et al., 1992a).  Presence or absence of bands is indicated by 1 and 0, respectively.  From left to right, the 

bands refer to band positions 1 to 25, followed by bands 1a, 8a, 14a, 20a, and 24a. 
c Microsatellite primers described by Knapova et al. (2001).  Unique alleles for each primer are shown in italics. 
d One isolate from Carchi was 157. 
e One isolate from Carchi was 119 120.  One isolate from Imbabura was 118 120. 
f Intermediate type between A and C groups. 
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The third group, C, included isolates collected in Carchi (El Angel), Imbabura (Otavalo), 

and Pichincha (CIP station) between 1997 and 2003 (Table 1).  Based on the markers we used, 

these isolates were identical to previous descriptions of EC-1 (Table 2, Figure 2).  Our 

unpublished data indicate that these isolates are also identical to EC-1 for SSR alleles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The SSR characterization revealed 12 alleles for the loci 4B, 4G, and 1F (Table 2) with 

loci 4B and 1F being more polymorphic than 4G.  The three isolate groups could be 

distinguished based on the combination of alleles and, in most cases, each group had a specific 

genotype at each locus (Table 2).  Some alleles were associated only with a particular isolate 

group, with locus 1F having the highest number of these.  At the 4B locus, alleles 212 and 206 

were exclusive of groups A and C, respectively (Figure 3).  At locus 4G, allele 157 was 

exclusive of C.  At locus 1F, all three groups had at least one unique allele: alleles 128 and 166 

for A; 112 and 164 for B; and 120 for C. 
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Isolate 3222, collected in 1998, had common characteristics between A and C groups 

(Table 2).  It had the isoenzyme pattern and the RFLP fingerprint of the A type, but the mtDNA 

and SSR alleles were the same as group C. 

 

 
a)      c) 

 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
Figure 3.  Microsatellite (SSR) banding patterns of Phytophthora infestans isolates collected from 

Solanum ochranthum in Ecuador.  a) Primer 4B:  lane 1 = US-1 collected from Solanum lycopersicum, 

lane 2 = EC-1 collected from S. paucijugum (Petota), lane 3 = group A, lane 4 = group B, and lane 5 = 

group C;  b) Primer 4G:  lane 1 = group A, lane 2 = group B, lanes 3 to 6 = group C, lane 7 = EC-1 

collected from S. tuquerrense, and lane 8 = group C;  c) Primer 1F:  lane 1 = EC-1 collected from S. 

paucijugum, lane 2 = group C, lane 3 = group B, lane 4 = group A, and lane 5 = group C.  The size of 

bands (bp) is noted on the left side of each image. 

 

Pathogenicity tests 

Most isolates tested, including those from S. ochranthum, were able to re-infect their 

host of origin in the detached leaf assay.  The only exception was the intermediate isolate 

described above (no. 3222), which did not re-infect S. ochranthum.  Group A isolates were the 

most specific among those from S. ochranthum and generally did not infect hosts other than S. 

ochranthum, although one isolate did cause a sporulating lesion on the potato (S. tuberosum) 

cultivar INIAP-Catalina.  All other inoculation attempts of group A on Petota and non-Petota 

materials generally caused no symptoms or signs of infection, except that in a very few 

occasions necrotic spots were observed. 
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The other two groups (B and C) were generally pathogenic on Petota species, but for 

the most part did not cause sporulation on non-Petota hosts within 10 days of inoculation except 

for two cases in which small lesions with some sporulation were visible.  Most reactions 

between B and C groups and non-Petota hosts caused no visual symptoms. 

Isolates from Petota hosts were of variable pathogenicity on S. ochranthum.  Twelve of 

18 EC-1 isolates we tested, coming from the nine Petota species, caused sporulating lesions 

within 10 days.  Isolates from non-Petota hosts were generally not pathogenic on S. 

ochranthum.  The Anarrhichomenum group isolates, involving both A1 and A2 mating types, 

and one isolate from the flower of Brugmansia sanguinea, caused no lesions on S. ochranthum.  

Only one isolate from EC-3, which attacks S. betaceum, was inoculated on S. ochranthum, and 

it did not cause a lesion.  Likewise, two isolates from S. quitoense caused no lesions on S. 

ochranthum.  US-1 isolates coming from several hosts (S. caripense, S. lycopersicum, and S. 

muricatum) were variable with  about half causing lesions, which remained small and had 

reduced sporulation.  There was no apparent association between the origin of the US-1 isolate 

and its pathogenicity on S. ochranthum.  Therefore, overall, US-1 isolates generally appeared to 

be pathogenic but of limited aggressiveness. 

 

 

Discussion 
 

The hypothesis we proposed to test, that S. ochranthum is attacked by more than one 

pathogen group of P. infestans in Ecuador and that one of these is most highly adapted, was 

only partially confirmed.  It is clear that different pathogen groups were associated with this host 

but it is not clear that a particular one was highly adapted to the host.  Therefore, we cannot 

exclude the possibility that S. ochranthum is not a primary host of P. infestans in Ecuador and 

infections may represent selection of occasional pathogenic clones from the population of 

airborne spores.  Further research on a larger sample is needed to whether there is a 

population of P. infestans that has adapted over time to S. ochranthum. 

Our efforts to enlarge the collection of isolates of P. infestans from S. ochranthum were 

only partially successful.  This is primarily due to the scarcity of the plant in nature and the even 

greater patchiness of the disease.  Ironically, this uncommon species grows in a humid ravine 

within 400 m of the CIP experiment station.  In that location it almost always has lesions, 

although two different pathogen groups were collected there in different years (see locality 

“Cutuglahua”, Table 1).  S. ochranthum also was found in a number of locations but without 

disease (not reported here).  Even after rather extensive searching, the 39 isolates we 

characterized represent only five locations, some of which were visited in subsequent years.  In 
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spite of this reduced number of collection sites, we found a variable pathogen population 

associated with this host species. 

The three pathogen groups we found on S. ochranthum are distinguishable by their 

multilocus genotypes.  With the markers most commonly used for this pathogen species (e.g., 

isozymes, mtDNA, RFLP), two of the pathogen groups described on S. ochranthum could be 

placed into two previously described lineages of the pathogen.  Group B shares characteristics 

with the US-1 lineage described in Ecuador on S. lycopersicum, S. muricatum, and S. caripense 

(Oyarzun et al., 1998) and elsewhere (Goodwin et al., 1994), however, the two US-1 isolates we 

collected from S. ochranthum have two SSR alleles (112 and 118 from locus 1F) not found in 

other US-1 isolates from Ecuador (unpublished data).  Therefore, it would appear that Group B 

is a sub-group of US-1.  This hypothesis is consistent with the low pathogenic aggressiveness 

of typical US-1 isolates on S. ochranthum. 

Group C is identical for all markers tested, including SSR alleles (G. Chacón, 

unpublished data), to the EC-1 lineage described on cultivated and wild potatoes in Ecuador 

(Forbes et al., 1997; Adler et al., 2004).  Group C is the only one comprised of isolates with 

intermediate sensitivity to metalaxyl (all isolates of the other two groups were sensitive).  The 

intermediate group C isolates were collected in Carchi, the main potato-producing province in 

Ecuador, where resistance to this fungicide has been described in EC-1 isolates from potato 

(Forbes et al., 1997).  Our inoculation studies would support (although not conclusively prove) 

the hypothesis that EC-1 from cultivated and wild potatoes can multiply on S. ochranthum.  

However, it is unclear why the EC-1 isolates we isolated from S. ochranthum did not infect 

tomato in the pathogenicity test.  Though not the primary pathogen lineage attacking tomato in 

Ecuador, EC-1 does infect tomato and detached leaf inoculations in the past identified only 

small differences in pathogenic aggressiveness between EC-1 and the tomato-adapted US-1 

(Oyarzun et al., 1998).  Nonetheless, in that study, a few of the potato isolates did not infect any 

of the tomato differentials that were used. 

Unlike the two groups described above, group A is not associated with a known 

pathogen lineage.  In this group, the combination of alleles at the Gpi (86/100), Pep (96/100) 

and mtDNA (Ia) loci, as well as the RFLP fingerprint, have not been reported for P. infestans in 

Ecuador, nor elsewhere.  This group also appeared to be the most highly specialized of the 

three, attacking only S. ochranthum among the potential hosts we tested (Table 2).  In an earlier 

study, Group A was probably misidentified as typical US-1 based on its 86/100 Gpi pattern 

(Erselius et al., 1999). 

Our sample was too small for conclusions about the population dynamics of P. infestans 

on this host, but there was, nonetheless, apparent geographic sub-structuring in the population.  

Group A was only found in the Cutuglahua site and group B was only found in Otavalo.  Group 
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C was more generalized but was principally found in the north in Carchi and Angochagua.  One 

clear C isolate was also found in Cutuglahua. 

In addition to the three groups we identified, all apparently clonal, we identified one 

isolate that appeared to be intermediate between groups A and C.  This isolate was found in 

Cutuglahua, a location where both groups A and C were also collected.  Therefore it appears 

possible that the intermediate isolate may be a product of asexual recombination (Shaw, 1991).  

With this isolate, we were unable to cause infection on leaves of S. ochranthum (also taken from 

Cutuglahua), which would indicate the isolate is not, or is no longer, pathogenic.  We propose 

that the A and C isolate is neither a heterokaryon nor a mixture of isolates because either would 

have produced a multilocus marker genotype that included all alleles in both A and C.  

Due to problems of inconsistent inoculum production, variable host tissue age, necrosis 

associated with some lesions and long incubation periods in the leaf assay, we could not draw 

clear conclusions as to the relative aggressiveness of the three pathogen groups on S. 

ochranthum.  Pathogenicity tests were used as a general indicator of pathogenicity and not for 

quantifying differences in aggressiveness among isolates or groups.  Since only five locations 

were found where isolates could be collected, predominance in the field is also not a good 

indicator of adaptation. 

In Ecuador, S. ochranthum is a third example of a host species that has been associated 

with repeated isolations of more than one pathogen group or clonal lineage of P. infestans in 

nature.  The first case was S. andreanum, where both the EC-1 and US-1 lineages were 

isolated (Erselius et al., 1999) and the second was S. muricatum, where both the US-1 and EC-

2 isolates were identified (Adler et al., 2002; Adler et al., 2004).  Interestingly, all isolations from 

S. andreanum subsequent to the study mentioned above produced only EC-1 isolates, so the 

isolation of US-1 appears to be a rare event.  Similarly, although EC-2 isolates were found twice 

on S. muricatum, they were not found in subsequent studies, even in the same geographic 

area.  These cases may represent occasional opportunistic infection from other hosts, however, 

the case of S. muricatum is nonetheless significant because the two pathogen populations were 

of different mating type.  A common host for different mating types could increase the probability 

of sexual reproduction. 

The relatively clear situation for potato and tomato and the less clear situation for the 

other hosts mentioned here may reflect peculiarities, already highlighted, of disease systems 

that occur sporadically in nature, and in some cases on hosts that are found in a limited number 

of locations (e.g., S. ochranthum and S. andreanum).  In addition to host adaptation, the 

presence of a given pathogen genotype on a host may be due to availability of inoculum after 

periodic dry spells.  Even in a relatively ubiquitous cultivated host like potato, founder effects 

and other fitness characteristics may help preserve less aggressive isolates in a pathogen 

population (Lebreton et al., 1999). 
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Potential variation in the host may also influence the pathogen population structure in 

Ecuador.  Variability has been described among genotypes of S. ochranthum (Correll, 1962; 

Hawkes, 1990) and although we were not able to distinguish different genotypes in our 

collection, this possibility cannot be ruled out.  However, as noted, two pathogen groups (A and 

C) were sequentially isolated in different years from the same plants growing in Cutuglahua 

near the CIP station (Table 1).  Thus, in this case the host genotype did not appear to be a 

determining factor in the presence of any particular group, at least for groups A and C.  

This study showed that S. ochranthum can be infected by EC-1 isolates from potato and 

to a lesser extent by US-1 isolates from tomato and S. muricatum.  Thus, in nature this species 

might be a potential reservoir of inoculum of different lineages able to infect these cultivated 

crops.  S. ochranthum as a perennial is available as an alternative host of P. infestans at any 

time of the year.  The tendency of this species to grow close to sources of water makes it an 

ideal refuge for the pathogen during dry spells.  Even during a drought period when disease 

pressure is low, conditions inside the lush vines may be suitable for the pathogen to survive for 

extended periods. 

The potential use of S. ochranthum as a source of resistance to P. infestans should be 

considered with caution until more isolates are screened and the host-pathogen interactions 

between P. infestans and this host species are clarified.  Typical US-1 isolates, representing the 

primary pathogen lineage of tomato in Ecuador, were weakly pathogenic on S. ochranthum in 

our test.  The two US-1 like isolates that we found on this host may represent a specialized sub-

population of the lineage that had partially adapted to the host.  If S. ochranthum were used as 

a source of resistance, segregating progeny should be screened against an aggressive 

pathogen population.  The suggestion of Flier and Turkensteen (1999), that resistance 

screening should be done with several diverse pathogen genotypes, may be the best option for 

this pathosystem until more is known about pathogen diversity on S. ochranthum. 

Isolates representing the different groups are available from G. Forbes. 
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Abstract 
 

The aggressiveness of four Phytophthora infestans isolates collected from wild and 

cultivated potato species (sect. Petota) and the level of resistance of nine Petota species 

were assessed in the highland tropics of Ecuador.  For this, isolates of P. infestans were 

inoculated on whole plants of Petota species in the field and net house and six 

epidemiological components --infection frequency (IF), incubation period (IP), latent period 

(LP), lesion size (LS), lesion growth rate (LGR), and relative area under the lesion expansion 

curve (RAULEC)— were measured during a single infection cycle.  Additionally, host 

specificity was determined by testing for a significant host by pathogen interaction using the 

same components.  The results showed significant differences among isolates of the EC-1 

clonal lineage for IP, IF, and RAULEC. Significant differences among isolates were not found 

for the other components measured.  There were significant differences in resistance among 

the accessions of Petota hosts tested.  RAULEC, LGR, LP, and LS were in general more 

adequate in differentiating among the more resistant and more susceptible accessions but 

the importance of each component varied with host species.  There was slight and 

inconsistent evidence for the existence of host specificity in some isolates of Petota hosts.  

IP was the only component for which a significant host by isolate interaction was observed 

and in most cases the isolates had the greatest aggressiveness on their hosts of origin. 

 

 

Introduction 
 

Most research on host specificity of the oomycete Phytophthora infestans (Mont.) de 

Bary, the causal agent of late blight, has been done in the temperate zone in relation to two of 

its main economic relevant hosts, potato (Solanum tuberosum) and tomato (Solanum 

lycopersicum).  However, the pathogen is reported to infect more than 100 hosts, most of them 

in the Solanaceae family (Abad & Henfling, 1982; Patiño et al., 1999).  Recent studies carried 

out in the highlands of Ecuador (Adler et al., 2004) identified at least 17 different host species in 

Solanaceae, including commercial crops, tuber-bearing species, and other wild climbing plants 

and trees.  Potato, tomato, tree tomato (S. betaceum), pear melon (S. muricatum), and 

“naranjilla” (S. quitoense) are cultivated species.  The tuber-bearing hosts, which belong to 

section Petota of the genus Solanum (Hawkes, 1990), comprise the cultivated potato and its 

wild relatives.  Hosts grow in an altitude range between 1200 and 4000 m above sea level in a 

variety of environments and microclimates.  In the study by Adler et al. (2004), four different 

pathogen groups were identified, each one characterized by a particular multilocus genotype 
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and host range (Erselius et al., 1999; Adler et al., 2004).  Tuber-bearing hosts (Petota) are 

generally attacked in their natural habitats by the clonal lineage EC-1 (Adler et al., 2004), which 

has the EC-1 RFLP fingerprint (Forbes et al., 1997), a glucose-6-phospate isomerase (Gpi) 

banding pattern of 90/100, peptidase (Pep) 96/100, IIa mitochondrial DNA (mtDNA) haplotype 

and A1 mating type (Forbes et al., 1997; Erselius et al., 1999).  The only exception is Solanum 

andreanum, from which both EC-1 and US-1 pathogen genotypes were isolated.  US-1 isolates 

collected from S. andreanum have the US-1 RFLP fingerprint (Goodwin et al., 1994), Gpi 

86/100, Pep 92/100, Ib mtDNA haplotype, and A1 mating type (Erselius et al., 1999). 

Isolates with different multilocus genotypes have to be different per se, but isolates with 

identical multilocus genotypes are not necessarily the same.  Therefore, despite the apparent 

genetic similarity among P. infestans isolates collected on Petota hosts (hereafter referred to as 

Petota isolates), it remained unclear whether differences in aggressiveness and host adaptation 

might exist within this group.  Differential aggressiveness or fitness of individuals on a particular 

host species can be considered as an indicator of host specificity (Suassuna et al., 2004).  

Aggressiveness is defined as the overall ability of the pathogen to attack its host plant (Cooke & 

Deahl, 1998), whereas fitness is the contribution of a phenotype to the gene pool of the next 

generation (Antonovics & Alexander, 1989).  The predicted fitness of a pathogen can be 

estimated using single generation measurements of “fitness components” (Antonovics & 

Alexander, 1989), such as latent period or infection efficiency, which are associated with 

aggressiveness (Day & Shattock, 1997).  The terminology used in the decomposition of the 

disease process often depends on the point of view, as studies on the pathogen tend to refer to 

components or parameters of aggressiveness (Miller et al., 1998; Lebreton et al., 1999; Carlisle 

et al., 2002), while studies on the host tend to refer to components of resistance (Colon et al., 

1992; Colon et al., 1995a; Colon et al., 1995b).  To avoid this semantic issue we will refer to 

these as epidemiological components (Suassuna et al., 2004). 

Many attempts have been made to measure epidemiological components on whole 

plants and/or in detached-leaf assays (Spielman et al., 1992; Day & Shattock, 1997; Kato et al., 

1997; Miller et al., 1998; Oyarzun et al., 1998; Lebreton et al., 1999; Vega-Sánchez et al., 2000; 

Carlisle et al., 2002; Knapova & Gisi, 2002; Suassuna et al., 2004).  In these studies, isolates 

collected from potato or tomato were tested on potato and tomato cultivars.  Fewer studies on 

epidemiological components have involved isolates taken from wild Petota species (Garry et al., 

2001; Garry et al., 2005).  Some constraints to this type of work are the specialized adaptation 

of both host plants and the poor tuber set of some wild Petota species. 

Studies on genetic variation (estimated from phenotypic variation) for resistance in 

the host to P. infestans have been based on synoptic measures of resistance, such as the 

area under the disease progress curve (AUDPC) (Colon & Budding, 1988).  Measurement of 

specific epidemiological components in the assessment of resistance is more laborious but 
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provides a richer appraisal of resistance.  Information of the variation in epidemiological 

components can be used, for example, in sensitivity analysis with a metamodelling approach 

to determine the relative importance of particular components (Andrade-Piedra et al., 2005a). 

While there is evidence for host specificity of populations of P. infestans attacking 

various non tuber-bearing species in Solanum (Oyarzun et al., 1998; Vega-Sánchez et al., 

2000; Suassuna et al., 2004), there is little information on host specificity of the pathogen 

populations attacking Petota Solanum species.  We are aware of the work conducted in 

Central Mexico, where it was established that inoculum from wild potatoes growing at higher 

altitudes was the source of epidemics on the cultivated potato growing in the valley bottom 

(Grünwald et al., 2001; Flier et al., 2003) and that no host adaptation was found in the 

pathogen population using neutral markers (Grünwald et al., 2001) or metalaxyl resistance 

(Matuszak et al., 1991; Grünwald et al., 2001).  A second study by Garry et al. (2005) in Peru 

on various solanaceous species demonstrated that wild Petota species and the cultivated 

potato are attacked by the same lineage (EC-1) and that there is no evidence of host 

specificity in this pathogen group.  Host specificity was examined with a set of neutral 

markers and by comparing lesion growth of isolates from cultivated potatoes and a wild 

species on detached leaves of cultivated potatoes and three wild Peruvian Petota species.  

Apart of the study by Garry et al. (2005) pathogen populations attacking other Andean Petota 

species have not been evaluated for host specificity. 

The possibility that host-specific populations might exist among Petota isolates is 

important because many wild potato relatives have been used as sources of resistance to P. 

infestans in potato breeding programs (Tazelaar, 1981; van Soest et al., 1984; Colon & 

Budding, 1988).  If wild potatoes are crossed to the cultivated potato and each parental 

group has a different pathogen population, their progeny may segregate for a host-specificity 

factor such that some genotypes would be resistant to only one pathogen population.  In 

consequence, breeders might confuse the phenotypic expression of host specificity with that 

of quantitative resistance.  In addition to the use of wild potatoes as source of desirable 

characters in breeding, host specificity should be considered when selecting pathogen 

genotypes for resistance screening in segregating host populations. 

The first objective of this study was to determine if there are differences in 

aggressiveness among Petota isolates and in resistance among Petota hosts.  The approach 

was to inoculate Petota isolates on whole plants of Petota hosts in the field and the greenhouse 

and measure several epidemiological components in single generation experiments.  The null 

hypothesis was that there are no differences among Petota isolates for aggressiveness nor 

among Petota hosts for resistance.  Because resistance is evaluated by symptoms, we defined 

as a secondary objective the description of symptoms following a proposed standard 

methodology.  A final objective was to determine if there is any host specificity among Petota 
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isolates, which was determined by testing for a significant host by pathogen interaction using 

several epidemiological components.  The null hypothesis was that there is no host specificity 

among Petota isolates. 

 

 

Materials and methods 
 

Experiments were carried out between February and April, 2003, at the International 

Potato Center (CIP) located near Quito, Ecuador, at 3050 m above sea level, 0°22’12” S, and 

78°33’23” W.  There were three experiments: one in the field (referred to as field experiment) 

and two in a net house (net house 1 and net house 2).  The net house used was a greenhouse-

like structure with net (antiaphid) walls and a translucent roof, that showed to be appropriate for 

growing wild potatoes in previous studies. 

 

Plant material and growing conditions 

The tuber set of some wild species included in this study was reduced or absent under 

conditions at the CIP station.  For that reason, plants derived from true potato seed (TPS) 

collected in the field were used as replicates (pseudo-clones) of a given potato species.  These 

species are self-fertile and, hence, the chances of fertilization with an external source of pollen 

are minimal.  For this reason, we assumed TPS progeny to be highly homozygous. 

TPS of 7 wild potato species collected in Ecuador between 2001 and 2002 (Table 1) 

was treated with giberellic acid (500 ppm) for one night to stimulate germination and germinated 

in Petri dishes with moist filter paper.  Germinated seedlings were planted in a preformed peat 

moss substrate (Jiffy-7, Jiffy Products N.B. Ltd.) and then transplanted to plastic pots (20 cm 

diameter) filled with a pasteurized mixture of eight parts soil from earth-worm culture, eight parts 

of field soil, and one part of granular pumice.  Seed tubers from CIP’s seed stock were used for 

S. phureja and S. tuberosum (Table 1).  The seedlings were grown in a net house with a mean 

temperature of 13.3 °C (range 5.4 to 28.3 °C), mean relative humidity of 83.5 % (range 39.8 to 

99 %), and 12 h of natural light per day. 

For the field experiment, one week before planting and 103 days after seed germination, 

plants were taken out of the net house and exposed to ambient conditions to ensure adaptation 

to field conditions.  At planting, soil from earth-worm culture was spread in the rows and plants 

were transplanted with their soil mixture.  Distance between rows was 0.80 m and between 

plants 0.40 m.  No fertilizer was added.  The following day, the insecticide deltametrine (0.03 

a.i./L) was applied to protect the plants from thrips, which were present in surrounding potato
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Table 1.  Potato species and accessions used in field and net house experiments to test resistance to Phytophthora infestans and aggressiveness of four pathogen 

isolates 

 
Species Accession Collection site/Province Seed Field Net house 1 Net house 2 Abbreviation2 

Solanum andreanum 9SB Parque Nacional 
Sangay/Morona Santiago 

TPS1 X X X adr1 

 SACT071003 El Rosal/Bolívar TPS  X X adr2 

S. colombianum 6CCI Road between Gualaceo and 
Macas/Azuay 

TPS  X X col1 

 SACT071028 Papallacta/Napo TPS X X X col2 

 SACT071030 Papallacta/Napo TPS  X X col3 

S. minutifoliolum SACT071020 Runtún/Tungurahua TPS  X  min 

S. paucijugum SACT071021 Parque Nacional 
Cotopaxi/Cotopaxi 

TPS X X X pcj 

S. phureja ASO859 --3 Tubers X   phu 

S. regularifolium SACT071027 Río Angas/Cañar TPS  X X rgf 

S. solisii SACT071001 Calamaca/Tungurahua TPS  X  sol 

S. tuquerrense SACT071029 Papallacta/Napo TPS X X X tuq 

S. tuberosum Cultivar Yungay --3 Tubers X   tbr 

1True potato seed 
2 According to Huaman & Ross (1985) 
3 Seed tubers from CIP’s seed stock 

X: tested 
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fields.  For the net house experiments, plants remained in the same pots where they were 

growing and did not receive any fertilization. 

 

Phytophthora infestans isolates 

Four P. infestans isolates were collected in the highlands of Ecuador between 2001 and 

2002 on wild and cultivated potato species (Table 2).  Isolates were maintained on rye A 

medium (Caten & Jinks, 1968) with no antibiotics at 15°C in the dark.  All isolates belonged to 

the EC-1 clonal lineage (Adler et al., 2004).  Using the method described by Forbes et al. 

(1997), it was determined that the isolates were resistant (isolate TBR), intermediate (ADRI), or 

sensitive (PCJ and ADRII) to metalaxyl. 

Before the field and net house inoculations, the isolates were multiplied at least two 

times on leaflets of their original hosts.  Inoculated leaflets were incubated at 15 ± 2 °C with 14 h 

of fluorescent light per day.  Seven days after inoculation, sporangial suspensions were 

prepared by rinsing sporulating leaflets with distilled water and adjusting the concentration with 

a hemacytometer to 50.0 x 103 sporangia per ml.  In some cases, lower concentrations were 

obtained due to poor sporulation: for isolate ADRI, 29.0 x 103 sporangia per ml in the field 

experiment and 13.4 X 103 sporangia per ml in the net house 1 experiment; for ADRII, 11.6 x 

103 sporangia per ml in the field experiment and 14.3 x 103 sporangia per ml in the net house 2 

experiment; and for PCJ, 43.0 x 103 sporangia per ml in the net house 2 experiment. 

 

Inoculation and post-inoculation conditions 

Field experiment.  Plants were inoculated in the evening (20h00) approximately 110 

days after seed germination and 10 days after planting in the field.  Prior to inoculation, plants 

were thoroughly wetted with a hand sprayer.  Three fully-developed, randomly-selected leaves 

per plant were inoculated with 20-µl droplets on the abaxial side of the apical leaflet and the first 

pair of lateral leaflets, giving a total of nine inoculated sites per plant.  One drop was deposited 

on the center of each leaflet close to the main vein.  Only one isolate was inoculated onto a 

given plant.  After inoculation, the plants were covered with plastic containers, which were 

removed the following morning.  No overhead irrigation was used since weather conditions were 

highly conducive to late blight development.  Mean temperature was 13.9 °C (range 0 to 20 °C), 

mean relative humidity was 82.7 %, and the estimated accumulated rainfall during the 

experiment was 52 mm. 

Net house experiments.  On each plant, three (net house 1) or four (net house 2) fully-

developed leaves of the upper third of the plant were inoculated with 20-µl droplets on the
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Table 2.  Phytophthora infestans isolates used in field and net house experiments to test resistance of different tuber-bearing Solanum spp. and aggressiveness of 

four pathogen isolates 

 
Number1 Host of origin Collection site/Province Collection 

date 
Field Net house 1 Net house 2 Abbreviation 

EC-3382 Solanum tuberosum Road Nono to Quito/Pichincha June 2001 X X  TBR 

EC-3413 S. paucijugum Parque Nacional 
Cotopaxi/Cotopaxi 

July 2001 X  X PCJ 

EC-3528 S. andreanum Cochabamba/Bolívar April 2002 X X  ADRI 

EC-3534 S. andreanum Cochabamba/Bolívar April 2002 X  X ADRII 

1 P. infestans collection at CIP-Quito Experiment Station. 

X: tested 
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abaxial side of the first pair of lateral leaflets, giving a total of six (net house 1) or eight (net 

house 2) inoculated sites per plant.  On host min, a species with very hairy leaves, droplets did 

not remain attached to the abaxial surface; therefore, inoculation was made on the adaxial side 

of the leaflets.  For each leaflet, one drop was deposited on one side of the main vein.  Only one 

isolate was inoculated onto a given plant.  Before the inoculation, the group of potted plants 

were surrounded by plastic panels and sprayed with water to ensure appropriate conditions for 

infection.  Plants were inoculated at night and covered with a plastic sheet, which was removed 

the following morning.  The plastic panels remained in their position during the whole 

experiment.  Plant foliage was irrigated with an overhead sprinkler twice a day during two 

consecutive days after the inoculation. 

 

Assessment of epidemiological components 

The following epidemiological components were measured:  infection frequency (IF), 

incubation period (IP), latent period (LP), lesion size (LS), lesion growth rate (LGR), and relative 

area under the lesion expansion curve (RAULEC).  Selection of components was based on 

previous studies (Spielman et al., 1992; Day & Shattock, 1997; Miller et al., 1998; Lebreton et 

al., 1999; Carlisle et al., 2002; Suassuna et al., 2004).  Measurements were taken in the 

morning during a single disease cycle to reduce interference with external or internal sources of 

inoculum.  The disease cycle in the field was estimated to be 12 days because secondary 

lesions were observed on the 13th day.  In the net house experiments measurements were 

taken during 10 (net house 1) and 11 (net house 2) days after inoculation. 

Incubation period.  IP was defined as the mean period (days) elapsed from inoculation 

to the first appearance of symptoms on each inoculated site.  Observations were made by 

naked eye on the adaxial and abaxial side of the inoculated leaflets from the 4th to the 7th days 

after inoculation (dai) in the field; from the 2nd to the 10th dai in the net house 1 experiment; 

and from the 2nd to the 11th dai in the net house 2 experiment. 

Infection frequency.  IF was defined as the proportion of inoculated leaflets on which 

lesions developed (Spielman et al., 1992; Day & Shattock, 1997).  Observations were made by 

naked eye on the adaxial and abaxial side of the inoculated leaflets at the 6th dai. 

Lesion size and lesion growth rate.  Three individual, well-formed lesions were randomly 

selected from each plant in all experiments.  The length and the width (mm) of each of the 

selected lesions were measured daily on the adaxial side of the leaflets.  The length was 

considered as the longest measure and the width as the shortest one perpendicular to the 

length.  LS, measured as lesion area (mm2), was calculated as if lesions were elliptical (ellipse 

area [A] = 1/4π x length x width) (Colon et al., 1995a; Vleeshouwers et al., 1999).  The value of 

LS used for statistical analysis was that of the 8th dai (when at least one lesion had covered 
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100% of the leaflet area in the most susceptible host).  The ellipse area was used to calculate 

the mean half diameter of the lesion (≈radius [r], mm), as if lesions were circular ( π/Ar = ).  

Lesion radius was then used to estimate LGR (mm day--1) by linear regression over time (Colon 

et al., 1995a; Vleeshouwers et al., 1999).  LGR was calculated with measurements taken from 

the beginning of infection until the end of the evaluation period (12th dai for the field, 10th dai for 

net house 1, and 11th dai for net house 2) or until lesions had covered 100% of the leaflet area. 

Relative area under the lesion expansion curve.  The same three lesions selected to 

measure LS and LGR were used to calculate RAULEC according to equation 1 (Carlisle et al., 

2002)  

ndays
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where Ai is lesion area at the ith observation; t is time in days after inoculation at the ith 

observation; n is total number of observations; and ndays is total number of days until the most 

susceptible host in each experiment had lesions covering 100% of the leaflet area.  In the field 

experiment, the period considered to calculate RAULEC was from the 6th to the 10th dai 

(leaflets of host pcj covered 100% of the leaflet area on the 10th dai).  In the net house 

experiments, the period considered for RAULEC calculations was from the 4th to the 8th dai 

(leaflets of hosts sol, net house 1, and col1 and pcj, net house 2, covered 100 % of the leaflet 

area on the 8th dai). 

Latent period.  The same three lesions employed previously were used to calculate LP, 

which was estimated as the period (days) elapsed from inoculation until the appearance of 

sporangia on each inoculated site (Kato et al., 1997).  Presence of sporangia was determined 

by naked eye on the abaxial side of the leaflets.  Observations were made from the 4th to the 

11th dai in the field, from the 4th to the 10th in the net house 1 experiment, and from the 2nd to 

the 11th dai in the net house 2 experiment. 

 

Description of symptoms 

 On every evaluation day the following aspects were considered for each inoculated site: 

(i) presence or absence of initial necrosis and its relative size (from 1 to 4, where 1 

corresponded to tiny, isolated and almost imperceptible spots (the hypersensitive reaction, HR) 

and 4 to larger flecks up to 2 mm long); (ii) color (dark, brown, gray or light) and appearance 

(humid or dry) of necrosis in well developed lesions; (iii) presence or absence of a chlorotic halo; 

(iv) where did pathogen growth occur: on necrotic and/or green tissue, and (v) sporulation; 

evaluated by naked eye from 1 (poor sporulation) to 4 (abundant sporulation).  Any other 
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particular symptoms, such as dry and hard lesions, biotrophy (pathogen growth without 

necrosis), growth through veins, etc., were registered. 

 

Experimental design and data analysis 

Field experiment.  Six potato species (Table 1) were inoculated with four P. infestans 

isolates (Table 2).  Plants were transplanted in the field in blocks of 24 plants in a complete 

randomized block design with four replications.  Blocks were separated by 2 m of oats. 

Net house experiments.  Seven potato species (10 accessions in net house 1 

experiment and eight accessions in net house 2 experiment) (Table 1) were inoculated with four 

P. infestans isolates (Table 2).  Isolates TBR and ADRI were used in net house 1 experiment, 

and isolates PCJ and ADRII were used in net house 2 experiment (Table 2).  In each 

experiment the potted plants were distributed in blocks of 10 (net house 1) or eight plants (net 

house 2) in a complete randomized block design with two replications (one near the other). 

For field and net house experiments, the effects of block, host species, and isolate were 

tested for each epidemiological component with analysis of variance (ANOVA).  The 

experimental unit was one plant with either three, six, eight or nine inoculated sites, depending 

on the experiment and the component.  In the field experiment, IP and IF were assessed on 

nine inoculated sites per experimental unit, giving a total of 36 sites per treatment.  In the net 

house 1 experiment, the same components were evaluated on six sites per experimental unit 

(12 sites per treatment) and in the net house 2 experiment on eight sites (16 sites per 

treatment).  LS, LGR, RAULEC, and LP were measured on three lesions per experimental unit 

in all three experiments, giving a total of 12 lesions per treatment in the field experiment and six 

lesions per treatment in each of the net house experiments.  The inoculated sites were 

considered sub-samples and were averaged for further analysis.  The linear model used was: 

Yijk = µ + ρi + αj + βk + αβjk + εijk , where µ is the overall mean; ρi is the random effect of the i 

block; αj  is the fixed effect of the j th host species; βk is the fixed effect of the k th pathogen 

isolate; αβ jk is the effect of the interaction between the j th host and the k th isolate; and εijk is the 

random experimental error in the ijk th observation.  Both factors were considered as fixed 

because selection of host species and pathogen isolates was based on availability of plant 

material and adaptation of the hosts and the isolates to CIP’s field and net house conditions.  All 

host species and isolates selected were collected in places that resemble environmental 

conditions at CIP. 

Statistical analyses were carried out using SAS version 8.02 (Statistical Analysis 

System, SAS Institute Inc.).  Assumptions for ANOVA were tested and, if necessary, data were 

transformed to achieve normality and homogeneous variance.  Data from IF (net house 1) and 
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IP and RAULEC (net house 2) were square root transformed [ xy =  ], whereas data from IF 

(field) were transformed with the arcsin transformation [ )100/arcsin( xy = ].  Data from 

RAULEC (net house 1) and IF (net house 2) were logarithmically transformed [ )ln(xy = ].  If 

significant effects (P < 0.05) were detected for hosts and/or isolates, Tukey’s test (α = 0.05) was 

used to determine ranks among hosts and isolates.  In the net house experiments, in which only 

two isolates were compared at a time, isolates were compared with a t test (α = 0.05). 

To determine differences in aggressiveness among Petota isolates and resistance 

among Petota hosts data were not pooled for the ANOVAs and data of each experiment were 

analyzed independently.  To test the hypothesis of host specificity among Petota isolates, a 

subset of data was created from the field and net house 2 experiments (Table 3).  This data set 

included those hosts for which cross inoculations were available. 

 
Table 3.  Combinations of accessions of tuber-bearing Solanum species and isolates of Phytophthora 

infestans used to determine host specificity  

1In bold face: isolate tested on its original host species. 

 

 

Results 
 

Assessment of aggressiveness and resistance 

The interactions between hosts and isolates were not significant (P > 0.05, Table 4) 

for most components in the three experiments (field, net house 1 and net house 2).  

Therefore it was possible to analyze the effects of hosts and isolates as additive. 

 

Isolate adr1 adr2 pcj tbr
Field
ADRI X1 X X
ADRII X X X
PCJ X X X
TBR X X X
Net house 2
ADRII X X X
PCJ X X X

Host
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Host resistance 

Our study demonstrated clear differences in the level of host resistance of the 

accessions we studied (Table 4).  A host plant was considered more resistant than others when 

having either shorter IP, lower IF and LGR, smaller LS and RAULEC, or longer LP.  In this way, 

col2 and tuq tended to be among the most resistant hosts and had a resistance level more or 

less consistent in the three experiments with the different components and isolates tested.  

Hosts col1, sol, min and tbr were among the most susceptible, whereas the other hosts were 

intermediate (Table 5). 

 

 
Table 4.  Probability values of the analysis of variance of the epidemiological components of 

Phytophthora infestans inoculated on tuber-bearing Solanum species measured in field and in net house 

experiments 

1 IP= Incubation period (days); IF= Infection frequency (percentage); LS= Lesion size (mm2); LGR= Lesion 

growth rate (mm2/day); RAULEC= Relative area under the lesion expansion curve (adimensional); LP= 

Latent period (days). 
2DF: degrees of freedom. 
3 NA: not analyzed statistically. 

 

 

 LP could not be analyzed statistically in the net house experiments (Table 4).  Highly 

susceptible hosts such as min and sol sporulated in all cases, whereas fewer than 50% of the 

lesions of the resistant species adr1, adr2, col2, col3, and tuq sporulated.

Source DF2 IP IF LS LGR RAULEC LP
Field
Block 3 0.394 0.166 0.720 0.337 0.074 0.716
Host 5 <0.001 0.039 <0.001 <0.001 <0.001 <0.001
Isolate 3 <0.001 0.015 0.131 0.623 0.019 0.110
Host x isolate 15 0.068 0.123 0.187 0.276 0.106 0.232
Net house 1
Block 1 0.270 0.051 0.004 0.040 0.002 NA3

Host 9 0.001 0.006 <0.001 <0.001 <0.001
Isolate 1 0.011 0.002 0.548 0.277 0.266
Host x isolate 9 0.390 0.496 0.119 0.837 0.006
Net house 2
Block 1 0.110 0.148 0.401 0.914 0.427 NA
Host 7 0.018 0.132 <0.001 0.001 <0.001
Isolate 1 0.003 0.058 0.516 0.589 0.324
Host x isolate 7 0.577 0.412 0.173 0.052 0.036

Component1
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Table 5.  Epidemiological components of infection of Phytophthora infestans on tuber-bearing Solanum spp. averaged across host accession 
 

 Host IP IF LS LGR LP
Field 5

adr1 4.5 ± 0.42 c3 93.1 ± 10.4 ab 123.3 ± 40.9 b 1.4 ± 0.3 b 102.6 ± 27.1 b 8.9 ± 1.1 b
col2 4.8 ± 0.6 bc 90.3 ± 14.0 ab 66.9 ± 20.6 c 0.8 ± 0.2 c 55.6 ± 14.5 c 10.0 ± 1.0 a
pcj 5.7 ± 0.4 a 79.2 ± 20.2 b 126.9 ± 37.6 b 1.2 ± 0.2 b 97.3 ± 20.8 b 6.9 ± 0.7 d
phu 4.8 ± 0.5 bc 94.5 ± 13.2 a 77.1 ± 35.8 c 1.3 ± 0.2 b 64.7 ± 25.3 c 8.7 ± 0.6 bc
tuq 4.6 ± 0.4 c 91.0 ± 18.2 ab 73.3 ± 30.1 c 0.9 ± 0.2 c 61.6 ± 22.2 c 10.1 ± 0.8 a
tbr 5.1 ± 0.5 b 88.2 ± 17.9 ab 178.7 ± 36.5 a 1.8 ± 0.3 a 142.8 ± 22.7 a 7.9 ± 0.7 c
Net house 1 5

adr1 5.0 ± 0.4 abc 37.5 ± 21.0 ab 134.9 ± 93.4 cd 1.9 ± 0.7 c 29.0 ± 14.1 NA4

adr2 4.8 ± 0.7 abc 70.8 ± 21.0 a 109.0 ± 82.7 cde 1.9 ± 0.4 bc 25.1 ± 22.4
col1 5.5 ± 0.8 a 75.0 ± 28.9 a 564.4 ± 259.5 a 3.4 ± 0.3 a 137.9 ± 80.3
col2 4.9 ± 1.0 abc 58.3 ± 16.7 ab 12.4 ± 7.5 e 0.3 ± 0.3 d 3.3 ± 2.1
col3 3.6 ± 0.7 bc 75.0 ± 16.7 a 112.7 ± 52.2 cd 1.6 ± 0.2 dc 27.3 ± 13.3
min 5.6 ± 1.1 a 29.2 ± 28.5 b 119.6 ± 69.6 bc 3.6 ± 0.6 a 24.8 ± 3.7
pcj 3.9 ± 1.1 abc 83.3 ± 13.6 a 77.3 ± 20.9 cde 1.3 ± 0.6 dc 22.7 ± 9.2
rgf 3.3 ± 0.2 c 87.5 ± 8.3 a 93.7 ± 64.8 cde 1.4 ± 0.4 dc 25.4 ± 19.9
sol 5.2 ± 1.0 ab 66.7 ± 38.5 ab 386.5 ± 159.6 b 3.2 ± 0.9 ab 83.1 ± 38.6
tuq 3.7 ± 0.6 bc 58.3 ± 34.7 ab 49.5 ± 23.2 de 1.0 ± 0.3 dc 16.7 ± 7.7
Net house 2 5

adr1 5.0 ± 1.0 a 65.6 ± 21.4 a 45.5 ± 30.6 bc 1.1 ± 0.6 bc 11.9 ± 9.1 NA
adr2 4.4 ± 1.4 ab 84.4 ± 23.7 a 55.4 ± 23.3 bc 1.2 ± 0.4 bc 18.0 ± 6.5
col1 4.2 ± 0.7 ab 93.8 ± 12.5 a 414.4 ± 124.5 a 2.6 ± 0.5 a 103.7 ± 35.7
col2 3.1 ± 1.0 b 87.5 ± 10.2 a 10.2 ± 3.2 c 0.3 ± 0.2 c 4.2 ± 2.3
col3 3.4 ± 0.6 ab 90.6 ± 12.0 a 29.0 ± 28.4 bc 0.4 ± 0.5 bc 12.4 ± 11.3
pcj 4.2 ± 0.8 ab 81.3 ± 16.1 a 197.5 ± 180.5 ab 1.8 ± 1.3 ab 43.7 ± 42.5
rgf 3.4 ± 0.8 ab 93.8 ± 7.2 a 90.6 ± 58.2 bc 1.0 ± 0.4 bc 26.9 ± 12.9
tuq 3.1 ± 0.7 b 93.8 ± 12.5 a 38.9 ± 42.6 bc 0.8 ± 0.8 bc 10.8 ± 9.5

RAULEC
Component1

C
hapter 6 

Aggressiveness in the Phytophthora infestans/Petota system

124 



 

 125

Table 5.  Continued. 

 
1 IP= Incubation period (days); IF= Infection frequency (percentage); LS= Lesion size (mm2); LGR= Lesion growth rate (mm2/day); RAULEC= Relative area 

under the lesion expansion curve (adimensional); LP= Latent period (days). 
2 Mean ± standard deviation. 
3 Tukey's studentized range.  Means with the same letter are not significantly different at α=0.05. 
4 NA: not analyzed statistically. 
5 Number of observations to calculate the mean; field, n = 16, net house 4, n = 20; net house 2, n = 4. 
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In the case of RAULEC, where a significant interaction was observed in both net house 

experiments, host by isolate combinations were analyzed.  The interaction effect was not 

evident with all combinations and some insight into the resistance of the accessions could be 

derived from the data.  For example, host col2 was resistant in both net house experiments and 

with both isolates; while col1 was generally more susceptible.  Although col1 was relatively 

susceptible with all isolates, there appeared to be a strong isolate effect, but this was only 

significant in one experiment. 

 

Description of symptoms in Petota hosts 

The same host genotypes had different phenotypes in the field and net house, which 

probably affected symptom expression.  In the field, plants of tuq, adr1, pcj, and col2 were 

smaller (with a decumbent growth habit) and with smaller and narrower leaflets than net house 

plants.  In the field, leaf surfaces tended to be more hard, dry, and darker than in the net house. 

The lesions on the S. andreanum accessions we tested were characterized by dry 

necrosis with well defined borders and a green-yellow chlorotic halo; this halo was more obvious 

in the field than in the net house (Figure 1a).  The accessions of S. colombianum had different 

symptoms.  On col1, the first symptom of infection was a light chlorosis on the upper leaf 

surface.  Later, a light brown necrosis, that never darkened, appeared at the center of the 

lesion.  Infected leaflets became shriveled and soft.  On the other hand, col2 and col3 showed a 

clear HR with all isolates.  Col2 had lesions with dark and dried necrosis with well defined 

borders and with a light chlorotic halo, whereas col3 had only a brown necrosis.  The HR was 

also observed on the accessions of S. regularifolium and S. tuquerrense; lesions developed 

later into dry necrotic tissue surrounded by a narrow chlorotic halo (Figure 1b).  Lesions of S. 

paucijugum, S. phureja, and S. tuberosum accessions consisted of dark necrotic tissue 

surrounded by well defined chlorotic halos (Figure 1c); in the net house these halos were almost 

absent.  S. minutifoliolum had a marked tendency toward a “systemic” type of infection:  

necrosis advanced through the main veins of the leaflets and new lesions appeared distantly 

from the original inoculation site (Figure 1d).  Symptoms on S. solisii were mild and could pass 

unnoticed at the beginning:  an extremely mild chlorosis appeared on the upper surface of the 

leaflet and the infected leaflet became soft.  Subsequently, a very light necrosis appeared at the 

center of the chlorosis.  Lesions grew very fast and infections propagated rapidly to other leaves 

and stems.  Sporulation appeared early and was abundant. 
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Figure 1.  Symptoms developed by some accessions of Solanum spp. in the  field and net house 

experiments upon inoculation with an isolate of Phytophthora infestans collected from Solanum 

andreanum (ADRI).  a, host Solanum andreanum in the net house; lesion with dried necrosis and a 

reduced chlorotic halo.  b, S. regularifolium in the net house; dark necrosis with reduced chlorosis.  c, S. 

paucijugum in the field; lesions had a dark necrosis with a well defined chlorotic halo.  d, S. minutifoliolum 

in the net house; a “systemic” infection, where dark necrosis advanced through the main leaflet veins. 

 

Pathogen aggressiveness 

We found clear evidence for differences among Petota isolates for aggressiveness on 

the hosts we tested.  An isolate was considered more aggressive than another when having 

higher values of IF, LGR, LS, and RAULEC, and smaller values of IP and LP.  Significant 

differences among isolates were detected in all three experiments for IP, IF, and RAULEC but 

not for LS, LGR, and LP (Table 4).  Data from the net house experiments could not be analyzed 

statistically for LP (Table 4) since many lesions did not sporulate on certain hosts even by the 

11th dai.  Based on the significant components, isolate ADRI was consistently most aggressive 

(Table 6).  The least aggressive isolate was ADRII, with PCJ and TBR being intermediate 

(Table 6). 
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Table 6.  Epidemiological components of infection of Phytophthora infestans on tuber-bearing Solanum spp. averaged across pathogen isolate 

1 IP= Incubation period (days); IF= Infection frequency (percentage); LS= Lesion size (mm2); LGR= Lesion growth rate (mm2/day); RAULEC= Relative area 

under the lesion expansion curve (adimensional); LP= Latent period (days). 
2 Mean ± standard deviation. 
3 Tukey's studentized range.  Means with the same letter are not significantly different at α=0.05. 
4 t-test.  Means with the same letter are not significantly different at α=0.05. 
5 NA: not analyzed statistically. 
6 Number of observations to calculate the mean; field, n = 24, net house 1, n = 20; net house 2, n = 16. 

 

 

 

 

 Isolate IP IF LS LGR LP
Field 6

ADRI 4.7 ± 0.52 c3 93.5 ± 15.3 a 118.2 ± 43.5 a 1.3 ± 0.4 a 96.9 ± 32.1 a 8.5 ± 1.3 a
ADRII 5.2 ± 0.5 a 84.1 ± 14.5 b 97.2 ± 54.0 a 1.3 ± 0.5 a 79.0 ± 40.2 b 8.7 ± 1.4 a
PCJ 4.7 ± 0.6 bc 94.0 ± 11.3 a 112.3 ± 55.1 a 1.2 ± 0.4 a 90.0 ± 36.4 ab 9.0 ± 1.4 a
TBR 5.0 ± 0.6 ab 85.9 ± 21.3 ab 103.0 ± 55.1 a 1.2 ± 0.3 a 83.8 ± 41.3 ab 8.9 ± 1.4 a
Net house 1 6

ADRI 4.2 ± 0.9 b4 76.7 ± 26.2 a 187.8 ± 219.3 a 1.9 ± 1.1 a 46.3 ± 53.9 NA5

TBR 4.9 ± 1.2 a 51.7 ± 24.7 b 160.2 ± 162.7 a 2.0 ± 1.2 a 32.7 ± 39.3
Net house 2 6

ADRII 4.3 ± 1.0 a 81.3 ± 18.8 a 112.9 ± 154.2 a 1.2 ± 0.7 a 30.6 ± 39.6 NA
PCJ 3.4 ± 0.9 b 91.4 ± 11.8 a 107.5 ± 147.7 a 1.1 ± 1.1 a 27.3 ± 33.6

RAULEC
Component1

C
hapter 6 
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Host specificity in isolates of P. infestans 

We found very little evidence for a clear and measurable tendency for isolates to be 

more aggressive on their host of origin in the analysis of the reduced data set, in which all host 

by isolate combinations were tested.  Of all epidemiological components measured, including 

the synoptic measure of RAULEC, only one, IP, was significant (P = 0.013) for the host x isolate 

interaction in the field experiment.  The interaction was nearly significant for IF (P = 0.059) and 

for LP (P = 0.078) in the field experiment and for LGR and RAULEC (P = 0.080 in both cases) in 

the net house 2 experiment.  Based on IP, there was some evidence for host specificity, as 

ADRI, ADRII and TBR all had the smallest value when inoculated on their original host species 

(Figure 2).  This pattern was not at all true with PCJ, where the longest IP occurred on the host 

pcj (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.  Mean IP measured in the field experiment to measure host specificity.  Four isolates of 

Phytophthora infestans isolated from Solanum andreanum (ADRI and ADRII), S. paucijugum (PCJ) and 

S. tuberosum (TBR) were inoculated on three potato species: S. andreanum (adr1), S. paucijugum (pcj) 

and S. tuberosum (tbr) .  Different letters show significant differences among isolates (α=0.05) according 

to Tukey’s test 

 

 

Discussion 
 

This study provided evidence that (i) there were differences in aggressiveness among 

isolates of the EC-1 clonal lineage of P. infestans we tested; (ii) there were differences in 

resistance among the accessions of Petota hosts we tested; and (iii) there was slight and 
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inconsistent evidence for host specificity among Petota isolates.  Since host species and 

pathogen isolates were considered as fixed factors in the analysis of variance, extrapolation to 

other host and pathogen populations should be done with care. 

The fact that we found differences in aggressiveness among the isolates of EC-1 tested 

is consistent with other studies on populations of P. infestans.  Differences in aggressiveness 

among isolates within lineages have been reported in Europe (Day & Shattock, 1997; Flier & 

Turkensteen, 1999; Lebreton et al., 1999; Carlisle et al., 2002), USA (Kato et al., 1997; Miller et 

al., 1998), and South America (Suassuna et al., 2004; Andrade-Piedra et al., 2005b). 

In our study we have measured six epidemiological components at a single infection 

cycle of approximately 12 days.  In this sense, we have only estimated the predicted fitness 

(Antonovics & Alexander, 1989) of a group of isolates.  If the components of aggressiveness 

were combined over many infection cycles even larger differences among isolates may have 

appeared (Miller et al., 1998).  Predicted fitness of an isolate is only a rough approximation to its 

realized fitness (Antonovics & Alexander, 1989), since many other factors that interact under 

field conditions, such as temperature, relative humidity, U.V. radiation or aluminium 

concentration, may have an effect on isolate performance and determine its real survival ability.  

Lebreton et al. (1999), for example, found that some non-aggressive isolates from potato 

seem to stay in the population as a result of differences in survival abilities.  Differences 

among isolates for some types of fitness qualities are probably less important in the highland 

tropics, where the pathogen population does not undergo periodic bottlenecks due to dramatic 

changes in climatic conditions or absence of hosts.  In this region, inoculum pressure is more or 

less constant year-round and several solanaceous plants (other than potato and tomato) may 

act as alternate hosts. 

Some epidemiological components were more adequate to detect differences in 

aggressiveness among isolates.  IP, IF, and RAULEC showed significant differences, whereas 

LS, LGR, and LP did not.  RAULEC and IP were the only components where a significant host x 

isolate interaction was observed.  LP was difficult to measure in the field; on some species, 

such as pcj, sporulation was very difficult to observe by naked eye, since sporangia were 

frequently dispersed or “hidden” in shriveled leaflets. 

The relative importance of each component in detecting differences among isolates 

varied in previous studies.  In most of them (Spielman et al., 1992; Miller et al., 1998; Lebreton 

et al., 1999; Carlisle et al., 2002; Suassuna et al., 2004) sporulation intensity (SI) or sporulation 

capacity was one of the best components to detect such differences, but unfortunately we did 

not measure it.  Miller et al. (1998) found that LS, LP, SI, and especially RAULEC, gave 

consistent results when determining differences among isolates; IP was of little value.  For 

Lebreton et al. (1999), IF and SI were the most relevant components, whereas Carlisle et al. 

(2002) considered IF, RAULEC, LP, and SI adequate to detect differences.  According to 
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Suassuna et al. (2004), LGR was the best component to measure aggressiveness.  In contrast 

to our work, in the  studies cited above, components were only measured on S. tuberosum.  In 

addition, previous studies used detached leaflets or whole plants in growth chambers or the 

greenhouse, but never derived measurements from whole plants in the field, as was done in our 

experiment.  Therefore, it seems likely that the relative importance of each component in 

measuring differences in aggressiveness depends on the plant material and the environmental 

conditions of the experiment. 

In this paper we report the level of resistance of accessions of nine potato species 

based on epidemiological components.  Some information is available on components of 

resistance in wild potatoes in Mexico and South America (Niederhauser & Mills, 1953; Guzmán 

N., 1964; Nilsson, 1981; Colon et al., 1995a; Grünwald & Flier, 2005) but little information is 

available on wild species growing in Ecuador.  This information may be of utility for breeding 

programs when selecting wild germplasm as a source of resistance to the EC-1 lineage of P. 

infestans. 

The method used to describe symptoms upon inoculation was simple and sufficiently 

detailed to allow the description of a variety of reactions observed on wild potatoes species.  

This range of symptoms probably differs from the “classical” lesions observed on S. tuberosum 

cultivars.  We propose that this methodology could be the first step in the development of a 

standard procedure to evaluate symptoms caused by P. infestans.  Becktell et al. (2006) also 

used a simple method to qualitatively evaluate resistance to late blight of plant species other 

than potatoes.  Lesions produced by the pathogen were rated as expanding or nonexpanding, 

sporulating or nonsporulating, hypersensitive response, or no reaction.  However, the authors 

did not consider the degree of sporulation, chlorosis or the different types of necrosis. 

All epidemiological components we measured  detected significant differences in 

resistance among the Petota accessions.  However, not all components were equal in 

differentiating among the more resistant and more susceptible accessions.  The highest values 

of significance (P < 0.001) were observed for RAULEC, LGR, LP, and LS, but the importance of 

each component varied with species.  Colon et al. (1995) also found that the relative importance 

of individual components appeared to vary between wild potato species.  Other studies have 

demonstrated that LGR is highly correlated with resistance and is the best indicator of field 

resistance (Colon et al., 1992; van Oijen, 1992; Colon et al., 1995b). 

Resistant plants may have a shorter IP because they react faster to infection than 

susceptible ones, that is, they show symptoms earlier than susceptible plants.  This was also 

observed by others (Andrade-Piedra et al., 2005a), who worked with Peruvian potato 

cultivars.  One of the first symptoms observed on resistant plants is the HR on the inoculated 

site.  Recent studies indicate that all forms of genetic resistance to P. infestans in wild 

Solanum species and potato cultivars (with or without major genes) are associated with HR 
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(Kamoun et al., 1999; Vleeshouwers et al., 2000).  The level of resistance depends on how 

fast the HR is induced by the plant and how effective it is in stopping pathogen growth 

(Vleeshouwers et al., 2000).  A strong and rapid HR is induced by major (R) genes (Kamoun 

et al., 1999) and since it was observed macroscopically on col2, col3, rgf, and tuq, it is 

possible that the particular genotypes of these species may have R genes matching 

avirulence genes in the isolates we used.  The presence of major genes associated with high 

levels of resistance has been reported before for S. colombianum elsewhere (Chacón 

Acosta, 1995).  On the other hand, the reduced level of necrosis or almost absence of it in 

col1 and sol probably indicates an absence of major genes (at least for the isolates we used) 

and a low level of horizontal resistance.  To test this hypothesis, more accessions of these 

species need to be tested with simple and complex races of P. infestans. 

Individual host species may also respond differently under different experimental 

conditions (Vleeshouwers et al., 1999) and it is known that resistance is expressed more 

strongly in the field (Colon et al., 1992) than in the greenhouse.  For example, in the field adr1 

and pcj were very resistant for IF and IP, respectively, but highly susceptible in the net house 

experiments.  This variation can be the result of differences in temperature and light conditions 

that may have had an effect on leaf structure.  In the field, plants were smaller and had coarser 

leaves than in the net house.  Harder and thicker leaf surfaces may reduce the chance of 

infection and hence reduce the values of IF and IP. 

Host min had the lowest IF among all hosts tested in the net house experiment.  The 

initial high level of resistance to infection can be explained by the fact that the leaflets were 

inoculated on the adaxial rather than on the abaxial side and it is known that the upper surface 

is less easily infected than the lower (Lapwood, 1961).  In addition to this, the low IF might be 

due to the long and abundant trichomes on the leaf surface that repel inoculum drops and 

reduce the chances of infection.  Once the inoculum has reached the leaf surface and infection 

has been successful min is highly susceptible.  Host min was also characterized by what we 

called a “systemic” type of infection.  We do not know why the infection advances initially 

through the main leaflet veins but possibly it is caused by a reduced number of trichomes (and 

probably a reduced level of plant toxins) on these tissues than on the rest of the leaflet that 

allow the pathogen to advance more rapidly.  Another possibility is that the pathogen hyphae 

had grown into the xylem vessels in the veins, and because these vessels are formed by dead 

cells, the HR could have not served as a resistance mechanism in this tissue.  This 

phenomenon was observed by Vleeshouvers et al. (2000) in various Solanum clones, but 

cytological studies on the inoculation of S. minutifoliolum accessions with P. infestans are 

needed to confirm if this is the same case. 

Although we observed a range of aggressiveness within the EC-1 lineage, we did not 

find strong and consistent evidence to support the hypothesis of the existence of host 
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specificity or host adaptation between Petota isolates and Petota hosts in Ecuador. The only 

component for which we detected an interaction was IP, although with three of the four isolates 

used, the greatest aggressiveness occurred on their host of origin.  Therefore, we conclude that 

if host specificity exists in this system, the effect is probably too small to measure with a single-

generation evaluation.  However, multi-generation studies in the field or greenhouse are difficult 

without a fast and economical way of identifying pathogen genotypes.  Single-generation 

studies have been sufficient to measure host specificity in the potato – tomato system (Oyarzun 

et al., 1998).  Future efforts to measure host specificity within Petota isolates should also 

consider a larger number of isolates and hosts from each combination.  The S. andreanum 

pathosystem, for which we found a significant interaction with IP, might represent a good model 

to explore this phenomenon in greater detail.   

Our results on host specificity are generally consistent with the findings of Garry et al. 

(2001) who also found little evidence for host specificity among isolates that attack plants in the 

Petota section in Peru.  Based on our studies and those of Gary et al. (2001) breeders should 

be able to use Petota species as a source of traits (including resistance to P. infestans) for 

introgression into the cultivated potato without fearing that the resistance of the wild species 

might be effective only to strains adapted to the cultivated potato but not against strains adapted 

to the wild species.  Additionally, EC-1 isolates of any Petota origin would be appropriate to 

screen for resistance in segregating host populations in areas where this pathogen lineage is 

dominant. 

The measurement of epidemiological components, as well as the determination of host 

specificity, could be strongly influenced by some factors, such as the quality of inoculum.  In this 

study inoculum concentration was variable and some isolates did not reach the desired 

concentration of 50.0 x 103 sporangia per ml.  For example, isolates from S. andreanum (ADRI 

and ADRII) were characterized by scarce sporulation, even after inoculation on their original 

host.  The low spore concentration of ADRII in the field and net house experiments may have 

contributed to its reduced IF and longer IP.  The ADRI inoculum, however, had less than 50.0 x 

103 sporangia per ml in the field and net house 1 assays, and even though it was the most 

aggressive isolate, more aggressive than PCJ and TBR that did have the ideal concentration.  

Therefore, we cannot conclude that the different inocula concentrations had an effect on the 

observed aggressiveness.  A second factor that may have influenced the results of the 

experiments are the environmental conditions during inoculation and incubation.  This was 

especially important in the case of the field experiment, where unpredictable weather conditions 

may have inhibited disease development.  In our field assay, however, weather conditions were 

highly conducive to disease and epidemics developed favourably (Figure 3).  In the net house 

experiments, on the other hand, the environment was not as favourable as in the field (Figure 

3).  This was reflected by a shorter IP, a lower IF, and smaller LS and RAULEC in the net house 
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than in the field, and by the fact that sporulation was reduced.  A third factor that may have 

inhibited the assessment of components is the risk of contamination with undesirable sources of 

inoculum.  To reduce this risk, we inoculated the plants with single drops that were placed with a 

micropipette on defined places on marked leaflets.  In addition to this, we took measurements 

during a single disease cycle to avoid the interference of secondary lesions. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.  Mean disease curves for lesion size (LS) in mm2 in the field and net house 1 experiments for 

the host species Solanum andreanum (adr1) inoculated with Phytophthora infestans isolated from S. 

andreanum (ADRI) and host S. colombianum (col2) inoculated with P. infestans isolated from S. 

tuberosum (TBR).  This is an example to illustrate that disease development was more favorable in the 

field than in the net house experiment 

 

 

 The results of this study shed some light on the complex interaction between wild 

potatoes and the EC-1 lineage of P. infestans.  The apparent absence of host specificity in 

this group should facilitate the use of these host species as sources of resistance. 
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The late blight pathogen, Phytophthora infestans (Mont.) de Bary, attacks several plant 

species of Solanaceae, including important crops such as potato (Solanum tuberosum) and 

tomato (S. lycopersicum).  In Ecuador, specific populations of P. infestans have been found in 

association with both wild and cultivated species (Forbes et al., 1997; Oyarzun et al., 1998; 

Erselius et al., 1999; Ordoñez et al., 2000).  It is not clear however, whether the pathogen 

populations that attack wild potato species differ from those attacking the cultivated potato.  This 

information is important because wild potatoes are used as sources of resistance to the 

pathogen in breeding programs.  Progeny of crosses between a wild potato species and 

cultivated potato might segregate for a host-specificity factor, which could confound the 

selection of resistance.  Progeny would appear resistant against the “potato” population of P. 

infestans, but could be susceptible to the wild type of the pathogen.  The original objective of 

this research project was to determine whether wild Solanum species found in Ecuador (tuber 

bearing and non-tuber bearing species) are attacked by the same pathogen population as 

cultivated potato or by different host-specific populations.  If any host-specificity was found, an 

additional objective was to learn about the heritability of host specificity in the Petota/P. 

infestans pathosystem and the possible selection of pathogen genotypes.  During the research 

process we realized that the complexity of P. infestans in Ecuador was larger than expected and 

hence more emphasis was given to the characterization of the pathogen itself.  Later on, we did 

not find enough evidence to support the existence of host specificity among the pathogen 

populations attacking section Petota, and hence the additional objective of characterizing the 

heritability of this trait was not accomplished.  Preliminary results of the project suggested that 

one or more of the pathogen sub populations we were studying might belong to Phytophthora 

species that have not been formally described.  Nonetheless, we considered these population to 

be part of Phytophthora infestans sensu lato because no other pathogen species 

accommodates it better.  The project took advantage of the geographical location of Ecuador in 

the heart of the Andes as a center of diversity of the host and pathogen. 

 

Host range and host specificity of Phytophthora infestans sensu lato in Ecuador  

 

 As a result of the collection trips made in the highlands of Ecuador during the time span 

of this project, the number of plant species that are hosts of P. infestans sensu lato in nature 

was increased to at least 20.  The exact number is not known because some species, 

particularly in the section Anarrhichomenum are poorly described.  Most of the  hosts were 

reported previously (Erselius et al., 1999) but nine taxa (Solanum quitoense, Brugmansia 

sanguinea, S. hispidum, S. tuquerrense, S. minutifoliolum, S. regularifolium, S. solisii, and 

“tomatillo”, which is an unidentified species in Anarrhichomenum) were found to be  new hosts.  
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Overall, five hosts of P. infestans sensu lato are cultivated and represent an important source of 

income for the farmers involved in their cultivation and commercialization.  These crops are 

potato (S. tuberosum and S. phureja), tomato (S. lycopersicum), tree tomato (S. betaceum), 

pear melon (S. muricatum), and naranjilla (S. quitoense).  Field observations indicated that late 

blight can be a devastating disease on the first four hosts, but in naranjilla other pathogens, as 

for example nematodes, are probably more important.  Interestingly, we have heard reports that 

late blight can be an important disease of naranjilla in Colombia.  On most of the wild hosts, 

disease was sporadic and only rarely killed the plants.  Hosts are divided in two large groups: 

tuber-bearing species, which are grouped in the section Petota of the genus Solanum (Hawkes, 

1990), and non-tuber bearing species.  All hosts, with the exception of B. sanguinea and 

Salpichroa sp., belong to Solanum.  Inside this genus, host species were distributed in various 

taxonomic sections, including Lycopersicon, Juglandifolia, Basarthrum, Petota, 

Anarrhichomenum, Torva, Pachyphylla, and Lasiocarpa. 

The search for new hosts was sometimes challenging, since it had to combine the 

correct time of the year to locate wild solanaceas in the wild vegetation (for example wild 

potatoes are more easy to find when they are flowering) and appropriate weather for late blight 

development.  Once a host was found, an additional task was the accurate taxonomic 

identification of the plant species.  In some occasions this was difficult because of the lack of 

expertise in Solanaceae identification in Ecuador.  Some hosts were relatively rare, as for 

example S. ochranthum and the wild potatoes S. regularifolium and S. solisii, which have a 

restricted geographic distribution.  In general, the natural habitat of many wild solanaceas, 

especially wild potatoes, is being altered by human activities and year by year they are more 

difficult to find.  Other hosts were more or less common but were rarely infected by late blight (or 

probably disease was overlooked by collectors).  This was the case of B. sanguinea, 

Salpichroa, and S. radicans, which are relatively common species in the highlands of Ecuador.  

B. sanguinea is the only host in the country from which the pathogen has been isolated only 

from flower petals. 

The number of non-tuber bearing species identified as hosts of P. infestans sensu lato 

was uncertain because of the problems related to host identification.  Some hosts could not be 

readily identified, especially those belonging to section Anarrhichomenum.  This section 

includes a series of viny plants with extremely plastic phenotypes, which look very similar even 

for a person with experience in Solanaceae identification.  Previous studies (Ordoñez et al., 

2000) on isolates similar to P. infestans collected from this section mentioned two host species: 

S. brevifolium and S. tetrapetalum.  Now we think that at least two species are involved:  S. 

brevifolium, which is easy to recognize, and S. sodiroi, which might be the scientific name for 

the vine with red edible berries known locally as “tomatillo” (Lynn Bohs, personal 

communication).  S. sodiroi, S. tetrapetalum, and S. carchiense are three taxa from 
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Anarrhichomenum that are similar morphologically and closely related; however, a detailed 

taxonomic study established that they should be treated as a single species, S. sodiroi, whereas 

the other names should be considered as synonyms (Anderson et al., 1999).  Hence, we 

concluded that at least two species of section Anarrhichomenum are hosts of P. infestans sensu 

lato in Ecuador:  S. brevifolium and S. sodiroi.  Further collection and taxonomic evaluation is 

needed to clarify how many species in this section are hosts of the pathogen, and whether there 

may be pathogen differentiation based on host species. 

The highest number of host species was found in the areas of Baños (province of 

Tungurahua), Nono (Pichincha), and Papallacta (Napo).  Nono is located on the western slopes 

of the Ecuadorian Andes and Baños and Papallacta on the eastern side. Pathogens tend to 

follow the distribution of their hosts (Burdon, 1993); if the genetic diversity in the hosts is high, 

then the diversity in the pathogen attacking these hosts might also be high.  The eastern and 

western slopes of the Ecuadorian Andes are well known for their high degree of biological 

diversity, therefore, it is not surprising that in this study they were identified as hot spots for 

solanaceous species and for the pathogen itself, as mentioned below. 

Some hosts species are attacked in nature by more than one pathogen subgroup, but 

generally only one of these groups is highly aggressive on each host species.  Apparently, host 

specificity is playing a major role in determining host range.  For example, both potato and 

tomato can be infected by the US-1 and the EC-1 lineages, but US-1 is the primary lineage on 

tomato and EC-1 on potato.  Another example is S. andreanum, which can be attacked by both 

the US-1 and the EC-1 lineages, but EC-1 is the pathogen normally found on the species.  S. 

muricatum is an exception to the rule in that both US-1 and EC-2 can cause severe epidemics 

on the crop.  According to this, each host might have its primary and secondary pathogen 

group(s) or each pathogen subgroup can have its primary and secondary host(s).  The primary 

host is probably the species with which the pathogen subgroup is more commonly associated in 

nature, and may attack most aggressively.  These results are in line with previous studies made 

in Ecuador (Forbes et al., 1997; Oyarzun et al., 1998; Erselius et al., 1999).  The artificial 

inoculation of solanaceous plants with isolates of the different pathogen subgroups showed that 

their host range is potentially broader than that observed in nature.  The wider host range in 

laboratory studies may be due to disease-favorable conditions of the inoculation process which 

do not occur in nature.  Our study and previous studies (Oyarzun et al., 1998; Vega-Sánchez et 

al., 2000) established that host specificity is determined by quantitative differences in 

aggressiveness:  host adapted populations tend to produce faster growing lesions, and may 

have more abundant sporulation on their original hosts than on other alternative hosts. 

The characterization of P. infestans sensu lato isolates collected from Petota, as well as 

aggressiveness and pathogenicity tests demonstrated that in Ecuador both wild and cultivated 

potatoes are attacked by the same pathogen population, the EC-1 lineage.  Evidence that EC-1 
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attacks wild tuber bearing species complemented previous studies (Forbes et al., 1997; 

Oyarzun et al., 1998) that mentioned that EC-1 is the dominant pathogen lineage on potato in 

the country and that it has replaced the US-1 lineage or “old” population.  Although a range of 

aggressiveness was observed within the EC-1 lineage, we did not find clear evidence to support 

the hypothesis of existence host specificity within P. infestans collected from Petota hosts in 

Ecuador.  A significant interaction between host and pathogen was only observed for incubation 

period where most of the isolates studied had the greatest aggressiveness on their hosts of 

origin.  A study in carried out in Peru found also little evidence for host specificity in the 

Petota/P. infestans system (Garry et al., 2005).  Based on these results, breeders should be 

able to introgress resistance of wild potatoes to P. infestans without the risk of introducing a host 

specificity factor that would segregate and confound selection for resistance.  Additionally, any 

EC-1 isolate from potato (wild or cultivated) would be suitable to screen breeding materials in 

areas where EC-1 is the dominant lineage. 

The fact that some hosts are attacked or have the potential to be attacked in nature by 

more than one pathogen group, may have consequences for the epidemiology of the disease.  

First, alternative hosts might serve as inoculum reservoirs in the absence of the main host.  

Many of these hosts grow year-round and may harbor the pathogen during the period when the 

main hosts are absent after being harvested (as in some cultivated crops), or killed by 

unfavorable weather, etc. Second, gene flow between pathogen groups might be promoted.  

Although this may occur asexually, the presence of both mating types on certain hosts (i.e. S. 

muricatum, S. hispidum, and section Anarrhichomenum) increases the potential of sexual 

reproduction.  Our results and the results of other authors (Ordoñez et al., 2000; Oliva et al., 

2002) suggested, however, that there is no evidence that sexual reproduction is taking place in 

Ecuador and that in general, host specificity is still a driving force for maintaining genetic 

isolation between pathogen groups. 

Another important result of the study was that the different pathogen subgroups forming 

the P. infestans sensu lato population in Ecuador tend to attack plant species that are 

taxonomically related.  This was observed in the inoculation assays in the case of potato 

isolates of the EC-1 lineage, which were more compatible with hosts species taxonomically 

related to potato and less compatible or incompatible with more genetically distant species, 

such as S. betaceum (sect. Pachyphylla) or S. quitoense (sect. Lasiocarpa).  The cluster 

analysis generated upon the characterization of a set of isolates with SSR markers also showed 

the close association of isolates of P. infestans and the putative P. andina with certain plants 

sections of Solanum.  This point is discussed in more detail in the next section. 

The close association between P. infestans sensu lato and its hosts plants brings into 

consideration the way collections should be made in the field.  In general, greater emphasis has 

been given to the pathogen itself, whereas host plants have frequently been given a lower 
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priority.  Our study suggested that the pathosystem, that is both host and pathogen, should be 

collected as a whole.  As mentioned before, it is important to accurately identify the host plant to 

species or at least to the genus level.  Moreover, DNA should be extracted from leaf samples to 

allow phylogeny construction for further analysis.  As seen, it is desirable to compare both 

pathogen and host phylogenies to identify potential patterns of similarity. 

 

Population structure and genetic diversity of P. infestans sensu lato in Ecuador 

 

The characterization of P. infestans sensu lato isolates with conventional phenotypic 

and genotypic markers (mating type, metalaxyl resistance, Gpi, Pep, mtDNA haplotype, and 

RFLPs) demonstrated that the genetic structure of the pathogen population in Ecuador is more 

complex than thought before.  The previous description of four clonal lineages (US-1, EC-1, EC-

2, and EC-3) is not longer adequate for all pathogen genotypes found.  Our results confirmed 

the existence of EC-1, US-1, and EC-3, which appear to be clonal lineages.  EC-2 was originally 

described as an A2 clonal lineage attacking S. brevifolium and S. tetrapetalum (Ordoñez et al., 

2000) but subsequently A1 genotypes with a different mitochondria haplotype were discovered 

attacking similar plants in the Anarrhichomenum group.  Since the presence of both mating 

types in EC-2 contradicts the definition of a clonal lineage, these pathogens have been referred 

to as the Anarrhichomenum group in reference to the plant section that these pathogens attack.  

As mentioned before, the number and identity of the host species of section Anarrhichomenum 

infected by this pathogen group remains undetermined, although at least two species, S. 

brevifolium and S. sodiroi are involved.  The multilocus genotypes of isolates of the EC-3 and 

the Anarrhichomenum group indicated that they are genetically distinct from any P. infestans 

genotype reported previously.  In the Anarrhichomenum group two subgroups were 

distinguished.  One subgroup is A2 mating type, 100/100 for Gpi, 76/100 for Pep, Ic mtDNA 

haplotype and has the EC-2.1 RFLP fingerprint.  This group is similar to that reported previously 

as EC-2 (Ordoñez et al., 2000).  A second subgroup is A1 mating type, Ia haplotype, and has a 

EC-2 fingerprint.  It is not known if some of the Anarrhichomenum genotypes are limited to a 

particular host species and therefore represent another host adapted clonal lineage.  In addition 

to the four pathogen groups mentioned above, some isolates collected from certain hosts such 

as S. quitoense, S. betaceum, and S. hispidum did not fit in any of the groups described above.  

Isolates from S. hispidum are unique in that they are A2 mating type and have the Ic mtDNA 

haplotype, but are 86/100 for Gpi (instead of 100/100 as other A2 isolates).  The pathogen 

group isolated from B. sanguinea flowers, has a distinctive multilocus genotype (A1 mating type, 

Gpi 100/100, Pep 76/100, Ia mtDNA haplotype, and EC-2 RFLP fingerprint), only equivalent to a 

pathogen subgroup found in Anarrhichomenum (see Table 1, Chapter 4). 
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 The characterization of isolates with four SSR markers showed that two main pathogen 

subgroups can be distinguished among the P. infestans sensu lato population in Ecuador.  The 

first subgroup, clustered isolates of the A1 mating type that fit the description of P. infestans 

collected from potato or tomato elsewhere.  The EC-1 and US-1 clonal lineages formed part of 

this subgroup.  The second subgroup included the EC-3 lineage, the pathogens infecting 

section Anarrhichomenum, the “strange” isolates collected from B. sanguinea, S. hispidum, and 

S. quitoense, and all A2 isolates.  This subgroup would correspond to a Phytophthora species 

closely related to P. infestans that has been tentatively referred to as P. andina by some authors 

(Kroon et al., 2004).  This subgroup appears to be much more diverse than the group 

corresponding to typical P. infestans.  Most isolates collected from trees or small trees (S. 

hispidum, B. sanguinea, S. betaceum, and S. quitoense) in Ecuador fell in the putative P. 

andina group.  This pathogen group and its host plants require further study.  The eventual 

description of the EC-3 and the Anarrhichomenum groups as a new species should be 

supported by genetic analysis, especially quantitative assessment of gene flow.  This type of 

analysis was used to demonstrate that P. infestans and P. mirabilis are different species 

(Goodwin et al., 1999). 

The SSR markers uncovered high genetic diversity of P. infestans sensu lato, which was 

not detected before with conventional markers, such as isoezymes, RFLPs, and mtDNA.  The 

highest diversity was found in the pathogens attacking hosts in section Anarrhichomenum, S. 

quitoense, and S. betaceum.  Genetic diversity in the pathogen attacking the wild and cultivated 

potatoes (Petota) was limited, with the exception of isolates collected from S. andreanum.  The 

high genetic diversity of some pathogen subgroups might be the result of host diversity.  

Probably the genetic background of the different S. quitoense and S. betaceum cultivars is 

much wider than previously thought and we are not aware of the existing variation.  In the case 

of section Anarrhichomenum, at least two species are involved, which probably explains the 

high diversity observed.  Petota, on the other hand, is formed by many closely related species, 

that according to some taxonomists are almost the same.  In general, the genetic diversity of P. 

infestans sensu lato reported in Ecuador is extremely high, although the diversity is among 

pathogen groups and not among species within groups.  This contrasts with the highly diverse 

populations observed in populations that reproduce sexually, such as in Mexico and the 

Netherlands (Flier et al., 2003).  The diversity found in Ecuador is greater than that reported in 

other Andean countries.  We assume that such diversity exists in other countries but has not 

been described yet. 

The SSR characterization also indicated that the two pathogen species tended to 

associate with taxonomically related hosts.  P. infestans was mostly associated with section 

Petota and other sections closely related to it, including Juglandifolia, Lycopersicon, and 

Basarthrum.  P. andina was mostly associated with host species genetically distant to potato, 
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including those in sections Anarrhichomenum, Pachyphylla, and Torva.  However, there were 

cases where the pathogen species were associated with plant species that are not their primary 

hosts, as for example some isolates of P. andina infecting Basarthrum or P. infestans isolates 

infecting hosts of section Anarrhichomenum.  Section Lasiocarpa was also infected by the two 

putative pathogen species.  The close association observed between hosts and pathogens 

suggest a coevolutionary process between them.  A more detailed study on this topic showed 

that both pathogen and host phylogenies were generally congruent (Oliva et al., 2006), which is 

consistent with a model of host-tracking coevolution (Roy, 2001) with some cases of host 

jumping.  According to this model, the pathogen overcomes host defenses of a given species, 

then diverges and attacks other related hosts.  This might have occurred with an ancestral 

Phytophthora that speciated into P. infestans and P. andina.  Host jumps refers to the “jump” of 

the pathogen to geographically available hosts, not necessarily those that are more closely 

related (Roy, 2001).  This could be the case of P. andina isolates found on S. muricatum or P. 

infestans isolates collected from Anarrhichomenum species.  The association of Phytophthora 

species with certain hosts seems to be a general tendency in the genus.  A molecular 

phylogeny of Phytophthora demonstrated that the evolution of several clades in the genus 

appears to be associated with host specialization (Cooke et al., 2000). 

The A2 mating type was found on both wild and cultivated hosts in Ecuador.  It is always 

associated with the Ic mtDNA haplotype and the EC-2.1 RFLP fingerprint.  It has been isolated 

from section Anarrhichomenum, S. hispidum, and S. muricatum.  Our results confirmed 

previous studies (Forbes et al., 1997; Oyarzun et al., 1998) that this mating type is not found on 

potato or tomato.  Nonetheless, in the set of isolates analyzed there were two A2 isolates 

collected from S. phureja and S. tuberosum, but these probably represented weak pathogens 

infecting alternative hosts.  S. brevifolium, which grows in the wild vegetation near potato fields, 

may have been the source of inoculum.  The presence of the A2 mating type increases the risk 

that sexual reproduction might take place.  This is especially important in the cultivated crop S. 

muricatum, where both A1 and A2 pathogen populations were observed causing severe 

epidemics.  Crosses made between A1 isolates from US-1, EC-1, and EC-3 and A2 isolates 

from Anarrhichomenum and S. muricatum demonstrated that the offspring (oospores) had 

reduced viability and low pathogenicity (Oliva et al., 2002).  Therefore, for the moment it 

appears that sexuality does not play an important role in the population of P. infestans sensu 

lato in Ecuador.  It is not known whether other mechanisms such as somatic hybridization and 

parasexuality are compensating for the lack of sexual reproduction (Burdon, 1993). 

P. infestans sensu lato appears to be sensitive or of intermediate resistance to the 

fungicide metalaxyl.  Resistance, as expected, was mostly detected in isolates collected from 

cultivated host species.  It was more frequent in isolates from potato, tomato, and tree tomato 
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but rare or almost absent in isolates collected from wild hosts.  The presence of resistance 

apparently resulted from the repeated exposure of the pathogen populations to the product. 

This study showed some evidence of geographic substructuring among P. infestans 

sensu lato population in Ecuador.  This was identified in the P. andina pathogen populations 

attacking S. betaceum (EC-3) and host species of section Anarrhichomenum (EC-2), with 

subgroups established on the eastern and western slopes of the Andes.  The eastern group of 

the S. betaceum subpopulations was mostly distributed in the area of Baños (Tungurahua) , 

while the western group was found northwest of Quito around San José de Minas and 

Nanegalito.  The distribution of the Anarrhichomenum subgroups was more or less the same as 

that of the S. betaceum subgroups, with the difference that the western group was only of the 

A2 mating type and the eastern group was mostly A1.  Apparently, the geographic pattern 

observed is the result of geographic isolation, adaptation to certain climatic conditions, and host 

specificity.  Geographic distance between both regions is not considerable, but the main factor 

restricting gene flow is probably the presence of high altitudes.  In both cases, subpopulations 

had to pass the cordillera to migrate to the other region.  Mean rainfall and temperature are 

similar on the eastern and western slopes of the Andes, but extremely cold in the higher 

altitudes.  Sporangia of P. infestans are susceptible to solar radiation (Mizubuti et al., 2000) and 

this may also restrict aerial transport in the highlands.  Host specificity is especially important in 

the S. betaceum subgroups because the EC-3 lineage is only pathogenic on tree tomato in 

nature and hence the survival of the pathogens on other hosts during a migration event is highly 

improbable. 

The origin of the putative new species  P. andina is uncertain.  P. andina is closely 

related to P. infestans, P. mirabilis, P. ipomoeae, and P. phaseoli, all of which belong to clade 

1c of the Phytophthora phylogeny (Cooke et al., 2000; Kroon et al., 2004).  In this phylogeny, P. 

andina is placed intermediately between P. infestans and P. mirabilis.  Moreover, gene 

sequence patterns suggested that P. andina could be the result of interspecific hybridization 

event, where P. infestans would be one of the parental species (Kroon et al., 2004).  P. 

infestans, P. mirabilis, and P. ipomoeae are presumed to have originated in Mexico, where they 

probably arose  from a single ancestor via sympatric speciation (Goodwin et al., 1999; Flier et 

al., 2002).  P. andina has only been found in Ecuador, far away from the center of origin of the 

other three species.  The intermediate position of P. andina suggests that clade 1c should have 

migrated from Mexico to South America some time in the past (Kroon et al., 2004).  Since plant 

species of section Anarrhichomenum and other plant sections attacked by P. andina are 

distributed along the Andes, it is possible that this pathogen might is present in other countries.  

Further sampling in Ecuador and other South American locations is needed to answer the 

question on the real origin of the pathogen. 
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 It seems that the coexistence of both P. infestans and P. andina on solanaceous 

species in Ecuador has not led to hybridization between them.  One of the risks of such 

interspecific cross could be the generation of hybrids with a broader host range than either of 

the parental species or of hybrids that may find new hosts among the many solanaceous 

species growing in the Andes.  The apparent lack of interspecific hybridization can be explained 

by one or more of the following factors: host specificity, restricted gene flow, and limited 

reproductive success.  The first factor is fulfilled because the four pathogen groups detected in 

Ecuador are clearly host adapted populations and host specificity is particularly strong in the 

Anarrhichomenum and EC-3 groups (P. andina).  It seems that the second and third factors, 

restricted gene flow and reduced reproductive success, are also present.  The coexistence of 

both mating types in Ecuador in the same geographic region, even in the same home garden, 

has not led, apparently, to sexual recombination between pathogen groups.  Experimental 

crosses between A1 isolates from EC-1, US-1, and EC-3 and A2 isolates from 

Anarrhichomenum resulted in reduced mating success and a reduced pathogenic fitness of the 

progeny, suggesting the existence of a genetic barrier to sexual reproduction (Oliva et al., 

2002).  Apparently, host adaptation provides a pre-mating mechanism of reproductive isolation, 

while low viability and reduced pathogenic fitness of the progeny provide a post-mating 

mechanism of isolation (Oliva et al., 2002).  These three forces together might be sufficient to 

restrict sexual recombination and gene flow between P. infestans and P. andina in Ecuador. 

 

Future perspectives 

 
 It is important to evaluate the risk of gene flow and sexual reproduction between  P. 

infestans and P. andina, that is, determine whether hybrids can be obtained and if they are 

fertile.  Studies on this topic are under way. 

It is important to continue the search for new hosts and pathogen groups.  We have 

seen that as more collection trips are made, new hosts and pathogen types are identified.  It is 

difficult to establish if the pathogen groups have been there for a long time and have remained 

unnoticed or if they are the result of recent migrations.  In this process taxonomists with 

experience in the Solanaceae could play an important role. 

In further collections, both pathogen and host should to be collected together to study 

the system as a whole. 

The picture we see at this moment is probably a small piece of the complex puzzle that 

represents the interaction between P. infestans sensu lato and solanaceous species at the 

regional level.  It is highly improbable that the complexity found in Ecuador is exclusive to this 
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country.  It is important to develop joint projects to evaluate P. infestans/P. andina in other 

Andean regions, as for example in the neighbor countries of Colombia and Peru. 
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