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ABSTRACT 

The temporal and spatial population genetics of Phytophthora infestans, the causal 

agent of the potato and tomato late blight, was analyzed in a mixed potato and tomato 

production area in the Del Fuerte Valley, Sin., Mexico. Isolates of P. infestans were 

characterized by mating type, allozyme analysis at the glucose-6-phosphate isomerase 

(GPI) and peptidase (PEP) loci, restriction fragment length polymorphism (RFLP) with 

probe RG57, metalaxyl sensitivity, and aggressiveness to tomato and potato. Spatial 

patterns of P. infestans genotypes were analyzed using Geographical Information Systems 

(GIS) and Geostatistics during the seasons 1994-1995 to 1996-1997. 

A temporal analysis of the P. infestans genetic structure form 1990-1991 to 1996-

1997 suggests an asexual or clonal population with frequent introductions from outside 

the valley. In the period from 1990-1991 to 1994-1995, the A2 mating type was 

predominant in both tomato and potato crops, with a very low frequency of the A1 mating 

type occurring either on tomato or on potato. Conversely, by the 1995-1996 season the 

predominant mating type was the Al, with low frequency of the A2 on tomato. By 1996-

1997 only the Al mating type was found. This suggests sexual reproduction is unlikely to 

be occurring in this area. Genotype variation, based on mating type, allozymes, and RFLP 

was, in general, very low with one predominant genotype affecting both crops each year. 

These predominant genotypes were highly aggressive to both tomato and potato in an in 

vitro detached leaf aggressiveness test. Other genotypes found on either potato or tomato, 

but not on both hosts, were non-aggressive to either tomato or potato. Data on metalaxyl 
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sensitivity indicates that allozyme analysis can accurately discriminate between sensitive 

and resistant isolates. RFLP analysis showed that, in 19951996, there was greater diversity 

than could be determined by allozyme analysis alone. 

Spatial analysis of the genetic structure of P. infestans indicates that geographic 

substructuring of this pathogen does occur in this area. Maps displaying the probabilities 

of occurrence of mating types and genotypes of P. infestans, and of disease severity in a 

regional scale were obtained. Some genotypes, which exhibited differences in 

epidemiologically important features such as metalaxyl sensitivity and aggressiveness to 

tomato and potato, had a restricted spread and were localized in separated areas. Analysis 

of late blight severity demonstrates recurrent patterns such as the early onset of the disease 

in the area where both potato and tomato are growing, strengthening the hypothesis that 

infected potato tubers are the main source of primary inoculum. The information that 

geostatistics can provide together with the power of GIS and molecular biology 

techniques can help improve management programs for late blight in the Del Fuerte 

Valley. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

"After 150 years of scientific research and mountains of information on the cause 

of the Irish famine, the potato late blight disease caused by Phytophthora infestans 

(Mont.) de Bary, and ...How is this still a problem?" (a favorite anecdote of the 1992 

food prize award recipient Dr. John S. Niederhauser; Dr. Niederhauser received this 

award for his outstanding research on this disease problem). 

Indeed late blight, caused by the oomycete Phytophthora infestans (Mont.) de 

Bary (now classified in kingdom Stramenopila [Alexopoulos, et al., 1996]), is the most 

economically important and destructive disease affecting potato crops worldwide 

(Goodwin, 1997; Piatt, 1992; Stanley, 1994; Thurston, and Schultz, 1981). It also affects 

tomato crops in several tomato growing areas (Stevenson, 1991; Legard, et al., 1995; 

Sherf and MacNab, 1986; Stanley, 1994). Late blight is the most important disease of both 

potato and tomato crops in the Del Fuerte Valley, located in northern Sinaloa, Mexico. 

This disease causes severe damage to both crops in years when the weather is favorable to 

the disease. Even in years when the weather is not optimal, late blight can cause 

considerable damage to these crops, especially tomatoes, when proper management 

measures are not taken. Late blight epidemics are difficult to manage due to the genetic 

diversity of the causal agent. To achieve good management of the disease it is essential to 

have a good knowledge of the factors that influence the epidemiology of the disease 
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system, including the pathogen, the host, and the weather. 

Several epidemiological studies have been conducted on potato and tomato late 

blight pathogen Phytophthora infestans in recent years. The population genetics of the 

fungus (Drenth, et al., 1993; Fry, et al., 1993; Fry, et al., 1992; Fry and Spielman, 1991; 

Goodwin, 1997; Goodwin and Drenth, 1997; Goodwin, et al., 1992b; Goodwin, et al., 

1994a; Goodwin, et al., 1994b; Kato, et al., 1997; Sujkowski, et al., 1994; Matuszak, et 

al., 1994; Milgroom and Fry, 1997; Therrien, et al., 1989; Tooley, et al., 1993) and the 

weather requirements for epidemics (Bruhn and Fry, 1981; Cooke, 1986; Fry and Doster, 

1991; Fry and Fohner, 1985; Fry, et al., 1983; Hyre, 1954; Kable and MacKenzie, 1980; 

Krause, et al., 1975; McHardy, 1979; Nutter and MacHardy, 1980; Piatt, 1992; Raposo, 

et al., 1993; Royer, et al., 1989; Spadafora, et al., 1984; Stevenson, 1983; Wallin, 1962) 

were the subjects of these studies. Spatial distribution patterns have not yet been 

emphasized in epidemiological studies including spatial distribution of other important 

factors that influence the epidemics of late blight; factors such as landscape features, 

sources of primary inocula, and host crops. 

Forecasting systems based on climatic variables for the potato and tomato late 

blight disease have been successful. However, the models of these forecasting systems 

assume that the primary inoculum already is in the area, that all the genotypes of P. 

infestans have similar behavior, and that the inoculum is evenly distributed in the area. 

There is strong evidence, at least for the Del Fuerte Valley, indicating that the source of 

primary inoculum is external. Furthermore, there are differential responses of the 

genotypes found in the area to fungicides (metalaxyl), to crop, and to host variety 



(differential aggressiveness). Some genotypes are very aggressive to tomato, but only 

slightly aggressive to potato, and vice versa. 

An important aspect to consider in terms of late blight epidemiology and strategies 

for management is the diversity in genotypes and their characterization. Furthermore, 

knowledge about the host specificity, cultivar responses and fiingicide sensitivity of the 

genotypes will aid in the design of better forecasting systems and better disease 

management strategies. How all of these factors are distributed spatially and how they are 

spatially related to the hosts, weather, and landscape features could provide the basis for 

improve management programs. Tools that could be used to spatially relate data are 

Geographic Information Systems (GIS) and geostatistics, which have been applied in the 

study of spatially related data in diverse fields of studies (Goodchild, 1993), including soil 

science (White, at. al., 1997), entomology (Byrne, et al., 1996; Liebhold, et al., 1993), 

medical entomology (Nicholson and Mather, 1996), and plant pathology (Nelson, et al., 

1994; Orum, et al., 1997). 

Late blight of Potato and Tomato 

Late blight disease on potato was first noticed in the USA in 1843 and in Europe 

in 1845 (Bourke, 1991; Peterson, et al., 1992; Erwin and Ribeiro, 1996; Robertson, 

1991). The causal pathogen of the disease was first described in 1845 fi-om potato by 

Montagne, and in 1847 fi-om tomato by Payen in France (Sherf and Macnab, 1986; 

Stevenson, 1991). Since that time, it has caused severe damage and economic losses in 
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both the potato and tomato crops (Drenth, 1994; Robertson, 1991 Sherf and Macnab, 

1986; Stevenson, 1991; Thurston and Schultz, 1981;). Late blight can also afifect several 

other hosts, all members of the plant family Solanaceae (Erwin and Ribiero, 1996), but the 

most important economic hosts are potato and tomato. For sound disease management, it 

is important to have a good knowledge of the affected hosts. A brief description of the 

hosts is given. 

Potato {Solanum tuberosum L.) 

Potato (L.), a member of the family Solanaceae, is indigenous to the Andes in 

South America and was cultivated for centuries before Europeans came to America (Abad 

and Abad, 1997; Hooker, 1981; Robertson, 1991). There are approximately 150 tuber-

bearing species or species hybrids of cultivated potato. Among them there are species of 

different ploidy. The most common potato is the tetraploid Solanum tuberosum, which 

may be divided into the completely cross-fertile subspecies tuberosum and andigena. 

There are other cultivated species that are diploid, triploid, pentaploid, or hexaploid, and 

that posses unique characteristics like frost tolerance and late blight resistance (Hooker, 

1981; Robertson, 1991). The hexaploid S. demissum originated in the highlands of central 

Mexico (Niederhauser, 1991, 1993) has been used as the main source of late blight 

resistance (Dowley, et al., 1991; Erwin and Ribeiro, 1996; Hooker, 1981; Niederhauser, 

1991, 1993; Piatt, 1992; Thurston and Shultz, 1981; Umaerus, et al., 1993; Wastie, 1991). 

Besides S. demissum, there are nearly 40 tuber-bearing Solanum species occurring in 

Mexico that show moderate to high levels of resistance to P. infestans (Dowley, et al. 
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1991; Niederhauser, 1991; Piatt, 1992; Wastie, 1991). 

Two main types of resistance in potato to P. infestans are recognized, the major 

or race-specific resistance and the general or field resistance (Dowley, et al., 1991; 

Niederhauser, 1991, 1993; Thurston and Schultz, 1981; Umaerus, et al., 1993; Wastie, 

1991). Salaman (1911) was the first who noticed major resistance in crosses between S. 

tuberosum and S. demissum. Later Black (1952) confirmed that this resistance was 

controUed by a series of major dominant genes. Furthermore, Black, et al. (1953) 

proposed an international nomenclature for races of Phytophthora infestans based on a 

gene-for-gene recognition system (Dowley, et al., 1991; Niederhauser, 1991; Umaerus, et 

al., 1993; Wastie, 1991). Currently more than 15 dominant R-genes have been identified 

mainly fi-om S. demissum, with a few fi^om other wild species (Niederhauser, 1991; 

Wastie, 1991). However, this specific resistance is not exploited anymore. Niederhauser 

(1962, 1991, 1993) found in the 1950's that the simple R-gene or vertical resistance was 

of little value in protecting the potato crop in Mexico. Niederhauser (1993) stated that the 

lack of protection offered by the vertical resistance in Mexico was a warning of what 

would happen in a few years in other locations, and that a more durable resistance was 

needed. Since that time, recognition of the need of a durable resistance has been increasing 

worldwide (Niederhauser, 1991). In the 1970's the majority of the breeding programs 

started to abandon breeding based on single gene or race-specific resistance and to 

incorporate multigenic or non-specific resistance (Erwin and Ribeiro, 1996; Niederhauser, 

1991; Robertson, 1991; Umaems, et al., 1993; Wastie, 1991). General resistance was the 

available resistance during the early period of potato breeding (Umaerus, et al., 1993). 
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Non-specific resistance, also called general or field resistance, is believed to be 

multigenic. It combines several factors that contribute to suppress the development of the 

disease. These factors include inhibition of spore germination, appressorium formation, 

and penetration; longer incubation period, slow growth of the pathogen in invaded tissue 

and reduced sporulation by the pathogen (Dowley, et al., 1991; Niederhauser, 1954, 

1991; Robertson, 1991; Wastie, 1991). The most important source of general resistance 

has been S. demissum and a few other Mexican wild tuber-bearing Solanum species like S. 

stoloniferum, S. verrucosum, etc. (Niederhauser, 1991; Umaerus, et al., 1993; Wastie, 

1991). There are other wild potato species that have exhibited high levels of general 

resistance in the field, which may be distinct fi^om the resistance now being used. These 

species include S. bulbocastmmm, S. cardiophyllum, S. pinnatisectum, S. polyadenium, 

etc. (Niederhauser, 1991; Umaerus, et al., 1993; Wastie, 1991). As Niederhauser (1991) 

pointed out there are still more exotic sources of resistance to be exploited, which include 

many non-tuberiferous species in the genus Solcarum that are highly resistant or immune to 

P. infestems. 

It is important to consider the cropping practices in commercial production of 

potatoes regarding late blight management. Potato crops are established primarily through 

vegetative propagation by means of lateral buds formed on the tuber. Through such 

vegetative propagation, many diseases are transmitted fi^om generation to generation 

(Hooker, 1981). Although high levels of foliage resistance are usually associated with high 

levels of tuber resistance to P. infestans, they do not always correlate (Dowley, et al., 

1991; Wastie, 1991), and this has very important epidemiological implications. Infected 



20 

tubers are a primary source of inoculum and the level of infection on tubers will determine 

the level of primary inoculum in the crop. Van der Zaag (1959), cited by Wastie (1991), 

found that infected tubers of tuber resistant cultivars were much less likely to produce 

infected stems than infected tubers of tuber-susceptible cultivars. However, tuber 

resistance has been neglected by the breeder, due to the early belief that a high level of 

resistance in the foliage would deny inoculum to the tubers beneath (Langton cited by 

Wastie, 1991). However, a slowly spreading and sporulating infection on a resistant 

cultivar may produce inoculum over a much longer period than would a more rapidly 

spreading and heavily sporulating infection on a susceptible genotype (Toxopeus, 1958, 

cited by Wastie, 1991). Thus the control of foliage blight, by resistance breeding or by 

chemical means, does not guarantee a reduction in tuber blight as well (Wastie, 1991). 

Tomato (Lycopersicon esculentum Mill.) 

The common tomato is the domesticated derivative of eight to ten interrelated wild 

species in western South America and one in Mexico (Rich, 1976, cited by Robertson, 

1991). The cultivated forms of tomato is thought to have been domesticated in Mexico 

from Lycopersicon spp. brought into Mexico from South America (Jenkins 1948, cited by 

Legard, et al., 1995). How far P. infestcms is a pathogen of tomato in nature is difficult to 

discern since all the evidence in cultivation is of the capacity of the fungus to adapt from 

its potato host to build up pathogenicity and become pathogenic on the tomato 

(Robertson, 1991). Several studies have shown that all isolates of P. infestam, regardless 

of origin, infect potato, but they have different levels of virulence on tomato (Berg, 1926; 
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Giddings and Berg, 1919; Kishi, 1962; Legard, 1995; Mills, 1940; Small, 1938). P. 

infestans is known as a specialized parasite of potatoes and is either endemically 

associated with tomatoes in certain situations or is capable of developing a capacity to 

attack tomatoes. This capacity is given either by the selection of natural genetic variants 

already present in the population or by the selection of mutants which give the fungus the 

capability of attacking tomatoes (Robertson, 1991). It is believed that P. infestans evolved 

on indigenous wild Solamtm spp. (Niederhauser, 1991). Legard, et al. (1995) have 

hypothesized that this species first evolved aggressiveness to potato and recently 

developed aggressiveness to tomato. 

Although cultivars with resistance to the known tomato races are commercially 

available, host resistance is not considered as a measure for late blight management in 

tomatoes (Erwin and Ribeiro, 1996; Stevenson, 1991. However, two types of resistance 

to late blight have been described in tomato. The race-specific or vertical resistance is 

controlled by a dominant gene and is very effective against a specific race of the fungus 

(Sherf and MacNab, 1986). At least two resistance genes {Phi and Ph2) to late blight 

have been identified in tomatoes (Gallegly and Marvel, 1955; Black, et al., 1996; Hartman 

and Huang, 1995; Spielman, et al., 1989). These genes confer resistance to the P. 

infestans tomato races TO and T1 (Hartman and Huang, 1995, Erwin and Ribeiro, 1996; 

Sherf and MacNab, 1986; Stevenson, 1991). The non-specific or horizontal resistance 

controlled by several genes is the second type of resistance found in tomatoes. Plants with 

horizontal resistance form small, atypical leaf spots that produce relatively few spores 

(Sherf and MacNab, 1986). 
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The pathogen {Phytophthora infestans (Mont) de Bary) 

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

member of the phylum Oomycota. Although Oomycetes exhibit significant differences 

fi-om fungi, they have been classified with the fiingi because they have an absorptive 

nutrition system and are morphologically similar (Alexopoulos, et al., 1996). However, in 

recent years additional evidence has been accumulated indicating that Oomycetes do not 

have a close phylogenetic relationship to fiingi (Alexopoulos, et al, 1996; Barr, 1992; 

Cavalier-Smith, 1986, 1987; Dick, 1995a, b; Erwin and Ribeiro, 1996). Considering those 

characteristics recently Alexopoulos, et al, (1996) have classified the phylum Oomycota in 

the kingdom Stramenopila. 

Phytopthora infestans, as a member of the oomycetes, possess a diploid somatic 

phase with abundantly branched, coenocytic hyphae (Alexopoulos, et al. 1996). P. 

infestans may reproduce either asexually or sexually. The asexual reproduction of P. 

infestans, which occurs in all areas where the fiangus is present, is by means of zoospores 

that develop in sporangia or by direct germination of sporangia. The sporangia are 

produced in sympodially branched with indeterminate growth sporangiophores with a 

characteristic swelling at the nodes (Agrios, 1997; Alexopoulos, et al., 1996; Piatt, 1992; 

Thurston and Schultz, 1981;). 

P. infestans is heterothalic requiring the two compatibility (mating) types Al and 

A2 to reproduce sexually (Alexopoulos, et al., 1996; Drenth, et al., 1993; Fry et al., 1992; 

Shaw, 1991). When both mating types are present, P. infestans produces oogonia and 

antheridia, the sexual structures where meiosis and sexual recombination takes place, with 
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haploid nuclei (Alexopoulos, et al., 1996; Robertson, 1991; Shaw, 1995). The haploid 

oogonial and antheridial nuclei fuse to produce a thick-walled oospore (Agrios, 1997; 

Alexopoulos, et al., 1996; Piatt, 1992; Robertson, 1991; Shaw, 1991; Thurston and 

Schultz, 1981). The thick-walled oospore can resist adverse conditions in the soil and can 

serve as primary inoculum, as well as a source of genetic diversity (Alexopoulos, et al., 

1996; Fry, et al., 1992, 1993; Gallegly and Galindo, 1958; Niederhauser, 1956, 1991; 

Piatt, 1992; Shaw, 1991; Thurston and Schultz, 1981). 

Genetics 

Shaw (1991) in his excellent review of the genetics of P. infestans observes that 

there are surprising few publications that deal with variation of the fungus. However, since 

the development of molecular markers and the appearance of the A2 mating type outside 

Central Mexico, a considerable quantity of papers dealing with genetic variation of the 

fungus have been published. It was not until 1956 that Niederhauser (1956) found 

oospores in nature in Central Mexico suggesting that P. infestans had evolved together 

with wild tuber bearing Solanum species in Mexico (Goodwin, et al., 1994; Legard, et al., 

1995; Niederhauser, 1991; Shaw, 1991). And it was only in Central Mexico where both 

mating types, Al and A2, and therefore sexual reproduction were reported until the late 

70's (Goodwin, 1997; Goodwin, et al., 1994; Fry, et al., 1992, 1993). This means that 

there has been a restricted genetic diversity of the fungus outside Central Mexico. For 

many years, only a single clonal lineage was distributed worldwide (Goodwin, et al., 

1994). However, after the appearance of the A2 mating type worldwide there is evidence 
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of greater genetic diversity and sexual reproduction in some other potato producing areas 

(Sujkowski, et al., 1994; Fry, et al., 1993). This worldwide genetic diversity of P. 

infestans is thought to be due to migration from its center of origin in Mexico (Fry, et al., 

1992, 1993; Goodwin, 1997; Goodwin, et al., 1994a, 1994b; Sujkowski, et al., 1994). 

As was shown in early works by Niederhauser, Gallegly, Erwin, and his 

collaborators with the Mexican Al and A2 isolates each mating type is bisexual. 

Therefore, selfed oospores of one or both parents might be produced, as well as oospores 

of the mating of both parents. So the progeny might be the hybrid of both parents or the 

product of selfing of each parent (Shaw, 1991; Shaw and Shattock, 1991). In each case 

the genetics of the progeny will be different and they will show cultural and morphological 

variation. To determine the genetics of the progeny, several genetic markers have been 

used (Shaw, 1991). 

Genetic Markers 

To analyze and interpret genetic data, the choice of the genetic markers is of 

substantial importance. For questions related to population size, mating systems, and gene 

flow, selectively neutral genetic markers are preferred. For questions related to the eflFects 

of selection such as virulence or fungicide sensitivity, selected markers should be used. 

However, if the study is to address questions about selection on asexually reproduced 

fungi, producing population structures composed of clonal lineages, then a neutral marker 

such as a DNA fingerprint could be used. This is due to the correspondence between 

genotype (e.g. DNA fingerprint) and phenotype (selected marker e.g. pathotype) 
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(McDonald, 1997). However, a complete correspondence between genotype and 

phenotype should not be assumed, because some studies show several different pathotypes 

may arise from the same clonal lineage (Goodwin, et al., 1995b; McDonald, 1997) 

McDonald and McDermott (1993) state that to analyze the population genetics of 

plant pathogens it is necessary to identify unambiguous and informative (polymorphic) 

genetic markers. The use of genetic markers by plant pathologists has been based on those 

that are more applicable to agriculture and are immediately available, like pathogen 

virulence or resistance to fungicides. These markers provide valuable information to plant 

breeding programs, chemical companies, and agricultural extension services. Virulence 

and fungicide sensitivity could provide biased estimates of the potential for genetic change 

in pathogen populations, since these characters are under strong selection pressure in 

agricultural systems (McDonald and McDemontt, 1993). 

The best choices of genetic markers for most questions in population genetics are 

those that are selectively neutral, highly informative, reproducible, and easy to assay. 

Isozymes, RFLPs, and RAPDs have been used extensively (McDonald, 1997). Over the 

past decade, genetic markers based on the electrophoretic separation of protein or DNA 

molecules have provided a wealth of new information to investigate the genetic structure 

of pathogen populations (McDermott and McDonald, 1993; McDonald and McDermott, 

1993). The formal genetics of these markers can often be determined with less ambiguity 

than traditional markers because they are insensitive to the environment. For some kinds 

of electrophoretic markers, an almost unlimited number of polymorphism loci are available 

(McDermott and McDonald, 1993). They have allowed less biased measurements of 



26 

genetics variation, estimates of the relative contribution of sexual and asexual 

reproduction, and tagging of specific genotypes and monitoring of their movement in field 

experiments (McDonald and McDermott, 1993). 

Markers Subject to Direct Selection 

Virulence, aggressiveness, pathogenicity. The lack of a universal assessment method has 

been a major problem with the use of virulence phenotypes as markers in genetic studies. 

The various methods used in different laboratories to detect these phenotypes led to 

apparent inconsistent conclusions (Fry, et al., 1992). Sujkowski (1989, 1990), cited by 

Fry, et al., 1992, found that detection of certain virulence factors was dependent upon 

inoculum concentration. Assessment of these parameters for large samples is laborious. 

Many problems that arise here are operational ones revolving around the production and 

maintenance of genetically pure pathogens for analysis of race or virulence. Further 

problems arise in the identification and selection of suitable host lines as differentials 

(Burdon, 1993). Finally, the possibility that virulence phenotypes are strongly selected 

limits their use in conventional population applications (Fry, et al., 1992). 

Sensitivity to inhibitors or fungicides. The comparison of genetic similarity between 

individuals or populations using fungicide resistance markers has been difBcult. This is 

because it is impossible to determine whether particular alleles arose independently in 

different fiingal strains or whether they were derived fi-om common ancestors (McDonald 

and McDermott, 1993). Davidse, et al. (1981) and Dowley and O'SuUivan (1981) cited by 
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Shaw, (1991) detected resistance to the fungicide metalaxyl among isolates of P. infestans 

from treated crops in the Netherlands in 1980. Subsequently, the incidence of resistance 

varied from season to season and appears to correlate with fungicide use (Shaw, 1991). 

Morphological Markers 

Colony Morphology and asexual sporulation. Caten and Jinks (1968) detected 

extensive variation in rate of growth and sporangia production, as well as in colony 

morphology and viability of zoospores among single zoospore progenies of P. infestans. 

This implied the existence of a genetic mechanism which allows the transmission of 

phenotypic characters from one asexual generation to the next and suggested that the 

variation is the result of a cytoplasmic mechanism (Caten and Jinks, (1968). The growth of 

some of the isolates in most of the nutrient media is mainly uniform with aerial hyphae 

functioning as sporangiophores while other isolates bear an irregular aggregate of aerial 

hyphae which are sterile (Shaw, 1991). Recently isolated P. infestans cultures produce 

abundant sporangia on natural media. However, during subculture some isolates retain this 

ability while others lose the ability to sporulate, maintaining a vigorous vegetative growth 

instead (Caten and Jinks, 1968; Shaw, 1991). 

Growth on media. Media prepared with pea and bean seeds and with rye grain support 

growth of all isolates of P. infestans. However, other media such as V8 juice agar support 

growth of some but not all isolates (Shaw, 1991). Harrison (1990) (in Shaw, 1991) found 

that the progeny of parents able and unable to grow on V8 segregate for this character. 
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Mating Type 

Mating type is a genetic marker used in almost all of the latest studies dealing with 

the population genetics or genotype characterization of P. infestans. This marker is very 

useful because it may discriminate between sexual or asexual populations in a determined 

area. The lack of the A2 mating type outside of central Mexico before the I980's indicated 

an asexual population of P. infestans elsewhere (Brown, 1996; Fry, et al., 1992). With the 

occurrence of the A2 mating type evidence of sexual reproduction of P. infestans has been 

found in some areas outside central Mexico (Brown, 1996; Drenth, et al., 1994; Fry, et al., 

1992; Goodwin, et al., 1995c; Sujkowski, et al., 1994). This resulted in a significant 

genetic change among P. infestans populations outside central Mexico (Fry, et al, 1992). 

Selectively Neutral Genetic Markers 

Isozymes. Although several studies on eucaryotes provide evidence that isozymes are not 

always neutral (Watt [1994] cited by McDonald, 1997), isozymes remain as a potent 

genetic marker in fiingi that posses sufficient variation at allozyme loci (McDonald, 1997). 

The contribution of isozymes to population genetics studies of several organisms has been 

significant for several decades. It is only in the last decade however, that they have been 

extensively used in studies of population genetics of plant pathogenic fiingi (McDermott 

and McDonald, 1993; McDonald and McDermott, 1993). 

One advantage of allozymes is that they are codominant characters, so 

heterozygous and homozygotes individuals can be distinguished. Furthermore, allozymes 

are considered selectively neutral, and they are relatively inexpensive and easy to assay. 
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Their main drawback is that they are finite in number (McDonald and McDermott, 1993). 

Allozymes provided the first unambiguous markers available in suflBcient numbers 

to enable reliable genetic studies of P. infestans (Fry, et al., 1992). From more than fifty 

different enzyme systems that have been tested in P. infestans (Fry. et al., 1992; Spielman, 

et al., 1990), four are polymorphic and sufficiently well resolved for genetic analysis. 

These include glucosephosphate isomerase (GPI), peptidase (PEP), malic enzyme (ME) 

and xanthine dehydrogenase (XDH) (Fry, et al., 1992; Spielman, et al., 1990; Tooley, et 

al., 1985). From these, GPI and PEP have been widely used for P. infestans population 

genetics studies elsewhere. They provide sufficient polymorphism and clear resolution to 

provide usefiil markers (Shaw, 1991; Tooley et al., 1985). For the GPI, locus seven alleles 

have been detected and sbc have been genetically characterized. Likewise, at least six 

alleles have been detected and four have been genetically characterized for the PEP locus 

(Fry, et al., 1992; Goodwin, et al., 1992b; Shattock, et al., 1986a, 1986b; Spielman, 1991; 

Spielman, et al., 1991; Spielman, et al., 1989; Spielman, et al., 1990). Tolley, et al. (1985) 

found that extracts fi^om homozygous isolates migrate to only one band whereas extracts 

fi-om heterozygous isolates migrate to three bands, with the middle band being a 

heterodimer of a dimeric enzyme. Allozymes provided genetic evidence to demonstrate 

fiinctional vegetative diploidy of P. infestans and allow selfs to be distinguished fi'om 

hybrids in progeny (Fry, et al., 1992; Shattock, et al., 1986a, 1986b). 
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Restriction fragment length polymorphism (RFLP). Restriction fragment length 

polymorphism (RFLP) detects variation in DNA sequences among homologous sections 

of chromosomes. RFLPs are based on the hybridization of DNA probes to fragments of 

DNA that have been digested with specific restriction endonucleases and size fractionated 

on agarose gels (Carter, et al., 1991; McDermott and McDonald, 1993; McDonald and 

McDermott, 1993; Southern, 1975). RFLPs are more informative than isozymes because 

they can detect more variation in both coding and noncoding regions of DNA. 

Furthermore, they keep the same advantage of being, on the average, selectively neutral 

and codominant (McDermott and McDonald, 1993; McDonald and McDermott, 1993). 

Technically RFLPs are more difiBcult than RAPDs because they are based on 

DNA-DNA hybridization, however RFLPs offer the advantage of being more 

reproducible. The main disadvantage of RFLPs is that the fungus must be grown in pure 

culture for DNA extraction, because they require relatively large amounts of DNA from 

each individual. Another disadvantage of RFLPs is the cost of materials and supplies for 

their analysis, as compared with RAPDs and isozymes. However, repeat hybridization of 

the same blot brings costs down very quickly (McDonald, 1997). The properties of 

codominance and multiple alleles make RFLP markers advantageous compared to RAPDs 

for most studies in population genetics. Furthermore, the reproducibility of results when 

the same battery of probes and restriction enzymes are used allow the work to be shared 

and compared with other labs (McDonald, 1997). 

RFLP analysis of both the mitochondrial and nuclear DNA of P. infestans have 

been performed. A limited number of polymorphism has been identified with mitochondrial 
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DNA. On the other hand, RPLPs of genomic DNA have provided an abundance of 

additional markers for population analyses (Fry, et al., 1992). Moderately repetitive 

nuclear DNA probes developed for P. infestans have been used successfully in population 

genetics studies of P. infestans (Vry et al., 1992; Goodwin, et al., 1992a, 1992b). One of 

these probes (RG57) identifies more than 25 distinct genetic loci, providing a robust probe 

for the analysis of the population genetics of P. infestans (Drenth, et al., 1993; Fry et al., 

1992; Goodwin, etal., 1992a, 1992b). 

Polymerase chain reaction (PCR) based markers: Randomly amplified polymorphic 

DNA (RAPDs)/AmpIified fragment length polymorphism (AFLP). The polymerase 

chain reaction (PCR) markers, such as RAPDs and ALFP, have quickly gained favor in the 

detection of genetic variation. This is because of their conceptual simplicity and potential 

to quickly screen a large number of individuals with a small amount of DNA (Brown, 

1996; McDermott and McDonald, 1993; McDonald and McDermott, 1993; McDonald, 

1997). RAPD markers have been used to arbitrarily amplify polymorphic DNA fi'om the 

genome by using arbitrary synthetic ten-base DNA primers. Variation usually is detected 

as the presence or absence of amplified DNA sequences (McDermott and McDonald, 

1993; McDonald, McDermott, 1993). The main drawback of RAPDs is that they are 

diflScult to reproduce between and within labs. Furthermore, RAPDs are dominant thus it 

is diflScult to differentiate homozygous and heterozygous. This is not a problem with 

haploid fiingi, but it is a problem with heterokaryons, diploid or polyploid fiingi, like 

oomycetes (Phytophthora) and many basidiomycetes (McDonald, 1997) 
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Brown (1996) pointed out that an appropriate method is one which can generate a 

high level of easily identified polymorphic bands, corresponding to loci which are linked 

neither to each other nor to virulence or fungicide response genes. Given that, it makes 

practical sense to use a PGR method rather than RFLP. Currently the method that could 

overcome most of the limitations of the other methods is the amplified fi'agment length 

polymorphism (AFLP). 

The AFLP technique is based on the selective PCR amplification of restriction 

firagments fi'om a total digest of genomic DNA. The technique involves three steps: (i) 

restriction of the DNA and ligation of oligonucleotide adapters, (ii) selective amplification 

of sets of restriction fi-agments, and (iii) gel analysis of the amplified fi*agments. PCR 

amplification of the restriction fi-agments is achieved by using the adapter and restriction 

site sequence as target sites for primer annealing. The selective amplification is achieved 

by the use of primers that extend into the restriction fi-agments, amplifying only those 

fragments in which the primer extensions match the nucleotides flanking the restriction 

sites. Using this method, sets of restriction fragments may be visualized by PCR without 

knowledge of nucleotide sequence. The method allows the specific co-amplification of a 

high number of restriction fi-agments (Becker, et al., 1995; Brown, 1996; Janssen, et al., 

1996; Meksem, et al., 1995; Vos, et al., 1995) 

This methodology shares many characteristics with other genomic fingerprinting 

methods but in essence combines the power of RFLP analysis with the flexibility of PCR-

based technology (Janssen, et al., 1996). AFLP markers are Mendelian in the same sense 

as RFLP markers. Most of the polymorphic alleles revealed by AFLP markers segregated 
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in the expected 1; 1 ratio, which indicate that the observed patterns are highly reproducible 

and heritable (Becker, et al., 1995; Meksem, et al., 1995; Vos, at al., 1995). 

Compared with the use of PCR-based markers, the RFLP approach is time 

consuming and cumbersome. RFLP requu^es a large quantity of DNA, much more than in 

one spore, which requires time to grow the isolate and extract the DNA. The DNA from 

one big spore or the spores from a small lesion could be enough for AFLP (Becker, et al., 

1995; Meksem, et al., 1995; Vos, et al., 1995). 

Population Genetics 

As was pointed out by Mlgroom and Fry (1997) the population genetics and 

genetic variation in plant pathogens are subjects that have generated much interest since 

the late 1980's. Several review papers of concepts and methods appropriate to population 

genetics studies with plant pathogens have been recently published (Anderson and Kohn, 

1995; Brasier, 1995; Burdon, 1992; Fry et al., 1992; Leung, et al., 1993; McDermott and 

McDonald, 1993; McDonald, 1997; McDonald and McDermott, 1993; Milgroom, 1995a, 

1995b; Milgroom, 1996; Milgroom and Fry, 1997; Wolf and McDermott, 1994; Kohn, 

1995; Leslie, 1995; McDonald et al., 1995). The conceptual framework of population 

genetics is based on evolutionary biology and in the processes affecting the genetic 

composition of populations: mutation, mating systems, gene flow or migration, population 

size, genetic drift, and selection (Milgroom and Fry, 1997; McDonald, 1997). There are 

two basic types of variation; Ecologically important variation and selectively neutral 

variation. Ecologically important variation refers to traits that affect fitness and, therefore. 
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may be under selection. Selectively neutral variation refers to variation in traits that do not 

(or are assumed not to) affect fitness and are not under selection. Changes in selectively 

neutral traits are affected by evolutionary forces such as mutation, genetic drift, and gene 

flow (Milgroom and Fry, 1997). The challenge is to understand how each type of genetic 

variation relates to epidemiology and disease management (Milgroom and Fry, 1997). The 

final goal for plant pathologist should be to determine which factors play major roles in 

pathogen evolution and how these evolutionary forces interact to determine the genetic 

composition and evolutionary potential of pathogen populations (McDonald, 1997). 

Milgroom and Fry (1997) discussed two different ways in which neutral genetic 

variation can be applied to epidemiological questions. First, selectively neutral markers can 

be exploited directly for addressing epidemiological questions in which specific strains are 

tracked in the environment. Second, concepts of population genetics can be used to make 

inferences about evolutionary processes, which in turn may affect interpretations of 

epidemiology. One of the simplest application of genetic variation and genetic markers in 

an epidemiological context is the direct tracking of specific genotypes. This may be usefijl 

for determining the source of inoculum or for identifying different genotypes in 

competition studies (Milgroom and Fry, 1997). 

McDonald (1997) listed some important questions that plant pathologist should 

consider when working with population genetics. The first three questions relate to 

genetic structure: I) How much genetic diversity exists in a population? 2) How is genetic 

diversity distributed within populations (and on what spatial scale)? 3) How is genetic 

diversity distributed among populations (and on what spatial scale)? The next three 
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questions relate to the role of specific evolutionary processes: 4) How do sexual and 

asexual reproduction affect population structure? 5) How do migration and genetic drift 

affect population structure? 6) How does selection affect population structure? The final 

three questions relate specifically to plant pathology: 7) What is the best definition of a 

population for this pathogen? (i.e.. What geographical and species boundaries can be 

defined by gene flow and mating system?) 8) How do different control strategies affect the 

genetic structure of populations? 9) What is the evolutionary potential of this pathogen? 

(i.e. Is it likely to evolve rapidly or slowly in a changing environment) (McDonald, 1997). 

Epidemiology and population genetics of Phytophthora infestans 

Recent studies of Phytophthora infestans have revealed unexpected population 

structure that in turn led to hypotheses concerning migrations, and insights into 

management of late blight. Two factors signaled some unexpected variation in the 

pathogen population: disease control failure caused by metalaxyl resistance (Davidse, et 

al., 1981, cited by Milgroom and Fry, 1997) and the detection of A2 mating types (Hohl 

and Islen, 1984, cited by Milgroom and Fry, 1997). Furthermore, there was a profound 

lack of knowledge concerning geographic distribution, population structure, and the 

evolutionary processes shaping populations of P. infestans (Milgroom and Fry, 1997). 

The population structure of P. infestans prior to the 1980s was characterized by 

probably three geographically defined populations around the world (Milgroom and Fry, 

1997). First, the source population in central Mexico is characterized by a randomly 

mating sexual population (Tooley et al., 1985; Goodwin, et al., 1992b): about equal 
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frequencies of A1 and A2 mating types (Tooley, et al., 1985), allozyme genotypes in 

Hardy-Weinberg equilibrium (Goodwin et al., 1992b), and a huge diversity of multilocus 

genotypes in any small area or single field (Matuszak, et al., 1990). Second, populations in 

the USA and Canada were derived from the populations in Mexico, and were asexual, but 

with several clonal lineages (Milgroom and Fry, 1997). Third, populations in other 

continents were dominated by a single clonal lineage, with most genetic diversity caused 

by mutation or mitotic recombination within that lineage (Goodwin, 1997; Goodwin, et 

al., 1994a; Milgroom and Fry, 1997). 

Recent immigration of P. infestans into the USA and Canada illustrates the 

importance of population genetics to epidemiology and management (Milgroom and Fry, 

1997). Significant migrations occurred into the USA and Canada, probably from northern 

Mexico, in the late 1970's and early 1990's (Goodwin, 1997; Goodwin, et al., 1994b, 

1995b). The populations in the USA and Canada in the early 1990s were dominated by 

four clonal lineages; The old lineage (USl), and three new immigrants lineages (US6, 

US7, and US8) (Goodwin, 1997; Goodwin, et al., 1994b. 1995b). The recent immigration 

lineages are resistant to metalaxyl and both mating types are represented (Fry et al., 1993; 

Milgroom and Fry, 1997). Moreover, in most locations, the individuals in a single field and 

often a vast region were in the same lineage (Goodwin, 1997; Goodwin, et al., 1994b, 

1995b). Analysis of pathotypes has generally not been as useful as analysis of neutral 

markers in deciphering relationships among populations (Milgroom and Fry, 1997). 

Milgroom and Fry (1997) stated that some interesting management options in the 

USA and Canada have been devised due to the strong clonal population structure of P. 
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infestans. Knowledge of genetic variation and population structure made it possible to 

develop rapid diagnostic tests to identify P. infestans lineages. Because field populations 

usually consisted of a single clonal lineage, and because the four major lineages in the 

USA and Canada could be distinguished via allozymes (Gpi), a rapid assessment of the 

allozyme genotype (Goodwin, et al., 1995a) enabled practitioners to know (sometimes 

within hours) which lineage was causing the problem in a particular field. It was especially 

important to know the efiBcacy of metalaxyl, because metalaxyl is extremely effective 

against some genotypes, but not against others (Milgroom and Fry, 1997). 

Considering that certain lineages affect mainly potatoes and other lineages affect 

both potatoes and tomatoes (Legard, et al., 1995), and that P. infestans is dispersed by 

air, tomato growers need to know if late blight in nearby potato fields is caused by a 

genotype that can affect both crops. If so, then the fungus in neighboring fields poses a 

serious threat to tomatoes, and management efforts are needed (Milgroom and Fry, 1997). 

The potential for sexual reproduction has two significant implications for late 

blight management. First, oospores survive as dormant propagules in soil and may serve as 

an additional source of inoculum. Second, recombinant progeny could result in greater 

genotypic diversity in the population of P. infestans destroying the simple clonal structure. 

Recombination will eliminate the association between allozyme genotype and pathogenic 

traits, and destroy the potential to use neutral genetic markers to predict epidemiology 

important traits (Milgroom and Fry, 1997) 
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Weather and late blight 

Weather requirements for epidemics. Rain or irrigation water washes sporangia from 

the infected foliage into the soil and tubers may be infected. Tuber infection may also 

occur during wet harvest conditions via contact between tubers and sporangia on vines or 

via airborne sporangia (Agrios, 1997; Piatt, 1992; Thurston and Schultz, 1981). Field 

infection is most successful under cool, moist conditions. However, infections take place 

over a range of environmental conditions, and high temperatures strains of the fungus have 

been reported (Turston and Schultz, 1981). Sporangia of P. infestans are formed at 

relative humidity between 91-100% and temperatures of 3-26°C, with an optimal 

temperature of 18-22°C (Sherf and McNab, 1986; Stevenson, 1991). Under such 

conditions sporangia can mature in 3-10 hours and disseminated up to 50-70 km by wind 

or over short distances in dew and splashing rain (Sherf and McNab, 1986). Sporangia are 

sensitive to desiccation and, after they land on a host leaf require free water for infection 

to be established (Sherf and McNab, 1986; Thurston, and Schultz, 1981). Ideal 

environmental conditions that favor epidemics include periods when temperatures drop to 

21°C and relative humidity rises to 100% during the night; then temperature slowly fall to 

I0-13°C for the next 8 hours forming heavy dew. Morning temperature rises slowly to 

about 21°C under cloudy skies and dew persists for 2-6 hours after temperature rises 

(Erwin and Ribeiro, 1996; Sherf and McNab, 1986). Symptoms generally appear in 5 days 

after inoculation if there is a minimum of 11 hours with relative humidity close to 100%, 

there are at least 4 hours of dew, and the temperatures is below 21®C. The most abundant 
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infection occurs with relative humidity of 100% or leaf wetness for 25 hours at 18-21°C, 

conditions likely to occur in foggy, drizzly, or rainy periods (Sherf and McNab, 1986). 

Forecasting. Systems for forecasting late blight and for timing fungicide applications are 

based on weather conditions (Piatt, 1992; Stevenson, 1991; Thurston and Schultz, 1981). 

These include the Hyre system, which forecasts the disease based on temperature and 

rainfall (Hyre, 1954); the Wallin system, which forecasts the disease on the basis of 

temperature and relative humidity (Wallin, 1962); and blitecast, which combines both 

systems into a computer program (Krauze, et al., 1975). All of these systems assume the 

presence of inoculum in the crop (Thurston and Schultz, 1981), so they identify the time 

of first occurrence of late blight as a fiinction of weather. When the initial inoculum is in 

infected tuber seeds, the systems works well to predict the initial occurrence of late blight 

in the foliage (Fry and Spielman, 1991; Stevenson, 1983). These system have been 

developed empirically and are surprisingly accurate in an extremely complex system (Fry 

and Doster, 1991). There are other systems, which mtend to identify optimal spray 

fi-equencies during the season (Fry and Spielman, 1991). The BLITCAST (Krause, et al., 

1975) and a system developed by Fry, et al. (1983) are among them. 

Although moisture and temperature appear to influence ail isolates of P. infestans 

similarly, some observations have indicated significant isolate-cultivar-environment 

interactions (Fry and Spielman, 1991). Fry and Doster (1991) state that dosages of 

protectant fungicides can be adjusted to complement even modest levels of general 

resistance in commercial potato cultivars. 
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Spatial Analysis on Plant Diseases 

Variation in plant disease epidemics occurs in space as well as over time. The 

spatial scale of interest can be a leaf or root, plant, field, county, state, country, continent, 

or even intercontinental area. The study of dispersal events implies a temporal fi"amework. 

Spatial analysis often gives a static temporal representation but may be done at several 

times to give a spatio-temporal characterization (Campbell and Madden, 1990). 

Since the classic book on plant disease epidemiology by Van Der Plank (1963), 

epidemiology has matured as a discipline within plant pathology. However, most 

epidemiological studies have stressed temporal aspects of plant disease epidemics with 

little emphasis on the spatial aspects (Jeger, 1989). This can be corroborated by a review 

of several important sources and textbooks on plant disease epidemiology (Vanderplank, 

1963; Kranz, 1974; Horsfall and Cowling, 1978; Scott and Bainbridge, 1978; Zadoks and 

Schein, 1979; Fry, 1982; Plumb and Thresh, 1983; Gilligan, 1985; Leonard and Fry, 1986; 

Wolfe and Caten, 1987; Kranz and Rotem, 1988; Kranz, 1990; Campbell and Madden, 

1990). The spatial component of epidemics, whether on a global or local scale, is now 

recognized as critical in attempts to understand and manage plant disease epidemics. 

Nonetheless, there are few sources in the plant pathology literature in which the 

importance of spatial considerations has been recognized and coherently discussed (Jeger, 

1989). These include a few books that have at least one chapter on spatial aspects of plant 

disease epidemics (Horsfall and Cowling, 1978; Leonard and Fry, 1986; Kranz and 

Rotem, 1988; Kranz, 1990; Campbell and Madden, 1990). In the late 80s and the 90s two 
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epidemiology. They are Geographic Information Systems (GIS) and Geostatistics. 
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Geographic Information Systems (GIS) 

The term Geographic (or Geographical) Information Systems (GIS) was 

introduced in the mid-1960s, where it seems to have originated in two quite different 

contexts. In Canada, a mainframe computer and associated peripherals was used to 

manage the mapped information being collected by the Canada Land Inventory and to 

compute estimates of the area of land available for certain types of uses (Goodchild, 1993; 

Star and Estes, 1990). During that time, researchers in the USA, working with data 

required by large-scale transportation models, conceived GIS as a system capable of 

extracting appropriate data from large stores, making them available for analysis, and 

presenting the results in map form (Coppock and Rhind, 1991, cited by Goodchild, 1993). 

GIS consist of computer based tools to capture, manipulate, process, and display 

spatial or geo-referenced data (Fedra, 1993). GIS describes objects from the real world in 

terms of; 1) their position with respect with a known coordinate system; 2) their attributes 

that are unrelated to position (such as soil type, temperature, disease incidence, or insect 

density); 3) their spatial relationship with each other (topological relations) (Fedra, 1993; 

Seem, 1993). 

GIS now includes various applications in fields such as local governments, urban 

and regional plans, land records, the oil and gas industry. GIS is also applied to many 

others fields that include geography, planning, resource management, environmental 
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modeling, geology, epidemiology, soil science, and any field that deals with geographic 

data (Goodchild, 1993). In an extensive review of the literature on the application of GIS 

in fields related to plant pathology, there is a wealth of references dealing with 

environment modeling, soils, medical epidemiology, forestry, natural resources, and 

wildlife. However, few references dealing with crop protection and even fewer, with 

specific reference to plant pathology, can be found. Nevertheless, GIS has been 

successfully applied in agriculture for the spatial analysis of insect pests (Byrne, et al., 

1996; Coulson, 1992; Everitt, et al., 1994; Everitt, et al., 1996; Liebhold, et al., 1993; 

Robinson, 1995; Seem, 1993; Song and Heong, 1993), weeds (Lass and Callihan, 1993; 

Mitchell, et al., 1996; Prather and Callihan, 1993; Wilson, et al., 1993), and plant diseases 

(Cohen, 1993; Jaime-G et al., 1996; Kallas, et al., 1996; Nelson, et al., 1994; Nutter, et 

al., 1995; Orum, et al., 1997). 

Information on the geographic distribution of plant diseases has been used to 

characterize for some time. Weltzien (1967, 1972, 1978, and 1988) introduced the term 

"Geophytopathology" to describe studies of spatial patterns of plant diseases, the causal 

understanding of these patterns, and the geographic aspects of disease control. Weltzien 

(1978) gave a detailed description of the use of maps to illustrate the spread of plant 

diseases over regional or even continental scales, and classified the types of maps that can 

be used for these purposes. However, quantitative regional assessment requires analysis of 

large spatial databases. With development of powerful computers and better software. 

Geographic Information Systems (GIS) have now become the modem technology to 

manage such spatial data (Teng and Yang, 1993). The growing field of GIS has stimulated 
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the development of spatial statistics, a discipline that seeks to characterize and analyze the 

geographic distribution or pattern of mapped data (Berry, 1993). 

Geostatistics 

Most of the statistical tools are very useful to study a wide variety of natural 

phenomena and to provide quantitative answers to specific questions. Most statistical 

procedures do not have the capability to analyze spatial oriented information in the data 

sets. Geostatistics offers a way of describing the spatial continuity which is an essential 

feature of many natural phenomena and provides adaptations of classical regression 

techniques to take advantage of this continuity (Isaaks and Srivastava, 1989). 

Furthermore, the modeling of spatial continuity can be used to assess spatial uncertainty 

(Joumel, 1989). Geostatistics is based on the use of a random fiinction model wherein the 

data are viewed as nonrandom sample from one realization of the random function 

(Myers, 1993). Its flexibility in being able to incorporate the known action of physical, 

chemical, and biological processes along with uncertainty represented by spatial 

heterogeneity, makes geostatistics an attractive tool for spatial modeling (Cressie, 1993). 

The basic ideas and procedures behind a geostatistical analysis, including variogram 

analysis, kriging, co-kriging, conditional simulation, splines, and change of support, are 

presented elsewhere (Cressie, 1993; Deutsch and Joumel, 1992; Isaaks and Srivastava, 

1989; Joumel, 1989; Myers, 1991). 

Geostatistics analysis consists of two main steps. First, modeling and identification 

of the spatial structure of the variable using variograms or spatial covariance functions. 
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Second, linear estimation or prediction of the variable everywhere in the studied space to 

obtain a map (Monestiez, et al., 1994). Geostatistics is mostly concerned with spatial 

prediction at unsampled locations and for that it uses a method known as kriging (Cressie, 

1993). Kriging is a regression technique used for the estimation or interpolation of 

spatially located and spatially correlated data. Location and support of the samples are 

features that set kriging apart from other similar or related techniques (Myers, 1991). 

Location of the sample is believed to reflect valuable information due to the apparent 

spatial correlation quantifiable in terms of separation distance and direction. This is, 

samples taken close together are expected to be more alike than samples far apart. The 

support of the sample is the associated volume or area of the sample and it reflects the 

existence of short range non-homogeneities (Myers, 1991). In addition to obtaining a best 

estimate, the variance of error of estimation is also obtained, which reflects the spatial 

correlation and the sample location pattern (Myers, 1991). 

The main advantages of geostatistics over other spatial analysis techniques used in 

plant disease epidemics studies is that it accounts for the position of the sample but is not 

bound by the requirements of stationarity (Chellemi, et al., 1988). Geostatistics differs 

from autocorrelation in that the only required assumption is that the variance of the 

diflference between samples is a function of their distance of separation (Chellemi, et al., 

1988; Myers, 1991). 

Geostatistics have been used in the field of plant pathology to analyze spatial 

distribution of plant diseases epidemics mainly at plot or field scales (Chellemi, et al., 

1988; Gottwald, et al., 1995; Larkin, et al., 1995; Lecoustre, et al., 1989; Stein, et al.. 
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1994; Webster and Boag, 1992). Nelson, et al., 1994, successfully applied this technique 

to develop a regional risk assessment for the management of plant virus diseases in 

Mexico. Stein, et al., 1994, used this technique to determine the source of primary 

inoculum and the analysis of spatio-temporal development of cabbage downy mildew 

epidemics. Geostatistics has also been used to quantify inoculum pattern even at very 

small scale like plant roots (Dandurand, et al., 1995). Furthermore, it has been applied to 

determine spatial genetic structures of wild ryegrass populations (Monestiez, et al., 1994). 

Geostatistics and GIS for plant disease epidemics studies 

Spatial analysis and GIS are natural partners for the analysis and modeling of 

environmental data (Myers, 1993). Cressie and VerHoef (1993) pointed out that the 

environment is the surrounding of an organism and ecology is the study of the 

relationships of organisms to their environment. Therefore, care should be taken to 

distinguish the meaning of both terms in order to keep the focus of the research goals. 

Furthermore, the data from both the organism and its environment are often spatial in 

nature. Considering that plant diseases are the interaction of organisms, the host and the 

pathogen, with their environment, we think that this approach, which is amply used in 

environmental studies, can successfully be applied to plant disease epidemic studies. The 

variety of problems that are addressed by spatial statistics and ways in which GIS can aid 

in the manipulation of environmental data are illustrated by Myers, Cressie and VerHoef; 

Cressie, Jager and Overton; Englund, Rasmussen-Rhodes and Myers; Ver Hoef, Anselin, 

and Overton in section VI of the book environmental modeling with GIS (Goodchild, et 
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al., 1993). Both geostatistics and GIS have been applied together in the fields of soil 

science (White, at. al., 1997), entomology (Byrne, et al., 1996; Liebhold, et al., 1993), 

medical entomology (Nicholson and Mather, 1996), and plant pathology (Nelson, et al., 

1994; Orum, et al., 1997). 
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CHAPTER 2 

Epidemiology of tomato and potato late blight disease in the Del Fuerte Valley: 
Temporal variation in Phytophthora infestans genotypes 

INTRODUCTION 

Potato and tomato late blight, caused by the oomycete Phytophthora infestans 

(Mont.) de Bary, is one of the most economically important and destructive diseases 

affecting potato crops worldwide (Goodwin, 1997; Piatt, 1992; Stanley, 1994; Thurston, 

and Schultz, 1981). Late blight is also a disease of tomatoes (Stevenson, 1991; Legard, et 

al., 1995; Sherf and MacNab, 1986; Stanley, 1994). Late blight is an important disease of 

both potato and tomato crops in the Del Fuerte Valley, in the state of Sinaloa in 

northwestern Mexico. This disease causes severe damages to both crops in years when the 

weather is favorable for the disease. Furthermore, even in years when the weather is not 

optimal, late blight can cause damage to these crops, especially tomatoes, when proper 

management practices are not taken. Late blight epidemics have become more difficult to 

manage in recent years due to increased genetic diversity of the causal agent in many parts 

of the world (Fry, et al., 1992 and 1993; Goodwin, et al, 1994a and 1994b). To achieve 

good management of the disease it is essential to have knowledge of all factors that 

influence the epidemiology of the disease, including the pathogen, the host, and the 

weather. 

Current forecasting systems based on weather for the potato and tomato late blight 

disease have achieved good resuhs. However, the models of these forecasting systems 
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assume that the primary inoculum is in the area, that all the genotypes of P. infestans 

behave the same, and that the inoculum is evenly distributed in the area. There is strong 

evidence, at least for the Del Fuerte Valley, that the source of primary inoculum is 

external. Furthermore, there are differential responses of the genotypes found in the area 

to fungicides (metalaxyl), to crop, and to host cultivars (differential aggressiveness), 

mainly to the crops. Some genotypes are veiy aggressive to tomato, but slightly aggressive 

to potato, and vice versa. With this information the current forecasting system can be 

refined and result in forecasts that are more accurate. 

An important aspect to consider in terms of late blight epidemiology and 

management strategies is the study of the population genetics of the pathogen, which can 

be addressed with selectively neutral genetic markers (McDonald, 1997). Furthermore, the 

relation of these genotypes to important epidemiological features like host specificity, 

cultivar responses and fungicide sensitivity will aid in the design of better forecasting 

systems and better management strategies for late blight. 

Mating type is a genetic characteristic used as marker in all of the latest studies 

dealing with the population genetics or genotype characterization of P. infestans. This 

characteristic is very useful because it may discriminate between sexual or asexual 

populations in a distinct area. The lack of the A2 mating type outside of central Mexico 

before the 1980's indicated an asexual population of P. infestans in other areas (Brown, 

1996; Fry, et al., 1992). With the more widespread occurrence of the A2 mating type 

recently, evidence of sexual reproduction of P. infestans has been found in other areas 

(Brown, 1996; Drenth, et al., 1994; Fry, et al., 1992; Goodwin, et al., 1995c; Sujkowski, 
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et al., 1994). This suggest that a significant genetic change has occurred among the P. 

infestans populations outside central Mexico (Fry, et al., 1992). 

Allo2ymes provided the first unambiguous markers available in suflBcient numbers 

to enable reliable genetic studies of P. infestans (Fry, et al., 1992). Allozymes are co-

dominant characters, distinguishing heterozygous individuals fi^om homozygous, and they 

are considered selectively neutral. Furthermore, and they are relatively inexpensive and 

easy to assay (Goodwin, et al., 1995a; McDonald and McDermott, 1993). From more 

than fifty different enzyme systems that have been tested in P. infestans (Fry. et al., 1992; 

Spielman, et al., 1990) two, glucosephosphate isomerase (GPI) and peptidase (PEP), have 

been most widely used for P. infestans population genetics studies. They provide sufiBcient 

polymorphism and clear resolution to provide useful markers (Goodwin, et al., 1995a; 

Shaw, 1991; Tooley et al., 1985). For the GPI locus, seven alleles have been detected and 

six have been genetically characterized. Likewise, at least six alleles have been detected 

and four have been genetically characterized for the PEP locus (Fry, et al., 1992; 

Goodwin, et al., 1992b; Shattock, et al., 1986a, 1986b; Spielman, 1991; Spielman, et al., 

1991; Spielman, et al., 1989; Spielman, et al., 1990). 

Restriction fi-agment length polymorphism (RFLP) is another selectively neutral 

and co-dominant genetic marker, which are capable of detecting more variation in both 

coding and non-coding regions of DNA (McDermott and McDonald, 1993; McDonald 

and McDermott, 1993). The properties of co-dominance and multiple alleles make RFLP 

markers advantageous for most studies in population genetics. 

RFLPs analyses of genomic DNA have provided an abundance of additional 
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markers for population analyses (Fry, et al., 1992). Moderately repetitive nuclear DNA 

probes developed for P. infestans have been used successfully in population genetics 

studies of this organism (Fry et al., 1992; Goodwin, et al., 1992a, 1992b). One of these 

probes (RG57) identifies more than 25 distinct genetic loci, providing a robust probe for 

the analysis of the population genetics of P. infestans (Drenth, et al., 1993; Fry et al., 

1992; Goodwin, et al., 1992a, 1992b). 

One of the simplest applications of genetic variation and genetic markers in an 

epidemiological context is the direct tracking of specific genotypes. This may be usefiil for 

determining the source of inoculum and implement management options based on the 

knowledge of the genotype variation (Milgroom and Fry, 1997). 

The main objective of this study was to determine the temporal variation of 

Phytophthora infestans genotypes in the Del Fuerte Valley. This information, together 

with the spatial analysis, is intended to be used as a tool for the design of better 

management strategies for late blight disease. Specific objectives were to determine; 1) the 

possibility of sexual reproduction of the pathogen in the area; 2) the source of primary 

inoculum for late blight; 3) the relation between tomato and potato late blight epidemics; 

and 4) the metalaxyl sensitivity of the genotypes occurring in the area. 
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MATERIALS AND METHODS 

The population genetics of P. infestans in the Del Fuerte Valley was analyzed for 

three consecutive years, from 1995 to 1997. Isolates were obtained from tomato and 

potato infected tissue collected from 1) an area where both tomatoes and potatoes were 

grown, and 2) an area where only tomatoes, but not potatoes were grown. Each sample 

site was georeferenced in the Universal Transverse Mercator (UTM) coordinate system 

with a Global Positioning System (GPS) for spatial analysis. The sampling strategies are 

described in the spatial analysis chapter (chapter 3) of this dissertation. Isolates were 

characterized by mating type, allozymes at two loci, restriction fragment length 

polymorphism (RFLP), aggressiveness on potato and tomato, and metalaxyl sensitivity. 

Isolation and maintenance of isolates 

Only single, young, small lesions of late blight from tomato and potato were 

collected to reduce possibility of isolating mixed genotypes. The isolation process was 

done in the laboratories of Alimentos Del Fuerte and Agridiagnosticos in Los Mochis, Sin, 

Mexico. The isolates of P. infestans were obtained by plating the diseased tissue on com 

meal agar amended with pimaricin 10 mg, ampicillin 250 mg, rifampin 10 mg, and PCNB 

50 mg. Five to seven pieces from different lesions collected in the same sample location 

were plated in each petri dish. Each piece represented a different isolate from the same 

sample point. The plates were incubated at 18° C to 22° C in Los Mochis and then 

returned to the University of Arizona, in Tucson, Az. where they were maintained at 15° 
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C to 18° C. As soon as the tissue sample showed mycelial growth, they were transferred 

to rye A agar (Caten and Jinks, 1968) and maintained as pure cultures for further 

characterization. Isolates that did not grow on rye A or V8 media (rye A and V8 shy 

isolates) were maintained on pea agar. 

Isolate characterization 

Mating type 

Mating (compatibility) type was determined by growing the sample isolates 

together with tester isolates of known mating type in a petri dish containing 10% clarified 

V8 agar amended with 50 mg of P-sitosterol (Goodwin, et al., 1992a). Each sample 

isolate was grown together with each of the known mating types (Al and A2) on a 

separate plate. The tester genotypes with known mating type were provided by Dr. 

William Fry, Cornell University. Each plate was assessed for oospore formation 10 to 15 

days after test started. The isolates forming oospores on plates with the known Al mating 

type was registered as A2. Those isolates that formed oospores with the known A2 mating 

type were registered as Al. Those isolates that formed oospores with both known mating 

types were considered to be self-fertiles. 

Allozymes 

The glucose-6-phosphate isomerase (Gpi), and the Peptidase (Pep) allozyme 

systems were analyzed. These are polymorphic and well resolved for genetic analysis of P. 

infestans (Fry, et al., 1992). The cellulose acetate gel electrophoresis procedure based on 
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equipment developed by Helena Laboratories, Beaumont, Tx. and adapted to P. infestans 

by Goodwin, et al. (1995a) was used. This procedure reduces the time of analysis from 17 

hours on starch gel electrophoresis to 30 min (Goodwin, et al., 1995a). The extraction of 

the enzymes and the enzyme activity detection was made according with the overlay 

protocol described by Goodwin, et al. (1995a). The tissue used for the extraction was 

either sporangia washed directly from a fresh lesion or mycelia taken from a pure culture. 

Sporangia were collected in Los Mochis, Sin, Mex. on the same day that the sample was 

obtained, frozen immediately, and kept frozen until used. AUozyme alleles were recorded 

according with the standard procedure described by Goodwin, et al. (1995a), given the 

100/100 run distance for the most common allele, which was found in the four tester 

genotypes provided by Dr. William Fry from Cornell University. Other alleles were 

identified by the percentage of the run distance compared with the most common allele. 

The tester genotypes were the USl, US6, US7, and US8. These genotypes had a GPI of 

86/100, 100/100, 100/111, and 100/111/122 respectively and a PEP of 92/100 for US 1 

and US6, and 100/100 for US7 and US8. 

Restriction Fragment Length Polymorphism (RFLP) 

Restriction Fragment Length Polymorphism (RFLP) analysis of P. infestans DNA 

was performed using the RG57 probe provided by Drs Steve Goodwin and William Fry of 

Cornell University. This probe recognizes a dispersed, moderately repetitive and highly 

polymorphic DNA element that allows the characterization of up to 30 different bands in a 

single hybridization experiment (Fry, et al., 1992; Goodwin, et al., 1992a). The extraction 
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of the DNA was according to the protocol described by Goodwin, et ai. (1992a). DNA 

was restricted with the endonuclease EcaiBl for hybridization. The RG57 probe was 

labeled by the non-radioactive eniyme-linked immunoassay of digoxigenin-conjugated 

deoxyuridine triphosphate (d-UTP) incorporated by random hexanucleotide priming of the 

large subunit of E. coli DNA polymerase (Wasmann and VanEtten, 1996). The DNA was 

detected by chemiluminescent following the protocol used by Wasmann and VanEtten 

(1996), but using the substrates either CSPD or CDP Star (TROPDC, Bedford, MA) 

instead. 

Probe labeling. The protocol for labeling the probes was provided by C. Wasmann 

(Department of Plant Pathology, University of Arizona). The plasmids containing the 

probes were purified by CsCl (Sambrook, et al., 1989). For oligo-labeling the probes with 

digoxygenin-11-dUTP 12 |il (500 - 2000 ng) of the probe DNA were mixed with 12 jil 

(0.27 units) of random hexamers and 48 jil of water and heat-denatured by boiling for 5 

min. After cool down to room temperature 20 jxl of 5X oligo reaction buffer, 2 |il of 

bovine serum albumin (BSA), 5 |il of either digoxigenin-11-dUTP (DIG-dUTP) or alkali-

labile DIG-dUTP (diluted fi-om Boehringer to 400 |iM by adding 37.5 nl of d H2O), and 1 

Hl of klenow were added and incubated at 37° C for 1.5 hours (recommended) to 

overnight. To prepare 5X oligo buffer, the solutions A, B (2M Hepes, pH 6.6), and C (50 

units of random hexamers in 555 nl of water) were mixed in a ratio of 1:2.5:1.5 and store 

a -20° C. Solution A is prepared with 18 |il of 3-mercaptoethanol (BME), 25^1 of 100 



mM stock of dXTPs (A, C, G), 4|il of d l I F, and 899 nl of solution O (44.52 g of Tris 

base, pH 8 and 7.47 g MgCli in a volume of 250 ml). Alkali-labile DIG-dUTP was used 

when membranes needed to be stripped for hybridizing with other probes. The probes 

labeled with this method were used for several membranes and were good for more the 

one year. 

DNA manipulation. The extraction of the DNA was according to Goodwin, et al 

(1992a), but with minor modifications. The mycelia of P. infestans for DNA extraction 

were grown in a 9-cm Petri dish filled with pea broth (filtrate fi'om 120 g autoclaved 

fi-ozen peas per liter). Each Petri dish was inoculated with several small mycelial plugs cut 

fi-om the border of an actively growing colony and incubated for 2-3 weeks. The pea broth 

media was removed fi*om the mycelia by vacuum filtration. The partially air-dried mycelia 

were fi-ozen at -80° C and lyophilized overnight. The lyophilized mycelia was ground in 

liquid nitrogen, suspended in 4 ml of pre-warmed (65°C) extraction buffer (50 mM Tris 

pH8.0 ; 150 mM EDTA; 1% sarkosyl) by vortexing for 30-60 seconds, and incubated at 

65°C for 20 min. The suspension was mixed by inversion with 4 ml of cold 5M NH4O 

Acetate, placed on ice for 20 min, and centrifiiged for 10 min at 8240 g. The supernatant 

was transferred to a new tube and precipitated with 2/3 V (about 5 ml) of isopropanol, 

and centrifiiged for 5-20 min at 8240 g. The pellets were air-dried and resuspended in 0.5 

ml of TE (10 mM Tris, pH 8.0; 1 mM DTA). RNase A was added to a final concentration 

of 0.1 mg/ml, and incubated for 20 min at 37° C. The DNA was extracted twice with 
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25:24:1 phenoI:chloroform:isoamyl alcohol and once with 24:1 chloroform:isoamyI 

alcohol, and precipitated with a I/IO vol. of 3M NaO acetate, and 2 vol. of absolute 

ethanol. The tubes were incubated for 1 hour to overnight at 20° C and centrifiiged for 2-

10 min to collect the DNA. The pellets were washed in 80% ethanol, air-dried, and 

resuspend in 50-100 pil of TE to a DNA concentration of 0.2 - 0.3 

The DNA was restricted according to the directions of the manufacturer, but 

adding spermidine to each reaction buffer to a final concentration of 4niM (Goodwin, et 

al., 1992a). For each sample of 10 |il (2-3 ^g) of DNA the restriction reaction was 2.0 |il 

of the enzyme EcdRl, 2.5 |il of lOX reaction buffer #3, 1.0 |il of spermidine, and water to 

a final volume of 25 (il. This reaction was incubated at 37° C for at least 2 hours to 

overnight. The DNA was separated by electrophoresis in 0.9 % agarose gels (16 cm) at 36 

volts for 16 hours. Denaturing of the gels was done either by 5 min UV exposure or by 

treating the gel twice with 0.4N NaOH for 30 min each. Gels were neutralized by treating 

them twice with the neutralizing solution (1.5M NaCl; 1.0 M Tris pH 8.0) for 30 min 

each. DNA was transferred to a nylon membrane (Hybond-N^, Amersham Life Science 

Inc., Arlington Heights, IL) in lOX SSC buffer under standard procedures (Sambrook, et 

al, 1989). DNA was fixed to membranes by UV cross-linked, baking, or both. 

Prehybridization and hybridization were according with the protocol described by T. 

Helentjaris (Wasmann and VanEtten, 1996). The membrane were prehybridized in 100 ml 

of the prehybridization/hybridization solution (5X SSC, 0.1% N-lauorylsarcosine, 0.02% 

SDS and 0.1% blocking agent (I-Block, TROPDC, Bedford, MA)) for 30 min in a rotating 
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incubator at 65° C. To hybridize the membranes, the prehybridization solution was 

discarded from blots and then the heat-denatured hybridization solution was added, and 

incubated overnight in a rotating incubator at 65°C. The hybridization solution was 

prepared by adding the probe (previously heat-denatured for 10 min at 95°C) to the 

prehybridization solution. All subsequent steps were performed according to the protocol 

described by Wasmarm and VanEtten (1996). 

Metalaxyl sensitivity 

The reaction of P. infestans isolates to the phenylamide fungicide metalaxyl was 

evaluated by transferring each isolate to V8 agar or pea agar medium amended with 1,10 

and 100 mg/L of active ingredient of metalaxyl fungicide. Four plugs, 9 mm in diameter, 

were placed equidistant on each plate. The radial growth from each plug was recorded at 

5 and 10 days after inoculation. The relative growth of each isolate growing in fungicide 

amended media was obtained by dividing the radial growth of the isolate growing in 

metalaxyl amended media by the radial growth of the same isolate growing in media 

without fungicide. The isolates were recorded as completely sensitive (CS) when they did 

not grow even at the lowest rate of 1 mg of metalaxyl per liter. As sensitive (S) when the 

relative radial growth at 10 mg of metalaxyl per liter was less than 10%. As resistant (R) 

when the relative radial growth at 10 mg of metalaxyl per liter was greater than 10% 

(Deahl, et al., 1993). As completely resistant when the isolates growth was similar (> 

50%) to the check even at the highest concentration of 100 mg of metalaxyl per liter. 
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Aggressiveness on potato and tomato 

The aggressiveness of P. infestans isolates was assessed by inoculating the fungus 

to detached leaves from cultivars of potato and tomato in in vitro experiments. Two 

different detached leaflet procedures were used. In one, the leaflets were floating on water 

in a 9 cm Petri dish as described by Drenth (1994) and Cohen, et al. (1997). In the other 

procedure, the leaflets were placed in a 20 cm Petri dish with a layer of water agar on the 

top as described by Legard, et al. (1995). Two potato cultivars were used for this assay: 

Norchip, which does not contain any Resistant gene, and Alfa, one of the most common 

cultivars used in the Del Fuerte Valley. In tomato, the assay was performed with the 

cultivars Brigadier, 49er, and Sinaloa, which are commonly used in the Del Fuerte Valley. 

Inoculations were made with sporangia from cultures grown on clarified V8 or pea agar, 

and/or with sporangia washed from a fresh lesion (about 5 days old) for isolates that do 

not produce enough sporangia on artificial media. The sporangia were collected in a 1.5 

ml eppendorf tube, adjusted to a concentration of40,000 sporangia per ml, and placed in 

the refrigerator for at least 2 hours before inoculation (Legard, et al., 1995). A drop of 40 

Hl of the sporangia suspension was placed on the abaxial side of the leaf with a pipette and 

incubated at 18° C in dark until the leaves showed symptoms. The aggressiveness of the 

isolates was recorded in an arbitrary scale from 0-4, where 0 is not infection or not 

sporulation, and 4 is large lesions with abundantly sporulation. 
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RESULTS 

Mating type and allozymes. In the 1994-199S season, four genotypes of P. infestans 

based on allozyme markers and mating type were found in the Del Fuerte Valley (Table 

2.1). One of the genotypes, designated as LMl, with allozyme pattern of 100/111 on 

Glucose-6-phosphate isomerase (G/;/), 100/100 on Peptidase (Pep\ and A2 mating type 

was the widest spread in the area. This genotype was the only one found on tomato and 

was also the most common form found on potato (Table 2.1). The other three genotypes 

were restricted to only a few potato fields. One of them (the LM2) has an allozyme 

pattern similar to the LMl, but with the A1 mating type. This genotype accounted for 

32% of the isolates found on potato (Table 2.1). The other two genotypes have an 

allozyme pattern of 100/100 Gpi and 100/100 Pep, but one was A1 mating type while the 

other was self fertile. These genotypes were found in only one potato field and in only one 

sample each (Table 2.1). 

In the season 1995-1996, as in the previous season, four genotypes were found in the area 

with one of them high in fi-equency and the others restricted to a few fields (Table 2.1). All 

of these genotypes, except the LMl and one self-fertile genotype, were A1 mating type 

and were not previously found in the area (Table 2.1). In this season, the most common 

genotype, LM6, with an allozyme pattern of 100/122 Gpi and 100/100 Pep, and an A1 

mating type was the only one found on both crops. LM6 was found in all the samples fi"om 

potato and in 56% of the samples fi'om tomato. In contrast to the previous season, the 

other genotypes were found only on tomato samples (Table 2.1). The genotype LMl, 
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Table 2.1. Number and frequency of Phytophthora infestans isolates characterized by 
allozymes and mating type in the Del Fuerte Valley, Sin, Mex. during the seasons 
1994-1995 to 1996-1997. 

Allozymes Tomato Potato Total 
Genotype GPI PEP MT Number(%) Number(%) Number(%) 

1994-1995 
LMl' 100/111 100/100 A2 109(100) 11(58) 120 (94) 
LM2 100/111 100/100 A1 6(32) 6(5) 
LM3' 100/100 100/100 A1 1(5) 1 (0.5) 
LM4 100/100 100/100 SF*" 1(5) 1 (0.5) 
Total 109(100) 19(100) 128 (100) 

1995-1996 
LMl" 100/111 100/100 A2 9(16) 9(13) 
LM5 100/111 100/100 SF*" 1(2) 1(01) 
LM6' 100/122 100/100 A1 31(56) 15(100) 46 (66) 
LM7 111/122 92100 A1 14 (25) 14 (20) 
Total 55 (100) 15 (100) 70 (100) 

1996-1997 
LM3' 100/100 100/100 A1 34 (33) 34(21) 
LM6' 100/122 100/100 A1 68 (67) 54 (95) 122 (77) 
LM8 100/122 92/100 A1 3(05) 3(02) 
Total 102 (100) 57 (ICQ) 159 (ICQ) 

* Genotype found in more than one year 
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which was the most common in the previous season, was found in 16% of the isolates 

from tomato. Genotype LM5 has the same allozyme pattern as LMl, but was self-fertile 

and was found in only one tomato sample. Genotype LM7 was found late in the season 

and accounted for 25% of the isolates from tomato (Table 2.1). This genotype is an A1 

mating type and has an allozyme pattern of 111/122 Gpi, 92/100 Pep. 

In 1996-1997 season, again few genotypes were found with only one broadly 

distributed on both crops. During this season all the isolates were A1 mating type and the 

most common genotype (LM6) was the same genotype as the one most commonly found 

in the previous season (Table 2.1). LM6 was found in 67% and 95% of the tomato and the 

potato samples, respectively. LM3 was found only on tomato and LM8 only on potato. 

The tomato genotype, LM3, was the first genotype found in this season and it was found 

previously in 1994-1995, but in only one potato sample (Table 2.1, Fig. 2.2). The potato 

genotype, LM8, is differentiated from LM6 in having a different Pep pattern (Table 2.1). 

This genotype was restricted to only one potato field and was not found before in the area. 

Restriction Fragment length polymorphism (RFLP). In the 1994-1995 season only five 

isolates belonging to the most common genotype, the LMl, were tested for RFLP. Two 

different RFLP patterns were found. Two isolates had the RFLP pattern designated as "A" 

and three the pattern "E" (Table 2.2). 

In the 1995-1996 season six different RFLP pattern were found among the 17 P. 

infestans isolates tested. In this season all the genotypes based on allozyme and mating 

type, except the LM5, were represented among the isolates tested. Four different RFLP 
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Table 2.2. Characterization of Phytophthora infestans genotypes by RFLP with the probe 
RG57 in the Del Fuerte Valley during the season 1994-1995 to 1996-1997. 

Mating AUozyme genotype 
Genotype Type GPI PEP RFLP Pattern* 

USl A1 86/100 92/100 10101010110011010001100110 
US6 A1 100/100 92/100 10101llOOlOOl1000101100110 
US8 A2 100/111/122 100/100 10001010010011010001101110 
LMl-A"* A2 100/111 100/100 10001000010011010101100110 
LMl-E A2 100/111 100/100 10001001010011010101100111 
LM6-B A1 100/122 100/100 10100010000011010101lOOlIO 
LM6-D A1 100/122 100/100 10100011010011010101100111 
LM6-F AI 100/122 100/100 10100011010111010001100111 
LM6-G A1 100/122 100/100 10100011000011010101100100 
LM7-C Al 111/122 92/100 10101010010011010111100011 
LM3-H Al 100/100 100/100 10001000000011010001100110 
LM8-I Al 100/122 92/100 10101010010011010101100110 

' The last column represents presence (1) or absence (0) of a band (9b) between bands 9 and 10 
'' The letter after the genotype represent the type of RFLP pattern 
Note. Bold numbers in the RFLP pattern indicates bands used to differentiate isolates with the same GPI, 

PEP, and mating type characters. 
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patterns were found within the genotype LM6, while LMl and LM7 has only one RPLP 

pattern each in this season. Within the genotype LM6, the RPLP pattern "B" was the most 

common representing 54% of the isolates tested. This pattern was found on isolates from 

both crops. The pattern "D" was found in 31% of the isolates and all were from tomato 

isolates. The pattern "F" and "G" were found only in one potato isolate each and each was 

from a different potato field. 

In the 1996-1997 season, only three RFLP patterns were found among 84 isolates 

tested. During this season, there was less diversity among RFLP genotypes, with only one 

RFLP within each genotype based on allozyme markers and mating type. All the isolates 

tested within the LM6 genotype were pattern "B", the most common pattern for this 

genotype found the previous season. The genotype LM3 presents an RFLP pattern (H) 

not detected previously in the area (Table 2.2). This genotype was detected in one potato 

sample in 1994-1995, but it was not tested for RFLP. The genotype LM8, with a different 

Pep pattern from that of LM6, presents a RFLP pattern "H", which is similar to the 

pattern "B" of LM6, but with two extra bands in the position 5 and 10 (Table 2.2). 

Fungicide Response. In the season 1994-1995 all the isolates tested for metalaxyl 

sensitivity were resistant or completely resistance (Table 2.3). No sensitivity to this 

fungicide was detected during this season. However, the metalaxyl sensitivity assay for 

this season was performed with very few genotypes and no isolates belonging to the LM3 

genotype were tested. For the season 1995-1996, although most of the isolates tested for 

metalaxyl sensitivity were resistant to completely resistant, all the isolates tested within the 
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Table 2.3. Characterization of genotypes of Phytophtora infestans in the Dei Fuerte 
Valley, Sin, Mex. during the seasons 1994-1995 to 1996-1997. 

Aggressiveness" 
Genotype GPI PEP M. T. RFLP Met-Res** Tomato Potato^ 

1994-1995 
LMl-A' 100/111 100/100 A2 A R 4 4 
LMl-E 100/111 100/100 A2 E R-CR 4 4 
LM2 100/111 100/100 A1 R 1 4 
LM3' 100/100 100/100 A1 ND^ ND= ND^ 
LM4 100/100 100/100 SF*" R 4 4 

1995-1996 
LMl-A' 100/111 100/100 A2 A R 4 4 
LM5 100/111 100/100 SF*" ND= ND= ND" 
LM6-B* 100/122 100/100 A1 B CR 4 2-4 
LM6-D 100/122 100/100 A1 D R 4 1 
LM6-F 100/122 100/100 A1 F ND= 4 1 
LM6-G 100/122 100/100 A1 G R 2 1 
LM7-C 111/122 92/100 A1 C CS-S 4 1-4 

1996-1997 
LM6-B' 100/122 100/100 A1 B R-CR 4 2-4 
LM3-tr 100/100 100/100 A1 H CS 4 1-2 
LM8-I 100/122 92/100 A1 I R 4 1 

' Genotype found in more than one year 
'' Self fertile 
® Not determined 

According with the reaction of the isolates to the fungicide metalaxyl, where CS is completely sensitive, S is 
sensitive, R is resistant, and CR is completely resistant 

' According with an arbitrary scale from 0 to 4; where 0 is not infection or not sporulation, and 4 is large 
lesions with abundantly sportilation. 

f 
Aggressiveness on potato are based on the reaction to the cultivar "Alfa". All isolates were equally highly 

aggressive against the potato cultivar "Norchip". 
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LM7 genotype were sensitive or completely sensitive (Table 2.3). The results for 

metalaxyl sensitivity for 1996-1997 were very similar to those from the previous season, 

with most of the isolates resistant or completely resistance, but with all the isolates within 

the genotype LM3 completely sensitive (Table 2.3). 

Aggressiveness on tomato and potato. Aggressiveness of the P. infestans genotypes on 

the potato cultivar "Alfa" and tomato (including the three cultivars tested) are shown in 

table 2.3. Results from the three tomato cultivars are combined because all the tomato 

cultivars reacted similarly to all the isolates tested. The reaction on the potato cultivar 

Norchip is not listed because all the isolates tested were equally highly aggressive to this 

cultivar, which does not posses any resistance genes. However, there was differential 

response in aggressiveness among the isolates tested on the potato cultivar "Alfa", a 

common cultivar planted in the area (Table 2.3). There was a differential reaction to 

tomato among the isolates tested. In the 1994-1995 season, all the isolates were highly 

aggressive to all the tomato and potato cultivars, except the isolates belonging to the 

genotype LM2, which were not aggressive on tomato (Table 2.3). 

In the 1995-1996 season, all the isolates, except the LM6-G (with RFLP pattern 

"G"), were highly aggressive to tomato. On the other hand, only the genotype LMl was 

highly aggressive to the potato cultivar "Alfa". The isolates within the genotype LM6 had 

differential reaction to potato Alfa with very low aggressiveness for those isolates with the 

RFLP pattern "D", "F" and "G", and moderate aggressiveness for the isolates with pattern 

"B". The aggressiveness among the isolates within the genotype LM7 was highly variable 
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on potato. In the 1996-1997 season, all the isolates tested were highly aggressive to 

potato Norchip and tomato, and low to moderate to the potato Alfa (Table 2.3). 

Genotype characterization in the period of 1991 to 1993. In table 2.4, data provided by 

Dr. Steve Goodwin, Cornell University, on the characterization of isolates obtained from 

the same area in the seasons 1990-1991 to 1992-1993, is presented. In this period, the 

most common mating type found on both crops was the A2 (Fig. 2.1). The most common 

genotype detected during this period was the LMl with an allozyme pattern of 100/111 

Gpi and 100/100 Pep, and an A2 mating type. This genotype was found in the three 

seasons on both crops the tomato and potato, except for the season 1992-1993 when it 

was only found on tomato. In the 1990-1991 season, besides the LMl genotype, a 

genotype designated as GFTl, which was similar to the US6 (Gpi 100/100, Pep 92/100, 

mating type Al) also was found, but only on tomato and in a low frequency. In the season 

1991-1992 besides the LMl genotype, which was found on both crops, other five different 

genotypes were found, which were designated as GFT2 to GFT6. The genotype GFT2, 

with allozyme pattern of 100/100 Gpi and 100/100 Pep, and mating type A2, was also 

found on tomato as well as on potato. The rest of the genotypes were found on only one 

host either on potato or on tomato. Although, the genotype GFT5, with allozyme pattern 

of 111/122 Gpi and 100/100 Pep, and mating type A2, was also found on nightshade 

{Datura lanosa). Genotype GFT6 was found only on Datura lanosa and genotypes GFT3 

and GFT4 were found only on potato (Table 2.4). In the 1992-1993 season, the same 

genotypes found in the previous season were found, except for GFT4 and GFT6. 
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Table 2.4. Characterization of Phytophthora infestans genotypes from the Del Fuerte 
Vallq^, Sin, Mex, during the seasons 1990-1991 to 1992-1993 (provided by Dr. Steve 
Goodwin, Cornell, University). 

Allozymes Mating Met- Tomato Potato 
Genotype GPI PEP Type Res Number (Freq.) Number (Freq.) 

1990-1991 
LMl 100/111 100/100 A2 40 (0.91) 6(1.0) 
GFTl 100/100 92/100 A1 4 (0.09) 

1991-1992 
GFT2 100/100 100/100 A2 R 19 (0.32) 11 (0.58) 
GFT3 86/100 100/100 A1 R 5 (0.26) 
GFT4 86/122 100/100 A1 S 2(0.10) 
LMl 100/111 100/100 A2 R 27 (0.45) 1 (0.05) 
GFT5' 111/122 100/100 A2 R 15 (0.23) 
GFTe®" 100/122 100/100 A2 S 

1992-1993 
GFT2 100/100 100/100 A2 4 (0.07) 7" (0.87") 
LMl 100/111 100/100 44*' (0.77'') 
GFT3 86/100 100/100 Ar S 2" (0.04") r(0.13'=) 
GFT5 111/122 100/100 7(0.12) 

' Four isolates from Culiacan and three from Datura lanosa 
 ̂One single isolate from Datura lanosa 

" Isolates from Sonora 
^ Three isolates from Sonora 
° Tomato isolates mating type was not determined 
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Figure 2.1. Mating type frequency of Phytophthora infestans isolates from tomato 
and potato in the Del Fuerte Valley, Sinaloa, Mexico from the season 1990-1991 to 
the season 1996-1997. 
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and potato in the Del Fuerte Valley, Sinaloa, Mexico from the season 1990-1991 to 
the season 1996-1997. 
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DISCUSSION 

The study of the P. infestam genetic diversity in the Del Fuerte Valley during the 

1990's suggests an asexual population with frequent migrations from outside the valley. In 

the period from 1991 to 1995, the A2 mating type was predominant in both tomato and 

potato crops, with a very low frequency of the A1 mating type occurring either on tomato 

or on potato. Conversely, by the 1995-1996 season the predominant mating type was the 

Al, with a low frequency of the A2 on tomato. By 1997 only the A1 mating type was 

found (Fig. 2.1). Genotype variation, based on allozyme analysis and mating type, in 

general was very low with only one predominant genotype affecting both crops each year. 

In the period 1991 to 1995, the A2 mating type LMl genotype was the predominant 

occurring every year. Besides the LMl, a few other genotypes were also occurring, which 

were different each year (Fig 2.2). In the 1995-1996 and 1996-1997 growdng seasons, the 

predominant genotype was the LM6 with an Al mating type. There were again a few 

other genotypes found in each season. Interestingly, the two predominant genotypes, LMl 

and LM6, found affecting both crops, were the only genotypes highly aggressive to both 

tomato and potato in the aggressiveness test. Moreover, the other genotypes that were 

found on either potato or tomato, but not on both hosts were not aggressive to either 

tomato or potato (Table 2.3). The only exception to this was the genotype LM4 that was 

found as a single isolate on potato, however it was highly aggressive to both the tomato 

and the potato. The lack of aggressiveness on one of the host of genotypes found on only 

one host could impede those genotypes to spread on both crops (Legard, et al., 1997). 
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Data on metalaxyl sensitivity indicate that allozyme analysis can accurately 

discriminate between sensitive and resistant isolates. In the season 1994-1995 all the 

isolates were resistant to metalaxyl coinciding with the previous reported by Matuszak et 

al. (1994). However, by the seasons 1995-1996 and 1996-1997 some isolates, occurring 

only on tomatoes, were completely sensitive to this fungicide. All these isolates were 

characterized as two different genotypes based on allozyme analysis; each of them 

occurring in a different year (Table 2.1). One of these metalaxyl sensitive genotypes, LM7, 

was found in the season 1995-1996 and was not previously found in the area. The other 

metalaxyl sensitive genotype, LM3 that was found widely disseminated on tomato crops 

on the season 1996-1997 was detected previously as a single isolate from potato in the 

1994-1995 season (Table 2.1). 

RFLP analysis with the probe RG57 gives further discrimination of genotypes 

within an allozyme genotype (Table 2.2). In the 1995-1996 season, four different RPLP 

genotypes were found within the LM6 genotype. Again, only one of them, LM6-B, was 

found affecting both potato and tomato and the rest were found affecting either tomato or 

potato, but not both. Likewise, the one affecting both crops in the field was aggressive to 

both in the aggressiveness test, and those isolates affecting only one crop in the field were 

low aggressive on either tomato or potato or both. 

The RFLP analysis suggest that genetic drift on founder populations (Goodwin, 

1997) is occurring in this area. The genotype LM6 had four different RFLP patterns 

among the isolates in the season 1995-1996 however by the season 1996-1997 only one 

RFLP pattern was found out of 70 isolates tested (Table 2.3). This RFLP genotype was 
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the same as the most common genotype found affecting both crops in the previous year. 

Likewise, the same phenomenon occurs in the previous season with the LMl genotype. 

From two RFLP patterns found within this genotype in the season 1994-1995 only one 

was found in the next season. Again, this recurrent genotype was the one that was found 

occurring on both crops the previous year (chapter 3), which indicates that potato crops 

have an active roll and serve as a source of primary inoculum (discuss below). However, 

in this season only one potato genotype was tested. Although RFLP analysis gave further 

genotype variability to that of allozyme analysis, still the variability was very low, thus 

confirming the possible asexual nature of the P infestans population in the Del Fuerte 

Valley. The appearance of new genotypes each year suggests that one explanation is that 

the pathogen is being introduced into the Del Fuerte Valley each year. 

The differences among some genotypes found on tomato from those found on 

potatoes suggest that the late blight epidemics of both crops could not be related. 

However, the fact that the most common genotype found each year affects both crops, 

and was isolated from either tomato or potato, indicates that actually it is the same 

epidemic affecting both crops. The finding of some genotypes occurring only on tomato, 

which is not known to be a source of primary inoculum, could be because those genotypes 

are not very aggressive to the potato cultivars grown in the area (Table 2.3). This low 

aggressiveness on potato does not allow those genotypes to cause severe epidemics on 

this crop. Indeed, the incidence and severity of the disease on potato were very low 

compared to those occurring on tomato in all the years of study (chapter 4). Furthermore, 

it was more diflScult to find the fungus in and isolate it from potato tissue than from 
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tomato tissue. This could mask the presence of low frequency genotypes on potato. It 

could also be that the low aggressiveness of these genotypes on potato (producing small 

lesions with very few sporangia) prevents the spread of the disease and thus prevents 

epidemics on potato. Moreover, it is diflBcult or almost impossible to find these small and 

very few lesions in the large (over 20 ha) potato fields, which are common in the area. 

However, the few sporangia produced on these small lesions could be just enough to 

move to the nearby tomato crops, which are more susceptible, and produce evident 

disease on them. Some isolates found only on tomato (Table 2.1) were very aggressive to 

the three genotypes of tomato tested and to the potato cultivar Norchip, which does not 

posses any resistance gene (Legard, et al., 1995; Umaerus, et al., 1993). However, they 

were not aggressive on the potato cultivar Alfa, commonly used in this region (Table 2.3). 

These genotypes (LM3 and LM7) produce small necrotic lesions with very few sporangia 

usually in the center of the lesion. This could explain why those genotypes were not 

affecting potato in the field. 

The genotype diversity among a population together with the mating type 

occurrence can discriminate between sexual or asexual populations. Sexual populations 

usually present a great diversity of genotypes with almost each isolate being a different 

genotype (Fry, et al., 1993; Goodwin, et al., 1992b; Sujkowski, et al., 1994). Asexual 

populations, however, present a very low genotype diversity with usually one or a few 

genotypes predominating the population (Fry, et al., 1992 and 1993; Goodwin et al., 

1992b; Sujkowski, et al., 1994). Thus, the low genotype diversity, consisting of few 

genotypes with only one predominant, found each year in the Del Fuerte Valley (Tables 
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2.1 - 2.4) indicates that the population of P. infestans occurring in this area is asexual or 

clonal. Furthermore, this is confirmed by the predominance of only one mating type each 

year (Fig. 2.1). This has major implications for the possibility of sexual reproduction 

because with very unequal relations of mating types, there is very low probability that both 

mating types will coincide in the same lesion, and thus sexual reproduction is unlikely. 

Likewise, no oospores have ever been found in this region. 

Goodwin, et al., (1992b) reported a probable clonal population for this area and 

discuss three possible factors for the lack of sexual reproduction in the area. At that time, 

it was the first report of the A2 mating type occurring in low fi-equency and never in the 

same host. They also discuss the possibility of sexual or genetic incompatibility between 

the Al and A2 mating types found in the area. Considering this report, still there was the 

possibility of increasing the presence of the A2 mating type and thus sexual reproduction 

might be possible. The presence of A2 mating type indeed increased and they were found 

in the same host in the next few years. However, the Al mating type was in a very low 

fi-equency, thus giving a very low probability for sexual reproduction (Fig. 2.1). It was 

thought that the A2 mating type genotypes would predominate over the Al, but for the 

season 1995-1996, the Al mating type was again the predominant and by 1996-1997 

genotype populations with the mating type A2 were not found (Fig. 2.1). Even in the 

years when both mating types occurred in the same host, they rarely occur together in the 

same field. They were found occurring in the same field in only 1 to 3 fields out of over 50 

fields sampled each year (chapter 3, spatial analysis). This gives a very low probability of 

occurring in the same leaf and even less in the same lesion considering the low incidence 
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of the disease in those fields. This makes more remote the occurrence of sexual 

reproduction, regardless of the ploidy or sexual incompatibility of the fungus, which are 

other factors that influence sexual reproduction (Goodwin, et al., 1992b; Therrien, et al., 

1989). Furthermore, the weather is another factor that influences the possibility of sexual 

reproduction in this area. Constant wetness for at least one week is required for oospore 

production (Cohen, et al., 1997), This degree of wetness is seldom found in this area 

(chapter 3). These lines of evidence confirm that the population of P. infestam in 

northwestern Mexico is clonal and that any low probability of sexual reproduction that 

might have occurred was so insignificant epidemiologically that it was not detected in the 

sampling. 

Although the population of P. infestam in this area is asexual, still there is 

genotype variation between seasons. The presence of non-recurring genotypes each year 

indicates that the fungus is not surviving in the area between seasons. This genetic 

diversity on P. infestans population must have originated fi-om recurrent migrations 

establishing founder populations (Goodwin, 1997), which cause the turnover of the 

genotypes (Goodwin, 1997) in the area each year. Thus, the primary inoculum for late 

blight epidemics on potato and tomato must come fi-om external sources. The most likely 

source of primary inoculum for those genotypes that were found affecting potato crops or 

both potato and tomato crops is the potato tuber seeds, which are well documented as 

source of inoculum for late blight disease (Andrivon, 1995; Hooker, 1981; van der Zaag, 

1959 and Toxopeus, 1958, cited by Wastie, 1991). The potato tuber seeds used in the Del 

Fuerte Valley come fi^om different areas of Mexico where late blight is known to be a 
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problem. Although the source of potato seed coming into the Del Fuerte Valley are not all 

known, some of the known areas, such as Saltillo, have a large number of genotypes 

present from year to year. Goodwin, et al., (1992b) suggest sexual reproduction in the 

Saltillo area is probably taking place because of the observed diversity among the 

genotypes. Potato seed from Saltillo and areas in central Mexico could be the source of 

primary inoculum and thus of founder populations and of genetic variation of P. infestans 

in the Del Fuerte Valley. 

However, the source of primary inoculum of those genotypes that were found 

affecting only tomatoes is uncertain if we consider that tomato seed has not been reported 

to be a source of primary inoculum. Although tomato seedlings have been mentioned as a 

source of inoculum (Sherf and MacNab, 1986), it is unlikely to occur in this area because 

the seedlings are grown in the area and those genotypes were not found in the next 

previous season. This means that those genotypes must have originated by migration. 

There are some alternative possible sources of primary inoculum for those genotypes. The 

fact that these genotypes were found affecting only tomato, we should consider the 

possibility that the primary inoculum might come in on tomato or by long range air-borne 

dispersal. Infected tomato fruits left in the field over the summer is an unlikely source 

because the genotypes would be the same as those from previous years, which is not the 

case here. However, we can not discard the possibility of tomato fruit being a source of 

primary inoculum, because some of the genotypes found actually were found the previous 

years. However, the crop season in this area is in wintertime and it unlikely that the fungus 

and seeds inside the fruit stay viable over the hot summertime and give rise to infected 
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volunteer tomato seedlings. More research is required to prove this. An alternative 

possibility is that the infected tomato fruits imported from other areas were discarded on 

the trash near tomato fields during the tomato-growing season. This makes more sense 

because infected tomato fiiiits have been reported as source of primary inoculum 

(Goodwin, 1997), and for the time where the tomato season is starting (Nov.-Dec.), 

tomato fruits could be introduce in the fresh market from other areas. The migration of the 

fungus by long range air-borne sporangia is unlikely. This is because the Del Fuerte Valley 

is isolated from other tomato or potato growing areas by high mountains on one side, and 

the ocean and desert on the sides from where the prevalent winds are coming. 

Furthermore, the sporangia carried on the air are very sensitive to desiccation and to 

ultraviolet radiation (Goodwin, 1997; Thurston and Schultz, 1981). Thus, they do not 

migrate by air more than 70-km even when the weather conditions are favorable for the 

dispersal (Sherf and MacNab, 1986). 

Despite the possible, but unlikely role, of infected tomato frxiits as a source of 

primary inoculum, infected potato tubers are the most likely and important source of 

primary inoculum. These infected potato tubers could be either imported from other areas, 

for seed or for food and then discarded from the market with trash close to tomato fields. 

The genotypes infecting those tubers are actually not very aggressive on the foliage of the 

most common potato cultivars planted in the area. Such genotypes may infect tubers in 

their location of origin because there are genotypes that infect tubers but have low 

infection rates on foliage (Dowley, et al., 1991; Wastie, 1991). Infected potato tubers with 

those genotypes discarded on the trash could sporulate and the sporangia carried on wind 
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currents to the nearby tomato fields. The potato tuber seeds infected with those genotypes 

and planted on the field could give rise potato spurs with infected stems. Those infections 

could be atypically small and with few sporangia (Legard, et al., 1995; Sherf and MacNab, 

1986) which are very diflBcult to find in the field, as was discussed above. However, the 

sporangia produced would be just enough to move to tomatoes, where they are more 

aggressive, spreading on and causing damage to these crops. 

Besides the lines of evidence for potato tubers as a source of primary inoculum, 

discussed above, there are additional observations that can strength this hypothesis. Early 

onset of the disease and higher genotype diversity occur in the Los Mochis area, where 

both crops potato and tomato are grown together. Later, the predominant genotype in Los 

Mochis area spreads to the Guasave area where only tomatoes are grown. Late blight has 

historically not been a problem in Culiacan (200 km southeast) where tomatoes, but not 

potatoes, are grown (Armando Carrillo, Personal communication). 

The clonal nature of the P. infestans population in the Del Fuerte Valley allows the 

implementation of better management strategies based upon the knowledge of some 

epidemiologically important features of the few genotypes occurring each year (Milgroom 

and Fry, 1997). Furthermore, the use of Geographical Information Systems (GIS) together 

with geostatistics to map and relate the genotype information with other factors affecting 

the development of epidemics will be the bases for an integrated management of late blight 

in the area. 

We have found that allozyme genotypes are well resolved and group isolates with 

specific features such as sensitivity or resistance to metalajgrl, or having specificity to one 
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of the host. RFLP analysis can further discriminate the allozyme genotypes, however the 

costs and technical requirements, as well as the long time (about two weeks) required for 

processing the samples, make this technique unsuitable for management purposes. On the 

other hand, the cellulose acetate electrophoresis (CAE) method for allozyme analysis 

identifies genotypes within hours (Goodwin et al., 1995a) allowing this method to be used 

in a more precise management program. A management program designed to consider 

genotype in assessing epidemic risks related to pathogen virulence and fungicide 

sensitivity. 
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CHAPTERS 

Epidemiology of tomato and potato late blight disease in the Del Fuerte Valley: 
Spatial aspects of Phytophthora infestans population genetics. 

INTRODUCTION 

Potato and tomato late blight, caused by Phytophthora infestans (Mont.) de Bary, 

is one of the most economically important and destructive diseases affecting potato 

(Goodwin, 1997; Piatt, 1992; Stanley, 1994; Thurston, and Schultz, 1981) and tomato 

(Stevenson, 1991; Legard, et al., 1995; Sherf and MacNab, 1986; Stanley, 1994). Late 

blight is the most important disease of both potato and tomato crops in the Del Fuerte 

Valley, located in the state of Sinaloa in northwestern Mexico. This disease causes severe 

damage to both crops in years when the weather is favorable. Furthermore, even in years 

when the weather is not optimal, late blight can cause considerable damage to these crops, 

especially tomatoes. Late blight epidemics are difficult to manage due to the genetic 

diversity of the causal agent. To achieve a good management of the disease it is essential 

to have a good knowledge of the factors that influence the epidemiology of the disease 

including the pathogen, the host, and the weather. 

Spatial analysis can strengthen our understanding of late blight epidemiology. 

Researchers have not given sufficient attention to the spatial patterns of the pathogen and 

of the susceptible crops at the regional scale (~150 Km). Most of the epidemiological 

studies on the potato and tomato late blight disease in recent years have focussed on 
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population genetics of the pathogen (Drenth, et al., 1993; Fry, et al., 1993; Fry, et al., 

1992; Fry and Spielman, 1991; Goodwin, 1997; Goodwin, and Drenth, 1997; Goodwin, et 

al., 1992b; Goodwin, et al., 1994a; Goodwin, et al., 1994b; Kato, et al., 1997; Sujkowski, 

et al., 1994; Matuszak, et al., 1994; Milgroom and Fry, 1997; Therrien, et al., 1989; 

Tooley, et al., 1993), in addition to refinements of measurements of environmental 

parameters that favor epidemics (Bruhn and Fry, 1981; Cooke, 1986; Fry and Doster, 

1991; Fry and Fohner, 1985; Fry, et al., 1983; Hyre, 1954; Kable and MacKenzie, 1980; 

Krause, et al., 1975; McHardy, 1979; Nutter and MacHardy, 1980; Piatt, 1992; Raposo, 

et al., 1993; Royer, et al., 1989; Spadafora, et al., 1984; Stevenson, 1983; Wallin, 1962) 

were the subjects of these studies. 

Traditional parameters were the focus of these studies and while refinements in the 

understanding of both environmental factors and genetic diversity were the result, few new 

principles directly applicable to disease management resulted. The advantage of better 

knowledge of host specificity, cultivar responses, fungicide sensitivity of the genotypes, in 

the design of better forecasting systems and better management strategies for late blight in 

this mixed crop system will be realized when coupled with an understanding of the spatial 

distribution of the factors influencing disease 

Geographic information systems (GIS) provides a set of tools and the fi^amework 

critical for managing information with modem information processing and analysis 

technology. Such technology applied to late blight will result in an understanding of the 

interaction of disease parameters and how they interact to produce regional patterns of 

disease. Using a vector based GIS, points lines and polygons are defined in a common 
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coordinate system to a database. However, researchers have not considered spatial 

distribution patterns relating to the pathogen and microclimate. They have also not 

considered the spatial distribution of other important factors that influence the epidemics 

of late blight; factors such as landscape features, sources of primary inocula, and host 

crops. 

An important aspect to consider in terms of late blight epidemiology and strategies 

for management is the diversity of genotypes and their characterization. Furthermore, 

knowledge about the host specificity, cultivar responses and fungicide sensitivity of the 

genotypes, will aid in the design of better forecasting systems and better management 

strategies for late blight in this mixed crop system. How all of these factors are distributed 

spatially in relationship with weather patterns and the landscape features could provide the 

basis for better management programs. Geographic information systems (GIS) provide a 

set of tools for spatial analysis and help us understand regional patterns. In a vector-based 

GIS, used here, points lines and polygons are represented by a common coordinate system 

and tied to a database. This chapter focuses on point displays of relevant data and in 

chapter 4, more advanced techniques, including geostatistics, will be used. This 

technology has been applied in the study of spatially related data in diverse fields, 

including plant pathology (Nelson, et al., 1994). 

Currently, forecasting systems based on weather conditions for the potato and 

tomato late blight disease have achieved good results. However, the models of these 

forecasting systems assume that the primary inoculum already is in the field, that all the 

genotypes of P. infestans have the same behavior, and that the inoculum is evenly 
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distributed around the area. There is strong evidence indicating that the source of primary 

inoculum for the Del Fuerte Valley is external, and that is not evenly distributed 

throughout the area. Furthermore, there are differential responses of the genotypes found 

in the area to fungicides (metalaxyl), and to crop cultivars (differential aggressiveness). 

Some genotypes are very aggressive on tomato, but only slightly aggressive on potato, 

and vice versa (Chapter 2). Spatial information on fungicide sensitivity and aggressiveness 

of the genotypes could be incorporated into current forecasting systems used in the area. 

Considering the strong clonal population structure of P. infestans in the Del Fuerte 

Valley, consisting of a few genotypes, some interesting management options can be 

applied. These options are based in the knowledge of genetic variation and population 

structure of the pathogen (Milgroom and Fry, 1997). Incorporating spatial features to the 

genetic variation and population structure of the pathogen will provide maps of the 

genotypes in a particular area. Because field populations usually consisted of a single 

clonal lineage and they usually have specific features like metalaxyl sensitivity or host 

aggressiveness mapping those genotypes will improve the management strategies. GIS is a 

powerful tool that allows us to obtain regional maps of the genotypes and their related 

features. These maps allow us to know the extent of spread of particular genotypes and 

the likelihood of that that genotypes infect particular potato or tomato fields (Milgroom 

and Fry, 1997; Real and McElhany, 1996). The objective of the present study was to give 

a spatial perspective to the Phytophthora infestans population genetics using Geographic 

Information Systems (GIS). This spatial information is intended to better understand the 

influence of genotypes on late blight epidemics and to develop a risk assessment program 
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to improve the disease management systems. The final goal, which is out the focus of this 

chapter, is design more precise management options using spatial aspects of the disease in 

terms of source of inoculum, fungicide resistance, weather, and differential aggressiveness 

on the host cultivars. 
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MATERIALS AND METHODS 

The spatial aspects of the Phytophthora infestans population genetics were 

analyzed in the Del Fuerte Valley, Sinaloa, Mexico during the crop seasons of 1994-1995, 

1995-1996 and 1996-1997 using Geographical Information Systems (GIS). Isolates of P. 

infestans were obtained from two areas: one, representing a mixed potato and tomato 

culture, and the other tomatoes only. Collection sites of P. infestans isolates were geo-

referenced to the Universal Transverse Mercator (UTM) coordinate system with a Global 

Positioning System (GPS). The isolates were characterized by mating type, allozyme 

analysis at the Gpi and Pep loci, RFLP with probe RG57, metalaxyl sensitivity, and 

aggressiveness to tomato and potato (described in chapter 2.) 

Description of the study area. The Del Fuerte Valley is located in the state of Sinaloa in 

Northwest Mexico between the 25.40° and 26.25° north latitude, and 108.25° and 

109.35° west longitude (Fig. 3.1). This is between 2,800,000 m and 2,890,000 m North 

from equator and between 660,000 m and 790,000 m east in the zone 12 of the Northern 

Hemisphere in the UTM coordinate system. The UTM system divides the Earth's surface 

into zones that are 6 degrees of longitude wide, with the origin of each zone in the lower 

left comer, having the equator as the lower origin (Star and Estes, 1990). The left origin 

for the zone 12 is the 114° west longitude and its right limit is the 108° west longitude in 

the latitude-longitude system. We decide to use the UTM system because it gives the 



86 

/ 

Del Fuerte river 

Mochis 

Guasave 

Sinaloa river 

Crops 
# Tomato 
• Potato 
/\/ Roads 
m Cities 
/\ / Coastline 

Rivers 

Sea of Cortez 

10 0 10 20 Kilometers 

Figure 3.1. Feature map of the Del Fuerte Valley in Northwestern Mexico with the spatial 
pattern of tomato and potato crops. 
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positions and therefore the distances between positions in meters (Star and Estes, 1990), 

and is integrated into spatial analysis software. This also facilitates geostatistical analysis 

(chapter 4). 

The Del Fuerte Valley is in a coastal plain adjacent to the sea of Cortez (Gulf of 

California) which is to the south and west. The topography is flat and the elevation is just 

above sea level (Fig. 3.1). There are some low mountains at a distance about 25 km to the 

north and about 50 to 100 km to the east. Two main rivers pass through the valley, one at 

the north side (the Del Fuerte river) running from northeast to west, and the other at the 

southeast side (the Sinaloa river) miming to south. 

The Del Fuerte Valley is divided into two main areas for late blight depending on 

the host crops grown. The Northwest area around the city of Los Mochis is a mixed 

culture of both the tomato and potato crops. Furthermore, within this area at the east, 

there is a sub-area where mainly potatoes are grown (Fig. 3.1.). In the southeast area 

around the city of Guasave, only tomatoes are grown (Fig. 3.1.). The tomatoes grown in 

this area are for industry and fi"esh market and they are grown in large fields in contrast to 

the Los Mochis area where there are a mixture of large and small tomato fields. 

Sampling procedure. Isolates were collected in an arbitrary procedure from tomato and 

potato fields during three consecutive seasons from 1994-1995 to 1996-1997. Each 

season, the sampling started when an outbreak of late blight was first noticed. This usually 

occurred between the second and third week of December. After the first occurrence of 

late blight, the neighboring tomato and potato fields from those with late blight were 
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surveyed for late blight infections. Later surveys were extended to the entire valley with 

the help of farmers, who notified us when they observed the disease. Samples were 

collected fi^om both potato and tomato fields. Each sample site was geo-referenced in 

UTM coordinate system with a handheld global positioning system (GPS) instrument. The 

instruments used were either the Magellan model 69001, Magellan systems Corp., 960 

Overland Court, San Dimas, CA., or the Garmin model 45 Personal Navigator, Garmin 

International, 9875 Widmer, Lenexa, KS. All the fields surveyed for late blight were geo-

referenced whether the disease was present or not. From each positive sample site, several 

infected leaves or stems were obtained. The size of the sample site varied according to the 

presence and severity of late blight. In sites where late blight was very rare only a very few 

lesions in about 20 m radius were collected. In sites were late blight was abundant the 

sample was collected fi'om several neighboring plants. Infected tomato fiuits were 

sometimes collected. From each sample site, one or a few isolates were obtained. These 

isolates were characterized by mating type, allozyme analysis, RFLP, metalaxyl sensitivity, 

and aggressiveness on tomato and potato. The isolation and characterization procedures 

are described on chapter 2. In the seasons of 1995-1996 and 1996-1997, sporangia of P. 

infestans were collected directly fi'om active lesions and fi-ozen for use later on allozyme 

analysis. This procedure works well for analysis of the GPI locus, but not for the PEP 

locus, which was not well resolved with the sporangia alone. In PEP locus identification, 

cultured material was necessary. 
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Mapping and data display. Two commercially available programs, Arclnfo and 

Arc View, (ESRI, 380 New York St., Redlands, CA) were used for GIS analysis. An 

Arclnfo-digitized base map of the Del Fuerte Valley had been digitized for a previous 

study in the area (Nelson, et. al., 1994). It contains the features roads, canals, cities, rivers 

and coastline. The features were geo-referenced in the UTM coordinate system so that 

sample location in this study referenced by GPS could be overlaid on them. The PC 

version 3.0 of Arc View was used to elaborate maps and print hard copies of the data 

maps. 

Maps on the spatial pattern of mating type, allozyme on two loci (GPI and PEP), 

and RFLP with the RG57 probe were developed for each season of study. Maps with the 

same features for each of the crops the tomato and potato were also analyzed. 
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RESULTS 

Mating type. During the three years of study, the spatial pattern of P. infestans mating 

types shifted from dominance by A2 in 1994-1995 to only A1 in 1996-1997 (Fig 3.2). The 

co-occurrence of mating types was restricted to very few fields in the area around Los 

Mochis where both tomato and potato crops are grown. In 1994-1995, the prevalent 

mating type was A2, while A1 was only found in four potato fields (Figs. 3.2A, 3.3A, and 

3.4A). In three of the four fields, both mating types were isolated from the same part of 

the field. One self-fertile isolate was also found in one of the fields where both mating 

types were found. In 1995-1996, the widest spread mating type was the Al, with the A2 

restricted to only four tomato fields (Figs. 3.2B, 3.3B, and 3.4D). Both mating types were 

found in only one field. A self-fertile isolate was also found in a tomato field in 1995-1996. 

In 1996-1997 only the mating type Al was found in valley (Fig 3.2C, and 3.4E and F). 

Allozyme analysis. The spatial pattern of isolates characterized by the GPI and PEP 

allozyme systems show that one genotype of Phytophthora infestans was wide spread on 

both the tomato and potato crops in the Del Fuerte Valley area each year (Figs 3.5 and 

3.8). They also show geographic and host sub-structuring of the P. infestans population in 

the Del Fuerte Valley (Fig 3.8). In the 1994-1995 season, GPI 100/111 was the only 

broadly dispersed among the P. infestans isolates from both the tomato and potato crops 

(Figs 3.5A, 3.6A, and 3.8 A and B). In this season was found also the GPI 100/100, but 
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Figure 3.2. Spatial distribution of mating type of Phytophthora infestans on potato and tomato 
crops in the Del Fuerte Valley, Sinaloa Mexico, during the seasons of 1994-1995 (A), 1995-1996 
(B), andl996-1997 (C), Mating types are Al, A2, and self-fertile (SF). 
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Figure 3.3. Spatial distribution of mating types of Phytophthora infestans on potato and tomato 
crops in the Del Fuerte Valley, Sinaloa, Mexico, during the seasons 1994-1995 (A) and 1995-
1996 (B). Mating types are Al, A2, and self-fertile (SF). Inserts represent zoomed areas where 
different mating types occur together. 
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Figure 3.4. Spatial pattern of mating type of Phytophthora infestans on potato (A, C, and E) 
and tomato (B, D, and F) crops in the Del Fuerte Valley, Sinaloa, Mexico, during the seasons 
of 1994-1995 (A and B), 1995-1996 (C and D), and 1996-1997 (E and F). Mating types are 
Al, A2 and sel-fertile (SF). 
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restricted to only one potato field (Figs 3.5A, 3.6A, and 3.8 A and B). Likewise, in this 

season, only PEP 100/100 was found in all of the 128 isolates tested fi'om both the tomato 

and potato crops. In 1995-1996, a different GPI allele, 100/122, was the only wide spread 

on both the tomato and potato crops. GPI 100/111, dominant the previous season was 

present in restricted areas. GPI 111/122 allele, not previously observed, was spatially and 

host restricted (Figs 3.5B, 3.6B, and 3.8 C and D). GPI 100/111 and GPI 111/122 were 

restricted to the area around Los Mochis, where both the tomato and potato crops are 

grown, and were found only on tomato crops, with one exception a GPI 111/122 isolate 

fi-om potato (Figs. 3.8 C and D). In the case of the PEP locus, the most broadly spread 

allele was the PEP 100/100, found in association with GPI 100/111 and 100/122. The 

newly found PEP 92/100 was associated with GPI 111/122. All GPI 111/122 and PEP 

92/100 isolates were found late in the season and were extremely sensitive to the 

metalaxyl fungicide. They also were very aggressive against all tomato cultivars tested and 

the potato cultivar Norchip, but gave a differential response to the potato cultivar Alfa 

(chapter 2). In 1996-1997, the GPI 100/122 was the only one wide spread on both the 

tomato and potato crops (Figs. 3.8 E and F). The spatial pattern of GPI 100/100 spanned 

the study area fi'om the northeast to the southeast, but was restricted to fields at least 30 

km inland and occurred only on tomatoes (Figs. 3.5C, 3.7, and 3.8 E and F). GPI 100/100 

was the first detected early in the season (Dec. 22, 1996) in an isolated tomato field to the 

northeast part of the valley. This same GPI allele was also previously found in 1994-1995 

restricted to only one potato field (Fig. 3.5A and 3.8A). All the isolates with GPI 100/100 

were extremely sensitive to the fiingicide metalaxyl and were not very aggressive on the 
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Figure 3,5. Spatial distribution of allozyme genotypes of Phytophthora infestans on potato and 
tomato crops in the Del Fuerte Valley, Sinaloa, Mexico, during the seasons of 1994-1995 (A), 
1995-1996 (B), and 1996-1997 (C). The allozyme locus analyzed were Peptidase (PEP) and 
Glucose-6-phosphate isomerase (GPI). 
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Figure 3.6. Spatial distribution of allozyme genotypes of Phytophthora infestans on potato and 
tomato crops in the Del Fuerte Valley, Sinaloa, Mexico, during the seasons of 1994-1995 (A) and 
1995-1996 (B). The allozyme locus analyzed were Peptidase (PEP) and Glucose-6-phosphate 
isomerase (GPI). Inserts represent zoomed areas where different allozyme alleles occur together 
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Figure 3.7. Spatial distribution of allozyme genotypes of Phytophthora infestans on potato and 
tomato crops in the Del Fuerte Valley, Sinaloa, Mexico, during the seasons of 1996-1997. The 
allozyme locus analyzed were Peptidase (PEP) and Glucose-6-phosphate isomerase (GPI). 
Inserts represent zoomed areas where different allozyme alleles occur together 
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Figure 3.8. Spatial distribution of allozyme genotypes of Phytophthora infestans on potato (A, C, 
and E) and tomato (B, D, and F) crops in the Del Fuerte Valley, Sinaloa, Mexico, during the 
seasons of 1994-1995 (A and B), 1995-1996 (C and D), and 199^1997 (E and F). The allozyme 
locus analyzed were Peptidase (PEP) and Glucose-6-phosphate isomerase (GPI). 
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potato cultivar Alfa, but very aggressive on tomato and the potato cultivar Norchip 

(Chapter 2). As in the previous seasons, the most broadly spread PEP allele was the 

100/100. The PEP allele 92/100 was also found in this season, but was restricted to only 

one potato field. 

RFLP analysis. The spatial pattern of the isolates characterized by RFLP analysis show 

geographical differentiation among the RFLP patterns. In the season 1994-1995, two 

different RFLP patterns were found in five isolates tested. The pattern "A" was found in 

the northeastern area close to Los Mochis on both the tomato and potato crops, while the 

three isolates with pattern "E" were widely separated and found only on tomato crops 

(Figs 3.9 A and B). In the 1995-1996 season, six different RFLP patterns were found in 

the area. Only one, pattern "B", was found on both the tomato and potato crops, and it 

was restricted to an area around Los Mochis (Figs. 3.9 C and D). The patterns "F" and 

"G" were found in only one potato field each. The tomato RFLP patterns were spread in a 

localized area each. The pattern "A", which was found occurring on both crops the 

previous season, was found in only one field close to Los Mochis, in 1995-1996 (Fig. 

3.9D). Isolates with pattern "C" were separated spatially fi-om isolates with pattern "D". 

Pattern "C" was southwest Los Mochis close to the coastline, while the Pattern "D" was 

found to the northeast of Los Mochis (Fig. 3.9 D). However, there was an area between 

Los Mochis and Guasave were RFLP patterns "B", "C", and "D" were found in close 

proximity (Fig. 3.9 D). In the 1996-1997 season, only three RFLP patterns were found. 

One of them, pattern "B" was present in the previous season and was broadly spread on 
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Figure 3.9. Spatial distribution of RfXiP patterns of Phytophthora infestans on potato (A, C, 
and E) and tomato (B, D, and F) crops in the Del Fuerte Valley, Sinaloa, Mexico, during the 
seasons of 1994-1995 (A and B), 1995-1996 (C and D), and 1996-1997 (E and F). The RFLP 
patterns were obtained with probe RG57 provided by Dr. William E. Fry, Cornell University. 



101 

both the tomato and potato crops (Figs. 3.9 E and F). A new RFLP pattern, pattern "H", 

was found occurring only on tomato crops. This RFLP genotype was found broadly 

spread, but restricted mainly to the area inland beyond 30 km from the coastline (Fig. 

3.8F). Another new RFLP pattern, pattern "I", was found only in one potato field 

northeast Los Mochis (Fig. 3.9E). Isolates with pattern "B" and "H" occurring on tomato 

crops were separated spatially in the northwest part of the study area, but are found in 

close proximity in the southeastern part of the study area (Fig 3.9F). 
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DISCUSSION 

The regional spatial distribution of P. infestam mating types in the Del Fuerte 

Valley shows that only one of the mating type is broadly spread on both the potato and 

tomato crops each year. This suggests a strong clonal population of P. infestam in the 

area, since both mating types are required for sexual reproduction in this organism 

(Alexopoulos, et al, 1996; Cohen, et al., 1997; Fry et al., 1992; Goodwin, et al., 1992b). 

However, in the 1994-1995 and 1995-1996 seasons there were some areas or fields where 

both mating types occur together and thus, sexual reproduction could be possible (inserts 

in Fig 3.3A, and upper-left comer insert on Fig 3.3B). If sexual reproduction did occur, it 

was not of epidemiological importance, because only mating type Al was present in 1996-

1997 (Figs 3.2C, and 3.4 E and F). Sexual reproduction is unlikely to have occurred 

considering that oospore formation of P. infestans requires very special weather 

conditions including free water on the infected surface for long uninterrupted periods 

(Cohen, et al, 1997), which is not common in this area. Although some self-fertile isolates 

were found in two consecutive years, it does not means that oospores of these isolates or 

genotypes survived from one season to the next. First, the isolates were found in different 

areas each year and they had a different genetic structure, which means that they are 

actually different genotypes. Second, the extreme environmental conditions of the resting 

period in this area, in summer time, with very high temperatures and a long dry period 

make it unlikely that oospores could remain viable for the next season. This is because 

oospores of P. infestans and other Phytophthora species do not survive at soil 
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temperatures above of 40° C (Drenth, et al., 1995; Fay, and Fry, 1996; Juarez-Palacios, et 

al., 1991). Such temperatures are common in the Del Fuerte Valley during the summer 

time. 

The spatial distribution of P. infestans genotypes based on allozyme analysis and 

RFLP confirms the strong clonal population of P. infestam in the Del Fuerte Valley. 

There wqs only one dilocus genotype broadly spread in the valley on both the tomato and 

potato crops each season and this dominant genotype differed almost every season (Fig. 

3.5). However, in each year other dilocus genotypes were also present, but restricted to 

only one host or to only a particular geographic area (Figs. 3.5, 3.6, and 3.7). This is also 

true for the RFLP genotypes. There was only one RFLP genotype present each season on 

both the tomato and potato crops (Fig. 3.9) and this dominant genotype was different 

almost each season. As with the allozyme genotypes, other RFLP genotypes were also 

present; however, they were restricted to only one host or to a particular area in the valley 

(Fig. 3.8). It is interesting notice that the RFLP genotypes found occurring on both crops 

each year were also found present the following next season. The genotypes occurring on 

only one of the host were not found in the area in the following next season (Fig. 3.8). 

Two RFLP genotypes, the patterns "A" and "B", were present on both the tomato and 

potato crops in 1994-1995 and in 1995-1996, respectively. They were also present in the 

next following seasons 1995-1996 and 1996-1997 for RFLP "A" and "B", respectively 

(Fig 3.8). This suggests that the potato crops have an active role in the disease cycle of 

late blight in this area as source of primary inoculum (discussed in chapter 2). This also 

suggests that P. infestans could remain from one season to the next in the area. However, 
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the fact that the majority of the genotypes present one season do not occur the next 

season and that new previously not found genotypes are occurring each year suggests that 

the pathogen is more likely being introduced into the area each season (discussed in 

chapter 2). Potato tubers used as seed in this area are introduced each year from areas 

where late blight is known to be prevalent (Goodwin, et al., 1992b; Niederhauser, 1991). 

Some of these potato tubers could be infected and carry the inoculum for new founder 

populations (Goodwin, 1997; McDermott and McDonald, 1993) which are introduced and 

spread in the area each season. Such introductions could include genotypes that were 

present in previous seasons. These recurrent migrations into the area cause a recycling of 

genotypes from those areas to the Del Fuerte Valley along with new genotypes that could 

be developed in areas where sexual reproduction is likely to occur (Goodwin, et a. 

1992b). This could be an explanation why each season occur some new genotypes not 

previously found in the area along with recurrent genotypes. Another possibility is that 

some of the new genotypes, especially those found exclusively on tomatoes, could come in 

with infected tomato fruits from other tomato production areas. There are reports 

(Goodwin, 1997) suggesting that infected tomato fruits serve as source of primary 

inoculum. This is likely to occur in the Del Fuerte Valley since in the 1996-1997 season 

the first outbreak of the disease in the area was a tomato field in the most northeast part of 

the valley (Fig. 3.8F). The genotype occurring on this field was found only on tomato 

fields and was not very aggressive to the commonly grown potato cultivar "Alfa" (chapter 

2). However, we can not discard the possibility of primary inoculum of the tomato 

genotypes coming from neighboring potato fields. Small and atypical lesions with few 
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sporangia as those lesions caused by that genotype on detached leaf tests (Chapter 2) are 

produce on potato. These small lesions are diflBcult to find in large fields, but can produce 

just enough sporangia to move to the neighboring susceptible tomato fields and spread on 

them. This phenomenon could happen in this area considering that this genotype was 

detected as a single isolate on a potato field in the 1994-1995 season. 

The spatial patterns of genotypes of P. infestans based on RPLP analysis on potato 

and tomato crops are shown in Figure 3.9. These maps suggest a strong spatial 

dependence of the genotypes. Map D shows the genotypes found on tomato during the 

1995-1996 season. There are four different areas, each with a different genotype structure. 

The area to the north and the area to the west present a different genotype each, D and C 

respectively. The area around the city of Los Mochis presents two different genotypes B 

and E, while the area to the southeast presents three different genotypes B, C, and D. The 

area to the southeast indeed has the four different genotypes found in the tomato crops, 

since the allozyme genotype GPI 100/111 PEP 100/100 linked to the RFLP pattern "A" is 

also present in this area, but that particular isolate was not characterized using RFLP. This 

suggest that each of those genotypes were introduced to a different area, and later in the 

season spread to the southeast where all of them converged. This is an explanation for the 

mixed genotypes being present in the southeast. The same phenomenon was observed in 

1996-1997, although in this season with only two genotypes. Figures 3.7C and 3.8F show 

a geographic separation of the genotypes in the area around Los Mochis with one 

genotype prevalent to the northeast and the other prevalent to the southwest. Both 

genotypes begin to converge east of Los Mochis, and by the area around the city of 
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Guasave almost all the fields present a mixed genotype infection. This spatial pattern 

coincides with past field observations in the sense that late blight always starts in the 

northwest part of the valley and moves toward the southeast. Here we present graphic 

spatial evidence of this phenomenon. 

The geographic substructuring occurring in the northwest part of the valley, 

around the city of Los Mochis, could be explained by the occurrence of different founder 

populations (Goodwin, 1997; McDermott and McDonald, 1993) as well as by the spatial 

pattern of the susceptible hosts and the prevalent wind currents. In this area, both potato 

and tomato crops are grown, thus is likely that the disease start in this area for the role 

that the potato tuber seed have as source of primary inoculum (discussed on chapter 2). 

The spatial patterns of the source of primary inoculum and of the hosts are major factors 

influencing the spatial pattern of the genotypes of P. infesians. First, the disease and thus 

the founder populations start precisely where the primary inoculum is located, spreading 

fi-om this point or field to infect the neighboring potato or tomato fields (Real and 

McElhany, 1996). How the susceptible potato and tomato fields are distributed in the area 

will ultimately define the spatial distribution of the aggressive and non-aggressive 

genotypes (Legard, et al., 1995). If there are several primary sources of inoculum, then 

there will be several founder populations with perhaps several different genotypes. Those 

founder populations, which are capable of infecting the potato or tomato cultivars planted 

in the neighboring fields will be able to spread broadly. It is difficult to know how many 

founder populations are occurring each year in the Del Fuerte Valley. However, the few 

different genotypes found each season in the area suggest that there are few founder 
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populations and thus few sources of primary inoculum. The spatial analysis of the 

genotypes together with data of aggressiveness on potato and tomato suggest that in this 

area only a few founder populations occur from which one or up to two populations are 

able to spread each year. The genotypes that spread in the area are those that are able to 

adapt to the potato or tomato cultivars planted in the neighboring fields. These genotypes 

can produce abundant sporangia that can function as a secondary source of inoculum 

(discuss in chapter 2) and thus sustain an epidemic. 

P. infestans can be disseminated by air over long distances of 50 km (Fry and 

Spielman, 1991; Sherf and McNab, 1986). However, this dissemination is not as efficient 

as infield spread, and only enough to start a new infection in a random field. These first 

infections will be foci for secondary spread of the disease within the field when the 

genotype occurring is aggressive against the cultivar planted in that field. However, if the 

genotype is not aggressive against the cultivar planted, it is unlikely that those infections 

will become foci of inoculum for secondary infections. Thus, non-aggressive genotypes 

will not be able to spread and will be almost impossible to be detected in a sampling of the 

disease in very large fields. This is happening to some extent in the Del Fuerte Valley 

where each season only one genotype was found broadly spread and infecting both the 

tomato and potato crops. The rest of genotypes were found affecting one of the hosts and 

restricted to only an area where both the potato and tomato crops are grown together. 

Interestingly, the broadly spread genotypes were highly aggressive against both the potato 

and tomato, while the restricted genotypes were not aggressive to one or the other of the 

hosts, usually potato, in an aggressiveness test (chapter 2). This explains how the spatial 
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patterns of the hosts influence the spatial patterns of the genotypes (Real and McElhany, 

1996). 

The prevalent wind currents are another factor that could influence the spread and 

thus the spatial pattern of P. infestam genotypes in the Del Fuerte Valley. The spatial 

pattern of the genotypes show geographic separation of all the genotypes in the north and 

northwest with a convergence or mixing of some of the genotypes to the central and 

southeast part of the valley. This suggests that the movement or dispersal of the most 

efficient or aggressive genotypes is toward the southeast. This dispersal could be 

explained by the direction of the prevalent wind currents in the area along with the spatial 

pattern of the sources of primary inoculum and of the hosts. The wind currents in the 

wintertime, when tomato and potato are grown, are more prevalent from the north and 

from the sea at the west side of the valley (Fig. 3.1). If we assume that P. infestcms is 

dispersed by air (Fiy and Spielman, 1991; Sherf and McNab, 1986), then the major 

dispersal of the P. infestcms genotypes must be in direction of the prevalent wind. This is 

particularly the case if dispersal occurs in a series of short steps rather than in a single 

event. The maps of P. infestcms genotypes based on RFLP patterns in the last two seasons 

present evidence that the dispersal of genotypes is in the direction of the prevalent winds. 

This fact has implications for the implementation of disease management strategies 

Although the P. infestcms populations in the Del Fuerte Valley are clonal, still 

some variability among the genotypes was found each season. Mapping the extent of those 

different populations or genotypes could enable us to implement a differential management 

strategy based on what we know about the genotypes. Some interesting management 
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strategies for late blight using information on population genetics of P. infestcms and their 

associated features for clonal populations has been devised (Milgroom and Fry, 1997). 

These features of the genotypes include fungicide sensitivity and host aggressiveness. GIS 

is a powerful tool for displaying spatial data in form of maps, which can help us to devise 

better management strategies based on the recurring spatial patterns of the disease and the 

pathogen (Nelson, et al, 1994). Improved management of late bight could be possible in 

the Del Fuerte Valley where almost all the tomato crops are controlled by three tomato 

processing companies, and almost all the potato crops are controlled by a potato farmers 

association. Spatial analysis of genotypes has demonstrated recurring spatial patterns for 

late blight epidemics in the Del Fuerte Valley. Characterizing the genotypes in the 

northwest part of the valley early in the season will allow the farmers to know in advance 

which genotypes are most likely to affect their crops. Furthermore, if the associated 

features of each genotype like metalaxyl sensitivity and aggressiveness to the cultivars 

planted are known a farmer can better assess the risk of severe disease in a particular field. 

This information can be managed and displayed with a GIS. If a map is showing that in an 

area the genotype present is metalaxyl sensitive, the farmer can confidently apply the 

fungicide metalaxyl, which is very effective against sensitive genotypes (Milgroom and 

Fry, 1997). Furthermore, if the genotype present is of low aggressiveness on the potato 

cultivar planted in a particular field, the farmer can delay or eliminate fungicide 

applications. This is true if we assume that an individual host's likelihood of acquiring an 

infectious disease is dependent on the location of the host relative to the source of 

infection, and proximity to other hosts (Real and McElhany, 1996). Two dilocus 
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genotypes were found being sensitive to metalaxyl. These genotypes have other features 

that are important in terms of management, which make them different from other 

genotypes. For example, in the 1995-1996 season the genotype GPI111/122, PEP 92/100 

(Figs. 3.5B and 3.6B), which was mainly found in the western part of the valley, was 

sensitive to the fungicide metalaxyl (chapter 2). Also, most of the isolates within this same 

genotype have low aggressiveness to the common potato cultivars planted in the area. The 

fungicide metalaxyl was the most effective systemic fungicide for late blight control before 

resistant genotypes were developed (Milgroom and Fry, 1997). With this information, the 

tomato farmers could have used metalaxyl to control the disease in this area without any 

resistance problem. Furthermore, the potato fields are unlikely to be severely damaged and 

less fungicide can be sprayed or longer periods between sprays can be used, which in 

either case would save money. On the other hand, the genotype GPI 100/122 PEP 

100/100, which was wide spread throughout the whole area, except the western part 

(Figs. 3.5B, 3.6B, and 3.8D) was metalaxyl resistant and very aggressive against both the 

potato and tomato crops. In those areas, more control efforts must be taken with different 

fungicide. It is important to consider that maps showing the spread of the genotypes, 

perhaps weekly or even daily, can be displayed with a GIS. This is possible if we consider 

that most of the genotypes and their associated features can be discriminated with an 

analysis of the allozyme genotypes, which can be accomplished in few hours (Goodwin, et 

al, 1995a). With this information, the farmers or the practitioners will be able to know 

with some grade of precision which genotype is approaching their crops. The data 

presented here suggest particular attention should be paid to genotypes north and west of 



given fields. Thus, they can know in advance what is the risk of a particular genotype 

approaching their fields to infect the tomato or potato cultivars planted, and take the 

management measures in consequence. This point features can be used in connection with 

more sophisticated spatial analysis such as geostatistics for plant disease management 

(discussed in chapter 4). 
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CHAPTER 4 

Epidemiology of tomato and potato late blight disease in the Del Fuerte Valley: 
Geostatistics analysis on Phytophthora infestans genotypes and disease severity 

INTRODUCTION 

The population genetic studies of the potato and tomato pathogen Phytophthora 

infestans (Mont.) de Bary, were intensified since the development of molecular markers 

and the appearance of the A2 mating type and metalaxyl insensitive isolates of the 

pathogen outside central Mexico. The focus of these studies was changes in the genetic 

structure of P. infestans over large areas such as countries, continents or even worldwide 

(Fry, et al., 1992 and 1993; Goodwin, et al., 1994a). However, studies to date have not 

considered the spatial patterns of that genetic structure at the scale of an agricultural 

region and how different genotypes can influence the development of late blight at that 

scale. 

Geographic Information Systems (GIS) and geostatistics provide a set of tools for 

spatial analysis. They have been applied in the study of spatially related data in diverse 

fields of studies (Goodchild, 1993), including soil science (White, at. al., 1997), 

entomology (Byrne, et al., 1996; Liebhold, et al., 1993), medical entomology (Nicholson 

and Mather, 1996), and plant pathology (Nelson, et al., 1994; Grum, et al., 1997). 

Classical statistical tools are very useful to study a variety of natural phenomena 
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and to provide quantitative answers to specific questions. Unfortunately, they do not use 

spatial information that can be included in many data sets. Geostatistics offers a means to 

describe the spatial continuity which is an essential feature of many natural phenomena and 

provides adaptations of classical regression techniques to take advantage of this continuity 

(Isaaks and Srivastava, 1989). Furthermore, the modeling of spatial continuity can be used 

to assess uncertainty associated with estimated values (Joumel, 1989). Geostatistics is 

based on the use of a random function model wherein the data are viewed as a nonrandom 

sample fi'om one realization of the random fiinction (Myers, 1993). Its flexibility in being 

able to incorporate the known action of physical, chemical, and biological processes along 

with uncertainty represented by spatial heterogeneity, makes geostatistics an attractive 

tool for spatial modeling (Cressie, 1993). The basic ideas and procedures behind a 

geostatistical analysis, including variogram analysis, kriging, co-kriging, conditional 

simulation, splines, and change of support, are presented elsewhere (Cressie, 1993; 

Deutsch and Joumel, 1992; Isaaks and Srivastava, 1989; Joumel, 1989; Myers, 1991). 

Geostatistics analysis consists of three main steps. First, exploratory data analysis 

(univariate statistics, observation of outliers, examining point patterns (chapter 3).Second, 

modeling and identification of the spatial stmcture of the variable using variograms or 

spatial covariance functions. Third, linear estimation or prediction of the variable 

everywhere in the studied space to obtain a map (Monestiez, et al., 1994). Geostatistics is 

mostly concerned with spatial prediction at unsampled locations and, for that, it uses a 

method knovm as kriging (Cressie, 1993). Kriging is a regression technique used for the 

estimation or interpolation of spatially located and spatially correlated data. Location and 
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support of the samples are features that set kriging apart from other similar or related 

techniques (Myers, 1991). Location of the sample is believed to reflect valuable 

information due to the apparent spatial correlation quantifiable in terms of separation 

distance and direction. In addition to obtaining a best estimate, the variance of error of 

estimation is also obtained, which reflects the spatial correlation and the sample location 

pattern (Myers, 1991). 

Geostatistics has been used in the field of plant pathology to analyze spatial 

distribution of plant diseases epidemics mainly at plot or field scales (Chellemi, et al., 

1988; Gottwald, et al., 1995; Laridn, et al., 1995; Lecoustre, et al., 1989; Stein, et al., 

1994; Webster and Boag, 1992). Nelson, et al. (1994) successfully applied this technique 

to develop a regional risk assessment for the management of plant virus diseases in 

tomatoes. Stein, et al. (1994) used this technique to determine the source of primary 

inoculum and the analysis of spatio-temporal development of cabbage downy mildew 

epidemics. Geostatistics has also been used to quantify inoculum pattern even at very 

small scale like plant roots (Dandurand, et al., 1995). Furthermore, it has been applied to 

determine spatial genetic structures of wild populations (Monestiez, et al., 1994). 

Spatial analysis and GIS are natural partners for the analysis and modeling of 

environmental data (Myers, 1993). Cressie and VerHoef (1993) pointed out that the 

environment is the surrounding of an organism and ecology is the study of the 

relationships of organisms to their environment. Therefore, care should be taken to 

distinguish the meaning of both terms in order to keep the focus of the research goals. 

Furthermore, the data from both the organism and its environment are often spatial in 
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nature. Considering that plant diseases are the interaction of organisms, the host and the 

pathogen, with their environment, we think that this approach, which is frequently used in 

environmental studies, can successfully be applied to plant disease epidemic studies. Both 

geostatistics and GIS have been applied together in the fields of soil science (White, at. al., 

1997), entomology (Byrne, et al., 1996; Liebhold, et al., 1993), medical entomology 

(Nicholson and Mather, 1996), and plant pathology (Nelson, et al., 1994; Nelson and 

Orum, 1997). The variety of problems that are addressed by spatial statistics and ways in 

which GIS can aid in the manipulation of environmental data are illustrated by Myers, 

Cressie and VerHoef; Cressie, Jager and Overton; Englund, Rasmussen-Rhodes and 

Myers; Ver Hoef, Anselin, and Overton in section VI of the book environmental modeling 

with GIS (Goodchild, et al., 1993). 

The objective of this chapter is to analyze the spatial patterns of the genotypes of 

Phytophthora infestans and the association of genotypes with disease severity in a mbced 

tomato and potato production system. Determine the probability of occurrence of the P. 

infestans genotypes and the expected disease severity in unsampled areas. This 

information is intended for be used on a risk assessment program to improve the 

integrated management of late blight in a mbced potato and tomato production area. 
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MATERIALS AND METHODS 

Data collection. 

The present study was done in the Del Fuerte Valley, Sin, Mex (a description of 

the area of study was given in the chapter 3) during the seasons of 1994-1995, 1995-1996, 

and 1996-1997. Sampling of both the pathogen and the disease severity was performed 

similarly. Each potato or tomato field surveyed for late blight infection was geo-referenced 

with a hand held GPS unit in UTM coordinate system (described in chapter 3). The UTM 

system gives the positions in meters, which can be used in geostatistical analysis, since 

geostatistics requires distances to be performed. 

In fields where late blight was found, infected material was collected for P. 

infestans isolation and characterization. Each isolate of P. infestans was characterized by 

mating type, allozyme at the Glucose-6-phosphate isomerase (Gpi) and peptidase (Pep) 

loci, restriction fi-agment length polymorphism (RFLP), metalaxyl sensitivity, and 

aggressiveness on potato and tomato. The characterization procedures are described in 

chapter 2. Each point or location sampled for late blight was geo-referenced and disease 

severity was recorded. Disease severity was recorded according to the late blight disease 

severity key developed by James (1971). Severity estimates correspond roughly to the 

percentage of foliage that is blighted. Fields where late blight was not found were 

recorded as zero in disease severity. Each season as many potato and tomato fields as 

possible were surveyed. When the first late blight was detected, sample collection began. 

Fields neighboring the first outbreak field were surveyed first and, later, all the area was 
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covered. The sample data were irregularly spaced, since the tomato and potato fields were 

irregularly spaced. Critical early monitoring was done by Ing. Rodolfo Trinidad 

(Alimentos Del Fuerte, Los Mochis, Sin., Mex.) and Dr. Ruben Felix (Agridiagnosticos, 

Los Mochis, Sin., Mex.) 

Geostatistics analysis. 

To estimate late blight severity in unsampled areas, ordinary kriging interpolation 

method was used. Kriging is the best linear unbiased estimator for spatially referenced 

variables (Isaaks and Srivastava, 1989; Myers, 1991). Kriging is linear in the data and the 

weights are obtained fi-om a system of linear equations in which the coeflBcients are the 

values of the variograms or covariance functions quantifying the correlation between data 

at two sample locations or between a sample location and the location to be estimated 

(Myers, 1991). To estimate the probability of occurrence of a determined genotype or 

mating type, ordinary kriging of indicator variables was used (Joumel, 1989). Indicator 

variables have only two values, 0 or 1, and can be used for non-numerical data such as 

presence or absence of a particular genotype or mating type. They are also used as 

transformation of continuous numerical data which are transformed to 0 or 1 depending 

whether the continuous variable is above or below a threshold (Isaaks and Srivastava, 

1989; Shibli, 1997, Ai-geostats home page [http://curie.ei.jrc.it/faq/index.html]). 

Variogram analyses. Omnidirectional and directional experimental variograms were 

obtained using the VARIOWIN 2.1 software (Pannatier, Y., 1994; Institute of Mineralogy 

http://curie.ei.jrc.it/faq/index.html
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and Petrography- University of Lausanne - Switzerland). Experimental variograms were 

obtained for mating type, for allozyme (glucose-6-phosphate isomerase [Gpi] and 

peptidase [Pep]) and RFLP genotypes of P. infestcms, and for late blight severity each 

season. Fitting of model variograms also was accomplished with the Variowin software. 

The model variograms were used in ordinary block kriging for estimation in unsampled 

areas. Variogram equations and procedures to develop experimental variograms and to fit 

model variograms are presented elsewhere (Cressie, 1993; Deutsch and Joumel, 1992; 

Isaaks and Srivastava, 1989; Joumel, 1989; Myers, 1991). 

Block kriging. The block kriging procedure was used to estimate average values in 

unsampled areas. This can be thought of as interpolation of a variable across a surface. 

Block kriging used the point data of P. infestans genotypes and disease severity to 

estimate values in blocks or grids of 5 x 5 km. It was accomplished with either software 

SURFER (Golden Software Inc., 809 H*** street. Golden, Colorado 80401-1866) or 

GEOEAS (U.S. Environmental Protection Agency, EMSL-LV, EAD, Las Vegas, NV). 

For the variables Gpi (glucose-6-phosphate isomerase). Pep (peptidase), mating type, and 

RFLP genotypes, block kriging was performed using results from all isolates found on 

both potato and tomato throughout the whole season. In the case of disease severity, 

besides performing block kriging for all tomato and potato fields surveyed, it also was 

performed for each of the crops separately. The disease severity data in the seasons of 

1995-1996 and 1996-1997 were also classified as early severity (the diseased fields found 

prior to February l") and late severity (the diseased fields found in the whole season). 
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Linking kriged estimates to Arc View 

The grid values generated by Surfer were converted to an ASCII XYZ file format 

as a first step toward linking results to a 5 x 5 km grid base map of the area of study in 

Arc View shapefile format. The Ascii file of the kriged values tables and the shapefile 

attribute table were imported to an ACCESS (Microsoft Corporation) database. The 

resulting table was exported in dB ASE HI file format, added as a table in Arc View, and 

joined to the base map shapefile using the Arc View join tables command. ACCESS had to 

be used as an intermediate step because the Arc View join tables command operates only 

on one variable and the linkage between the kriged values and the grid cell base map 

required two variables (X and Y). 

Mapping and data display 

To display the estimated values by block kriging in maps, we used base maps of 

the Del Fuerte Valley previously digitized for other studies (Nelson et. al., 1994). Features 

such as roads, canals, cities, rivers and coastline geo-referenced in the UTM coordinate 

system were available to use with the grid data. The software ARC VIEW version 3.0a for 

PC's (ESRI, 380 New York ST., Redlands, CA) was used to create views and layouts of 

the kriged values. These kriged values represent the estimated values of the variables in 

study in the unsampled areas. Hard copies of or direct access to the data maps is obtained 

with the ARCVIEW software. 
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RESULTS 

Variogram analysis 

The modeled variograms for all the variables in the total of tomato and potato 

fields surveyed in the seasons 1994-1995, 1995-1996 and 1996-1997 are shown in table 

4.1. All the omnidirectional experimental variograms were best fit using the spherical type 

model variogram with variation in nugget, sill and range. In general, variability was highest 

during the season 1995-1996 in all the variables in study as indicated by the nugget plus 

sill. In this season, disease severity presents a nugget of 100 and a sill of 218. This season 

also presents the shortest range in disease severity with 5300 meters. In mating type, the 

highest sill was found in the season 1995-1996, while the shortest range was in the 1994-

1995. In the 1996-1997 season, there was no spatial variation and thus no modeled 

variogram because only one mating type (Al) was found in the area. For GPI, the highest 

sill was found in the season 1995-1996 and the shortest range was in the season 1996-

1997. For the PEP variable, only the season 1995-1996 presents a sample variogram that 

could be modeled, because the other seasons did not have spatial variation. In the seasons 

1994-1995 and 1996-1997 only the PEP 100/100 genotype was widely spread. 

Only disease severity presents anisotropy in the three seasons. However, the 

anisotropy varied on each season with different ratio, distances and direction. The other 

variables did not show any anisotropy effect in the three seasons studied. The highest 

anisotropy effect was found in the 1995-1996 season with a ratio of 6.0. The anisotropy 

ratios for the 1994-1995 and 1996-1997 seasons were 3.0 and 4.0, respectively. 
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Table 4.1. Variogram models for late blight severity, and GPI, PEP, RFLP patterns and 
mating type of P. infestans isolates during the seasons 1994-1995, 1995-1996 
and 1996-1997 in the Del Fuerte Valley, Sin., Mex. 

Model Anisotropy (Range) 
Variable Type Nugget SiU Range Short (dir.) Long (dir.) Ratio 

1994-1995 
Severity Spherical 105.00 90 26650 15000 (45) 45000 (135) 3.0 
Mating type Spherical 0.01 0.05 8000 
GPI Spherical 0.011 0.014 13000 

1995-1996 
Severity Spherical 100.00 218 5300 2500(157.5) 15000(67.5) 6.0 
Mating type Spherical 0.06 0.072 13500 
GPI Spherical 0.08 0.125 16000 
PEP Spherical 0.03 0.15 23700 
RFLP-B Spherical 0.08 0.16 15000 
RFLP-C Spherical 0.00 0.15 15000 
RFLP-D Spherical 0.06 0.12 20000 

1996-1997 
Severity Spherical 85.00 135 18000 7000 (90) 28000 (0) 4.0 
GPI Spherical 0.065 0.094 7000 
RFLP-B Spherical 0.1 0.72 10000 
RFLP-H Spherical 0.1 0.72 10000 
RFLP-I Spherical 0.1 0.72 10000 



122 

When tomato or potato fields were analyzed separately, no well-shaped 

variograms were found for any of the variables in study and they were not considered for 

further studies. Instead, the variograms obtained fi-om all fields surveyed were used for 

kriging data on separate tomato or potato fields. 

Block kriging 

Mating type. The probability maps of mating types of P. infestans derived fi^om indicator 

kriging illustrate the shift fi-om A2 dominating in 1994-1995 to A1 dominating in 1996-

1997 (Fig. 4.1). Fig. 4.1 also shows areas with the highest probability of finding both 

mating type occurring together, which is one of the requisite for sexual reproduction of P. 

infestans. In the seasons of 1994-1995 and 1995-1996, there are areas in the central part 

of the valley where the probability of finding mating types AI and A2 are each in the range 

of 0.35 to 0.65 (shaded orange in the map). In 1994-1995, The probability of finding the 

mating type A1 in the Del Fuerte Valley is zero for most of the valley with a low 

probability in the central part (Fig. 4.1 A). However, there is an area of 10 x 10 km that 

presents a probability of finding both mating type A1 and A2 between 0.35 and 0.65 (Fig. 

4. IB). By the season 1995-1996, the mating type A1 has the highest probability of 

occurrence, while mating type A2 has a zero to a low (less than 0.35) probability to be 

found in most of the area. However, as in the previous season, there were two areas in the 

central part of the valley where the probability of occurrence of each mating type is 
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Mating type A1 Mating type A2 
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Figure 4.1. Probability of occurrence of Phytophthora infestans mating types A1 (A, C, and E) 
and A2 (B, D, and F) in the Del Fuerte Valley, Sinaloa, Mexico during the seasons of 1994-1995 
(A and B), 1995-1996 (C and D), and 1996-1997 (E and F). 
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between 0.35 and 0.65 (Fig. 4.1 C and D). In the season 1996-1997, the probability of 

occurrence of mating type A2 is estimated to be zero (Fig. 4.1 E and F). 

Allozyme genotypes. In general only four GPI loci were present in the Del Fuerte Valley 

during the period of study (Table 2.1, chapter 2). None of the four loci had a high 

probability of occurrence in all three seasons (Figs. 4.3 and 4.4). In the season 1994-1995 

the most likely GPI locus to occur in the whole area is GPI 100/111 (Fig. 4.2B). GPI 

100/100 locus presents a low probability of occurrence between 0.1 and 0.2 only in a 

small area of 5 x 5 km in the northwestern-central part of the valley in 1994-1995 (Fig. 

4.2A). The other GPI loci had a zero probability of occurrence in this season (Figs. 4.4 A 

and B). 

In the season 1995-1996, the highest probability of occurrence of the GPI loci 

across most of the region was the 100/122 locus (Fig. 4.3C). However, this locus had low 

probabilities of occurrence in the northwestern part and in the south-central part of the 

valley, where the locus 111/122 has the highest probability of occurrence (Figs. 4.4 C and 

D). GPI 111/122 had less than 0.1 probability of occurrence in most of the area to the 

north and the east of the valley (Fig. 4.3D). The locus GPI 100/111 had a less than 0.1 

probability to occur in most of the area, with high probability of occurrence in small areas 

in the central part of the valley (Fig. 4.2D). GPI 100/100 was the only locus estimated to 

have no probability of occurrence in this season (Fig. 4.2C). 

In the 1996-1997 season, only the GPI loci 100/100 and 100/122 were likely to 

occur, with GPI 100/122 locus having the highest probability of occurrence in most of the 
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Figure 4.2. Probability of occurrence of the Phytophthora infestans Glucose-6-phosphate 
isomerase (GPI) loci 100/100 (A, C, and E) and 100/111 (B, D, and F) in the Del Fuerte Valley 
during the seasons 1994-1995 (A and B), 1995-1996 (C and D), and 1996-1997 (E and F). 
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Figure 4.3. Probability of occurrence of the Phytophthora infestans Glucose-6-phosphate 
isomerase (GPI) loci 100/122 (A, C, and E) and 111/122 (B, D, and F) in the Del Fuerte Valley 
during the seasons 1994-1995 (A and B), 1995-1996 (C and D), and 1996-1997 (E and F). 
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area (Figs. 4.3E and 4.4 E). The locus 100/100 had its highest probability (> 0.5) to occur 

in the north part and in the southeast part of the valley, with a probability of 0.2 to 0.5 in 

between, but away from the coast (Fig. 4.2 E). In the south and western area, close to the 

sea, probability of occurrence of GPI100/100 was very low from (zero to 0.1). 

Only two peptidase (PEP) loci were present in the Del Fuerte Valley during the 

period of study. The locus PEP 100/100 was the only one found in the 1994-1995 season 

and it was the PEP locus with the highest probability of occurrence in most areas iii the 

other seasons (Fig. 4.4). However, in the 1995-1996 season, the PEP locus 92/100 had 

the highest probability of occurrence in the western part of the valley (Fig. 4.4C). This 

same locus was present with a low probability of occurrence in the northeast part of the 

valley in the 1996-1997 season. 

Restriction fragment length polymorphism (RFLP). P. infestans genotypes 

characterized by RFLP patterns were analyzed in the seasons 1995-1996 and 1996-1997. 

Probability estimates for the 1995-1996 season are of low confidence because are based 

on small number of data points (only 17), hence they have a large kriging standard 

deviation in most grid cells and should be interpreted with caution. They are included here 

because they show an interesting trend in the P. infestans genotype spatial pattern in the 

Del Fuerte Valley. In this season, sbc different RFLP genotypes were found at the 17 

locations in the valley. The spatial patterns of probability of occurrence for the three most 

common genotypes in 1995-1996 show that each genotype has its highest probability of 

occurrence in a different area (Figs. 4.6 A, C, and E). The genotype with pattern "B" is 
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Figure 4.4. Probability of occurrence of the Phytophthora infestans Peptidase (PEP) loci 92/100 
(A, C, and E) and 100/100 (B, D, and F) in the Del Fuerte Valley during the seasons 1994-1995 
(A and B), 1995-1996 (C and D), and 1996-1997 (E and F). 
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most likely to be found in the central part of the northwestern of the valley, north and east 

of Los Mochis (Fig. 4.5A). The genotype with pattern "C" had its highest probability in 

the west and south-central part of the valley (Fig. 4.5C). And the genotype with pattern 

"D" is the most likely to occur in the north part of the valley (Fig. 4.5E). Interestingly, 

there are two small areas each 10 x 5 km where the three genotypes had similar probability 

of 0.2 to 0.5 of occurrence. The areas are just north of the Del Fuerte River at the 

northwestern part of the estimated area and in the central part of the valley at the 

southeastern part of the estimated area (Figs. 4.6 A, C, and E). 

In 1996-1997, three different RFLP banding pattern genotypes were found. The 

genotype "B" has the highest probability of occurrence in most of the area, except in the 

areas to the northeast and southeast of the valley where the genotype "H" has a higher 

probability (Figs. 4.6 B, D, and F). The genotype "H" also has some probability (around 

0.1 to 0.5) of occurrence in the central part of the valley, especially to the northeast (Fig. 

4.5D). The genotype "I" has a low probability of occurrence with the probability above 

0.1 only in a small area 20 km northeast of Los Mochis (Fig. 4.5F). 

Disease severity. Estimated late blight severity maps of the Del Fuerte Valley show, in 

general, higher severity in the northwest half of the valley (Figs. 4.7 B, C, D, and E), 

except for the 1996-1997 season when the south part of the valley had high estimated 

severity late in the season (Fig. 4.6 F). Severity estimated with fields that were infected 

with late blight before February 1*^ in 1995-1996 and 1996-1997 shows that late blight is 

likely to be found early only to the area to the north or northwest of the valley. Later, 
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Figure 4.5. Probability of occurrence of the Phytophthora infestans RFLP genotypes banding 
pattern "B" (A and B), "C" (C), "H" (D), "D" (E), and "I" (F) in the Del Fuerte Valley 
during the seasons 1995-1996 (A, C and E), and 1996-1997 (B, D and F). 
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higher severities of late blight can be found in the rest of the valley including part of the 

southeast, although here it still was much lower (Figs. 4.7 B, D and F). In the 1996-1997 

season, the areas of high disease severity shift from the north (Fig. 4.6E) to the south, 

leaving the central part with a very low estimated disease severity (Fig. 4.6F). 

The estimated late blight severity in tomato and potato separately shows that in 

general the disease severity was definitely higher in tomato (Fig. 4.7). The spatial patterns 

of disease severity in tomatoes are quite similar to that estimated for the two crops 

together in the three seasons. The estimated severity in potatoes in the season 1994-1995 

was lower than 5% in most of the area, with a small areas to the southwest of Los Mochis 

near the coast where it was between 5% and 15%. In general this area shows higher 

estimated severity in the three seasons (Fig. 4.7 A, C and D). Severity in potatoes is 

consistently higher near the coast (Fig. 4.7 A, C, and E) and severity in tomatoes is 

consistently high in two areas, near the coast and in the northern part of the study area 

near the Del Fuerte River (Figs 4.7 B, D, and F). 
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Figure 4.6. Estimated late blight severity in tomato and potato crops together early (A, C, and 
E) and late (B, D, and F) in the season in the Del Fuerte Valley during the seasons 1994-1995 
(A and B), 1995-1996 (C and D), and 1996-1997 (E and F). 
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Figure 4.7. Estimated late blight severity in potatoes (A, C, and E) and tomatoes (B, D, and F) 
in the Del Fuerte Valley during the seasons 1994-1995 (A and B), 1995-1996 (C and D), and 
1996-1997 (E and F). 
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DISCUSSION 

Geostatistics allows us to analyze point patterns and to interpolate the results 

across the whole region, even in areas where no data are available. We can quickly 

visualize major shifts in the genetic structure of P. infestans such as the major shift in 

mating types and allozymes loci from 1994-1995 to 1996-1997 (Figs. 4.2, 4.3, and 4.4). 

Underlying spatial patterns are easier to set with geostatistical analysis. Most genotype 

variables showed spatial autocorrelation in a range of 13000 to 20000 m in a valley that is 

150000 m by 70000 m. This suggests local sources and restricted spread of some 

genotypes. Some genotypes are patchy and those patches can be visualized by the 

probability maps generated by kriging. Mapping the patchiness of genotypes has 

implications for management of late blight because P. infestam genotypes differ in some 

features that are important for management such as metalaxyl sensitivity and 

aggressiveness to tomato and potato. The geostatistical analysis allows us to emphasize 

the underlying du"ectionality seen in the point data, which is not as obvious from the 

display of points alone. Geostatistical analysis of disease severity showed strong 

directional effects, which could be reflected in the interpolated maps by kriging. The 

kriged maps facilitate comparison of severity between seasons and between genotype and 

severity maps. Furthermore, geostatistical analysis gives us a measured degree of 

confidence in the spatial analysis with the kriging variance of error (Isaaks and Srivastava, 

1989; Myers, 1991). 

The variogram or structural analysis of the late blight data and of its pathogen P. 
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infestans data indicates the existence of spatial autocorrelation or continuity in the late 

blight epidemics in the Del Fuerte Valley, Sin., Mex. The variograms of all the variables in 

the study present the same type of variogram model, the spherical. This means the 

existence of a linear spatial correlation between the pairs of data to some distance given by 

2/3 of the variogram range (Isaaks and Srivastava, 1989). These distances varied 

according to the variable and the season. In general all the variables in the study, at least 

when they were analyzed in the total of fields surveyed each season, exhibit spatial 

continuity or correlation to some extent. The ranges of spatial continuity varied from 5300 

m to 26650 m in the shortest and the longest range. Most of the variables had a range 

between 13000 m to 20000 m, this means that the spatial continuity extends to these 

distances in most of the cases. The variables mating type in the 1996-1997 season and 

PEP in the 1994-1995 and 1996-1997 seasons do not exhibit spatial variation because they 

had only one value on all the point samples. In the 1996-1997 season, only mating type A1 

was present and the PEP locus 100/100 was in 98% of the isolates tested. Likewise, in the 

1994-1995 season only the PEP locus 100/100 was found in all the isolates tested for 

PEP. This means no variation in the data and a 100% probability of finding the PEP 

100/100 locus in each P. infestans isolate in the whole area in these seasons, except for a 

small area in the northeast in the 1996-1997 season (Fig. 4.4E). There was also 100% 

probability of finding the mating type A1 in the 1996-1997 season. 

The data on the pathogen P. infestans (mating type, allozymes, RFLP genotypes) 

do not present any directional effect, no anisotropy was found in these data. However, the 

data in late blight severity exhibit anisotropy in the three seasons, although the directions 
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and the extension of this anisotropy were different each year. This suggests that the late 

blight epidemics in the Del Fuerte Valley have different spatial structure each year. This 

spatial structure can be affected by several factors including weather, prevalent winds, 

host and genotype patterns, which could change from season to season. The spatial 

continuity allows us to use the models obtained by the variograms in the estimation of data 

of these variables in unsampled areas by using the estimator method called kriging. Kriging 

gives more precise estimations than using estimators that do not incorporate models of 

spatial continuity (Isaaks and Srivastava, 1989). Furthermore, kriging gives the kriging 

variance of the error, which is a measure of uncertainty that indicates where we have more 

confidence in the estimated values (Isaaks and Srivastava, 1989; Myers, 1991). We have 

obtained a model that described the spatial continuity for each of the variables in study and 

these models were incorporated in the kriging system to estimate values of these variables 

in unsampled areas. 

Considering that P. infestans needs of two different mating types for sexual 

reproduction and that sexual reproduction is the most important source of genetic 

variation of this organism (Fry et. al., 1992; Goodwin, 1997), it is important to study the 

spatial patterns of mating types. Genetic variation is of big concern in plant disease studies 

because it could determine the likelihood of the pathogen to persist in an area. P. infestans 

is unlikely to persist in an area where the weather conditions are unfavorable during the 

resting time when no susceptible host are growing, like the Del Fuerte Valley. The only 

way that it could persist in the area is by means of sexual reproduction, so producing thick 

wall oospores that could resist the adverse weather conditions. The geostatistical analysis 
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help us identify areas where both mating types are most likely to occur together in equal 

proportions. These are areas to examine for the possible occurrence of sexual 

reproduction. In the case of the Dei Fuerte Valley, only small areas in the central part of 

the valley did both mating types have similar probabilities of occurrence in the seasons 

1994-1995 and 1995-1996. Even though, there were small areas with possibility of sexual 

reproduction, we have to consider the biological factors that will determine whether 

sexual reproduction will occur. These factors are the optimum weather for sexual 

reproduction to occur (Cohen, et al., 1997) and the presence in the area of a host crop 

that will support genotypes with different mating types. These factors are unlikely to occur 

in this area (discussed in chapter 3). In general, the Del Fuerte Valley does not have 

sufficient sustained periods of free water on leaf surfaces for sexual reproduction. Areas 

very near the coast are the only ones that could have some possibility of extended periods 

of free water both mating occurring together have not been detected. The areas of most 

probable co-occurrence of both mating types where not in the part of the valley where 

environmental conditions could be most favorable to oospore production. The occurrence 

of only one mating type, the Al, in the 1996-1997 season suggests that if sexual 

reproduction occurred in previous seasons, it had no epidemiological consequences and 

was not detected despite extensive sampling (discuss in chapter 2 and 3). 

The probability of occurrence of P. infestans allozyme genotypes indicates that 

each year in the Del Fuerte Valley the epidemics of late blight are largely dominated by 

only one genotype. This indicates a strong clonal reproduction of this pathogen in this 

area. However, still there are some other genotypes present each year although in low 
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frequencies or in restricted areas. The shift of GPI genotypes from year to year supports 

the idea that the pathogen is introduced to the area each year (chapter 2). It is important 

to consider the spatial patterns of the P. infestans genotypes in terms of management of 

the disease. In the 1995-1996 and 1996-1997 seasons metalaxyl sensitive genotypes were 

detected. Metalaxyl is the most eflfective fungicide to control sensitive genotypes of P. 

infestans (Milgroom and Fry, 1997). The GPI 111/122 in the 1995-1996 season was 

highly sensitive to metalaxyl and had a high probability of occurrence in a restricted area 

to the south and western part of the city of Los Mochis (Fig. 4.3D). The GPI 100/100 in 

the season 1996-1997 also was highly sensitive to metalaxyl and was restricted mainly to 

the north and the southeast of the valley (Fig. 4.2E). Furthermore, both genotypes had a 

low aggressiveness to the most common potato crop planted in the area. Considering the 

characteristics of these genotypes, in those areas where they are more probable to occur, 

the tomato producers could effectively use the fungicide metalaxyl to control late blight 

with a high degree of confidence. On the other hand, the potato producers in those areas 

could reduce eflforts to control late blight, because the genotypes that are most likely to 

occur are low aggressive to potato. However, the most probable genotypes to occur in 

most of the valley in the three seasons are highly resistant to metalaxyl and highly 

aggressive to both the tomato and potato crops. This indicates that eflforts to control late 

blight must be taken on both the tomato and potato crops in most of the area and that the 

fiangicide metalaxyl must be avoided in those areas with resistant genotypes. 

The probability of occurrence of RFLP genotypes in the 1995-1996 and 1996-

1997 seasons in the Del Fuerte Valley suggests certain level of geographic genetic 
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substructuring of P. infestam in tlie area. This geographic substructuring is more evident 

in the 1995-1996 season, where three different RFLP patterns are present in the 

northwestern part of the valley. Each RPLP pattern has a different probability of 

occurrence in a different area. The RFLP pattern "B" is most probable to occur in the 

central part of this area, around the city of Los Mochis (Fig. 4.5A). The RFLP pattern "C" 

is most probable to occur in the southwestern area from the city of Los Mochis (Fig. 

4.5C). While the pattern "D" is most likely to occur in the north part (Fig. 4.5E). 

Interestingly, there is a small area in the central part of the valley where the probability of 

occurrence of the three RFLP genotypes is similar. This indicates that these genotypes had 

a different source of primary inoculum and that they start the disease in the areas where 

they are most likely to occur. Later on this genotypes spread toward the southeast part of 

the valley, converging in the area where the three genotypes are likely to occur (chapter 

3). However, the data of RLFP pattern in this season should be taken with caution 

because they are based in a rather small number of point samples (17 in total), while a 

confident geostatistical analysis should include at least 30 point samples, decreasing the 

uncertainty with an increase in the number of samples (Isaaks and Srivastava, 1989). In 

the 1996-1997 season the RFLP pattern "B", which had a high probability of occurrence 

in the area in the previous season, had the highest probability of occurrence in most of the 

area (Fig. 4.5B). Interestingly, this was the only genotype that in the previous season was 

found occurring on both the tomato and the potato crops. This suggests that in some ways 

the potato crops have an important role in the disease cycle in this area (discussed in 

chapter 2 and 3). However, the RFLP genotype "H" that also had a high probability of 
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occurrence in some areas of the valley (Fig. 4.5D) was found only on tomato crops and 

had a low aggressiveness in potato. This low aggressiveness on potato could be a factor 

that makes this genotype difBcult to spread and thus being found in potato crops. 

The estimated late blight severity has two importeint considerations for its analysis. 

First, study recurrent disease patterns in a particular area and their relationships with 

factors influencing them. Second, areas with high estimated severity are actually the areas 

with highest risk of the diseases because the inoculum of the causal agent is much higher. 

The estimated severity of late blight in general is much higher in the northwestern 

half of the valley. In addition, late blight starts in this same area each season (Fig. 4.6). 

Late blight appears in the southeastern half of the valley later in the season (after February 

1"*). One of the differences between the northwestern and the southeastern halves of the 

valley is that in the northwestern half both tomato and potato crops are grown together, 

while in the southeastern half only tomatoes are grown. This is the mam factor that 

influences the earlier outbreak of the disease in the northwestern half, because potato 

crops are the potential source of primary inoculum for late blight in the area (chapter 2 

and 3). Although the first outbreak of the disease in the 1996-1997 season was in the 

north part of the valley, the estimated severity in this area was much lower compared to 

previous seasons as well as the south part of the valley. This is because the genotype that 

started in the north area, although highly aggressive to tomato, was not aggressive on 

potatoes, and mainly potatoes are grown in this area (Fig 3.1, chapter 3). The estimated 

severity was much higher in the south part of the valley because the genotype that starts in 

the south-central part (Fig. 4.6E) was medium to highly aggressive to potatoes and highly 
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aggressive to tomatoes (chapter 2). The aggressiveness of this genotype to both crops 

allows this genotype to spread faster on either the tomato or the potato crops. 

The estimated severity was higher in tomatoes than in potatoes in the three seasons 

of study (Fig. 4.7). In potatoes, the estimated severity was higher in southwestern of the 

city of Los Mochis in all three seasons. The most likely causes for this pattern is that this 

area is closer to the sea and thus it is more humid. In addition, it is well known that some 

farmers in this area do not take good care of their crops. Thus the inoculum of P. 

infestans increases in this area, increasing the potential for rapid spread of the disease. The 

estimated severity on tomatoes also was higher in the area southwest of the city of Los 

Mochis in all three seasons. However, this estimated severity in tomatoes was high in most 

of the northwestern half of the valley, while the southeastern half had lower estimates 

mainly in the 1994-1995 and 1995-1996 seasons (Fig. 4.7). The higher severity in 

tomatoes is due mainly to the bigger and closer canopy in this crop compared with 

potatoes. The closed canopy in processing tomatoes provides a more favorable 

environment for development of late blight. Furthermore, closed canopies also affect 

control practices with less penetration of the fiingicide sprays. 

In some areas the estimated severity could be overestimated due to the presence of 

some fields with a very high severity, since both the variogram estimator and the kriging 

estimator are sensitive to outliers (Myers, 1991). This will render estimates that will not be 

close enough to reality. However, this outliers affect can be desirable for some situations 

dealing with management of late blight. For example, if the estimated severity is intended 

for risk assessment of the disease, then this situation is desirable because those fields with 
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high severity will be a big focus of infection and thus the neighborhood around them will 

be in higher risk of infection. In addition, the overestimation due to outliers could be 

desirable when recurrent patterns are in study because if those outliers are recurrent then 

we will be able to detect fields where good management practices are not taken or that 

some especial conditions conducive to late blight are occurring in that area. 

In this chapter, geostatistics and GIS were used to analyze the spatial patterns of 

Phytophthora infestans genotypes and their relationship with late blight severity in a 

mixed tomato and potato production area. Maps displaying the probabilities of occurrence 

of mating types and genotypes of P. infestans, and of disease severity on a regional scale 

were obtained. We have found that some genotypes, which differ in important ecological 

features such as metalaxyl sensitivity and aggressiveness to tomato and potato, have 

restricted spread and are localized in separated areas. How this information can help us in 

the management of late blight and the implications of these probabilities have been 

discussed. The analysis of late blight severity has shown some important recurrent patterns 

such as the early onset of the disease occurring in the area where both potato and tomato 

are growing, strengthening the hypothesis that infected potato tubers are the main source 

of primary inoculum. The information that geostatistics can provide together with the 

power of GIS and molecular biology techniques for rapid characterization of genotypes of 

the pathogen, can help us improve the management programs for late blight in the Del 

Fuerte Valley. The potential for application of geostatistics and GIS to late blight 

management in mixed potato and tomato producing areas like the Del Fuerte Valley are 

discussed in chapter S. 
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CHAPTER 5 

GENERAL DISCUSSION, PRACTICAL APPLICATIONS AND FUTURE 

RESEARCH 

Information management will increasingly supports farmers in their efforts to 

control plant diseases, especially those of regional concern. Studies in plant disease 

epidemiology need to explore what kinds of information that are most useful and how that 

information can be managed effectively. In the past decade, computer and software 

technology have evolved to the point where an entirely new technology is now available to 

manage and exploit information. Traditional and contemporary approaches to disease 

management can be accommodated in this framework. 

Late blight is a disease where farmers are being encouraged to base control on 

information management - particularly management of weather data. In the Del Fuerte 

Valley, in northern Sinaloa, consulting firms such as Agridiagnosticos advise potato 

growers and major tomato paste producers on use of data in integrated pest management 

systems. Data is collected through routine scouting. Thus far, emphasis has been on 

weather data and the focus has been temporal, not spatial. The main output is advice on 

when and at what interval to spray. 

The research presented here demonstrates that the pathogen, though clonal in 

population structure, has variability in genotypes, differential host aggressiveness, and 

fijngjcide sensitivity to make such information a useful part of an advanced, more 



144 

sophisticated management support system. Furthermore, spatial substructuring and armual 

changes of genotypes occur in a framework that is understandable and manageable. 

When this research began in 1994, it was anticipated that sexual reproduction 

might develop in the Del Fuerte Valley because of the report of the presence of the A2 

mating type. Evidence for an asexual or clonal reproduction of Phytophthora infestans in 

the Del Fuerte Valley were documented by Goodwin, et. al. (1992b), but the A2 discovery 

made the future uncertain. Sexual reproduction had been found in other potato areas 

around the world with recent introductions of the A2 mating type (Sujkowski, et al., 1994; 

Fry, et al., 1993; Goodwin, et. al., 1995c). In this study, we have accumulated evidence 

that sexual reproduction and, thus, oospore production do not occur in the area or at least 

have not been of epidemiological significance. Furthermore, it seems that it will rarely, if 

ever occur in the future as an epidemiological threat. With the use of molecular markers, 

genetic diversity consistent with clonal populations was found. The unpredictable shift of 

genotypes from year to year indicates that the pathogen P. infestans generally does not 

oversummer in the valley, but it is introduced into the area each year. The main source of 

primary inoculum of this pathogen for this area seems to be infected potato tubers brought 

into the area for seed each year. These seed potato came from other potato producing 

areas in Mexico where P. infestans is endemic and where the possibility of sexual 

reproduction does exist (Goodwin, et. al., 1992b; Niederhauser, 1991). 

We have found that allozyme genotypes are well resolved and group isolates with 

specific features such as sensitivity or resistance to metalaxyl, or specificity to one of the 

hosts. RFLP analysis can further discriminate the allozyme genotypes, however the costs 
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and technical requirements, as well as the long time required for processing the samples 

(about two weeks), make the RFLP technique unsuitable for management purposes. On 

the other hand, cellulose acetate electrophoresis (CAE) method for allozyme analysis is 

inexpensive and identifies genotypes within hours (Goodwin et al., 1995a) allowing this 

method to be used for a more precise and effective management program. This research 

confirmed reports by Goodwin, et. al. (1995a) that CAE can be used with sporangia 

washed directly fi'om the leaf lesions. This avoids expensive and time consuming isolation 

on culture media and greatly enhances its practical application. 

Spatial analysis of the genetic structure of P. infestans indicates that geographic 

substructuring of this pathogen does occur in this area. In addition, the genotypes 

occurring in a particular area can have differential epidemiological important features such 

as metalaxyl sensitivity and aggressiveness to tomato and potato crops. For example, in 

the 1995-1996 and 1996-1997 seasons one genotype sensitive to metalaxyl and non-

aggressive to potato occurred each season. These genotypes were different each year, and 

occurred in different and opposite areas in the valley somewhat separated fi-om the other 

genotypes. 

Geostatistical and GIS tools allow us to perform spatial analysis of the genetic 

diversity of P. infestans and obtain maps displaying the probabilities of occurrence of each 

genotype over the whole area of study. The disease severity also can be estimated and 

displayed in maps and relationships between genotypes and severity can be illustrated. The 

estimated late blight severity maps have two important benefits: first, recurring disease 

patterns in particular areas show relationships with landscape characteristics and other 
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factors that influence the disease. For example, map analysis indicates that areas near the 

coastline had consistently higher severity during the three study years. Second, areas with 

high estimated severity early in the season are actually areas with highest risk of the 

disease because the inoculum of the causal agent is much higher in these areas. 

Geostatistics and GIS together with the use of reliable molecular markers like 

allozymes can be applied to improve the management practices of late blight in the Del 

Fuerte Valley currently based on forecasting systems. These forecasting systems are based 

on weather conditions and assume that inoculum is already present in the area and that the 

pathogen behaves the same in all situations. For example, they do not consider how the 

resistance of the crop cultivar planted could influence the aggressiveness of the genotype 

that is approaching a particular field, or whether that genotype is sensitive or not to 

fungicides. 

With the information generated for this study, we will be able to devise a late 

blight management system for the Del Fuerte Valley based upon the spatial patterns of the 

genotypes and their associated epidemiologically important features. Improved 

management of late bight could be possible in the Del Fuerte Valley where three 

companies control most of the tomato production, and most of the potato crop is 

controlled by a farmers association. Spatial analysis of genotypes has demonstrated 

recurring spatial patterns for late blight epidemics in the Del Fuerte Valley. Late blight 

occurred early each year in the northwest part of the valley. Characterizing the genotypes 

in the northwest part of the valley early in the season will allow the farmers to know in 

advance which genotypes are most likely to affect their crops. Furthermore, if the 
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associated features of each genotype such as metalaxyl sensitivity and aggressiveness to 

the potato or tomato cultivars planted are known, the risk of severe disease can be 

predicted. This is possible if we consider that most of the genotypes and their associated 

features can be revealed with an analysis of the allozyme genotypes, which can be 

accomplished in a few hours with sporangia from leaf lesions (Goodwin, et al, 1995a). 

This technique is well within the capability of laboratories of consulting companies such as 

Agridiagnosticos in Los Mochis and by companies such as Alimentos Del Fuerte or 

Suialopasta in Los Mochis and Guasave respectively. With this information, the farmers or 

the practitioners will be able to know with confidence which genotype is approaching their 

crops. The data presented here suggest particular attention should be paid to genotypes 

north and west of given fields. Thus, they can know in advance what is the risk of a 

particular genotype approaching their fields, based on the tomato or potato cultivars 

planted, and take appropriate management measures based on likelihoods of fungicide 

resistance and aggressiveness associated with genotype predictions. 

A risk assessment based on CAE genetic diversity can be accomplished by 

geostatistical analysis, and the information can be managed and displayed by GIS to obtain 

late blight risk maps, perhaps weekly or even daily. The late blight risk maps can be 

obtained for each of the most common cultivars planted. There is, however, a simplified 

GIS alternative if the practitioners do not have access immediately to GIS technology. 

Large maps (24inches by 36 inches) of the Del Fuerte Valley referenced to the UTM 

coordinate system are available from a previous project on virus diseases (Nelson, et. al., 

1994) Consultants have GPS units that allow them to position fields with infected plants 
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on such maps. Color pins representing different genotypes positioned on paper maps and 

GIS coordinates could substitute for computer GIS in on initial application of the 

research. As GIS software becomes increasingly available, consultants will want to take 

advantage of the more sophisticated presentation demonstrated by the current research. 

A great debate has been occurring among farm advisers in the Del Fuerte Valley 

on the effectiveness of using metalaxyi to control late blight. Some contend the fungicide 

is useless while others contend it is still effective. The truth, this research shows, depends 

on the spatial and temporal details of the pathogen genotypes. The management of late 

blight disease on a mixed potato and tomato producing area can be improved if more 

spatial information of the pathogen, the environment, and the host are incorporated to the 

management system. These information can be obtained with further studies such as I) 

determine the main sources of genetic diversity and primary inoculum of P. infestans using 

molecular markers, 2) determine the optimal weather requirements of the new incoming 

genotypes each year, 3) characterize the spatial patterns of the prevalent weather and the 

landscape features that influence microclimates in the area, and 4) give a spatial 

perspective to the disease forecasting systems by incorporating the information obtained 

from the other studies with genotype characterization as that obtained in this study. The 

spatial perspective of all this studies can be accomplished with the use of GIS and 

geostatistics. 
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