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SUMMARY

 

Phytophthora infestans

 

 remains a problem to production agriculture.

Historically there have been many controversies concerning

its biology and pathogenicity, some of which remain today.

Advances in molecular biology and genomics promise to reveal

fascinating insight into its pathogenicity and biology. However,

the plasticity of its genome as revealed in population diversity

and in the abundance of putative effectors means that this

 

oomycete remains a formidable foe.

 

INTRODUCTION

 

‘

 

Phytophthora infestans

 

 ... has been the subject of so many

investigations and controversies that it fills one of the most romantic

chapters in the history of biological research’ (Berg, 1926).

 

Berg’s statement is as true today as it was in 1926, probably

because this pathogen continues to surprise us. However, one

constant has been its dramatically explosive epidemic potential,

which when realized, has led to immense human suffering. The

most famous epidemic occurred in Europe, beginning in 1845 and

leading to the potato famine in Ireland (e.g. see Bourke, 1993;

Woodham-Smith, 1962). Even today, the human costs of this

disease can be huge. During ‘epidemic’ years, the disease can

still drive modern farmers out of business (Fry and Goodwin,

1997a). The direct monetary costs of control efforts and lost

production are estimated at > $3 billion/year worldwide (CIP,

1996). Even now, more than 150 years after it was first associated

with the potato late blight disease in Europe and in North

America (Bourke, 1991), 

 

P. infestans

 

 remains a major problem in

agriculture and recalcitrant to low-input, stable disease suppression.

Obviously, Berg’s ‘romantic chapter’ on 

 

P. infestans

 

 is not yet

concluded—and it now contains many more investigations. For

example, a quick search for ‘

 

Phytophthora infestans

 

’ on Google

Scholar identified 13 400 articles, with 4450 since 2002—and

this search did not find all of the contributions. There are many

books (e.g. Dowley 

 

et al

 

., 1995; Ingram and Williams, 1991; Lucas

 

et al

 

., 1991), thousands of research articles and thousands of popular

reports, and many historical treatments (e.g. Turner, 2005). The

‘romance’ occurs because many, many scientists have had high

hopes that their investigations would lead to control of this dan-

gerous pathogen. The ‘controversies’ (some continuing to today)

develop from differences in method/interpretation—aided by ego.

The vast literature creates a special challenge in writing a short

overview of this organism and mandates that it be highly selective.

The following profile provides a short description of the life history

and evolutionary position of 

 

P. infestans

 

, followed by discussions

of its population biology, pathogenicity/plant resistance, patho-

genic specialization, ecology and disease suppression, closing

with a glimpse into some new areas of investigation. I write from

the bias that full understanding of this species requires a ‘population

perspective’ as well as organismal and molecular perspectives.

 

LIFE HISTORY

 

Phytophthora infestans 

 

is a heterothallic oomycete, and it is a

near-obligate hemibiotrophic pathogen under natural and

agricultural conditions. The asexual cycle (Fig. 1) enables

dramatically rapid population growth in susceptible host tissue.

Sporangia are produced on sporangiophores that grow from

infected tissue. The sporangia are readily dehiscent, particularly

in response to changes in relative humidity, and can be aerially

dispersed to other plant tissues (Aylor 

 

et al

 

., 2001). Sporangia in

free water germinate either via a germ tube at higher temperatures

(optimum around 20–25 

 

°

 

C), or by releasing wall-less zoospores

(Fig. 1) at lower temperatures (optimum between 10 and 15 

 

°

 

C)

(Melhus, 1915). The biflagellated (tinsel-type and whiplash

flagella) zoospores are motile for a short time (often less than

60 min) before encysting. Encysted zoospores germinate directly

via a germ tube to penetrate leaf or stem tissue. Macroscopically,

there are generally no visible symptoms for at least 2 days

(characteristic of a hemibiotroph), after which time small areas of

necrosis are visible. Within another day or two and under moderate
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temperatures and in the presence of moisture (free water or very

high relative humidity), sporangiophores are produced, with

many sporangia—up to 300 000 per lesion.

Sporangial development, zoosporogenesis, encystment and cyst

germination for the genus have recently received considerable

attention. Initially it was thought that treatment with actinomycin

D (a transcription inhibitor) had no influence on cleavage of the

cytoplasm and release of zoospores, and that sporangia were

therefore totally preprogrammed for zoosporogenesis. However,

recent studies with 

 

P. infestans 

 

suggest that this conclusion

might have resulted from poor uptake of this material into the

sporangium, and that indeed 

 

de novo

 

 transcription and

translation may be required (Judelson and Roberts, 2002). Gene

expression studies in 

 

P. infestans

 

 have begun to identify genes

involved in sporulation (Ah Fong and Judelson, 2003; Cvitanich

and Judelson, 2003a; Kim and Judelson, 2003), zoosporogenesis

(Tani 

 

et al

 

., 2003) or zoospore behaviour (Latijnhouwers 

 

et al

 

.,

2004). Judelson and Roberts (2002) identified a novel protein

kinase (resembling Ca

 

2+

 

- and calmodulin-regulated serine/

threonine protein kinases) in 

 

P. infestans 

 

that was up-regulated

in chilled sporangia and appears to be important in zoosporogenesis.

The cellular details of zoosporogenesis are most elegantly

described for 

 

P. cinnamomi

 

 (Hardham, 2005), and serve as a

guide for other members of the genus. In response to low

temperatures, there are increases in cytoplasmic Ca

 

2+

 

 and pH

(Hardham, 2005). The multinucleate cytoplasm in the sporangium

becomes divided into uninucleate compartments; flagella are

assembled and a water expulsion vacuole forms (Hardham,

Fig. 1 Asexual life cycle of P. infestans. (A,B) Sporangiophores grow out of diseased tissue. (C) Sporangia are released into the atmosphere for aerial dispersal during 

a drop in relative humidity, or they can be dispersed in water splashes. (D) Indirect germination releases zoospores, which, after encystment and germination on host 

tissue, produce lesions (E) visible after 2–4 days.
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2005). Zoospores are motile and responsive to chemical and

physical stimuli. Upon contact with a plant root, zoospores of

 

P. cinnamomi

 

 orientate so that the ventral surface faces the plant

surface (root) before they encyst. Upon encystment, contents of

dorsal vesicles are secreted over the surface of the cysts, and the

contents of ventral vesicles are secreted between the root and

the cyst, forming a sticky surface (Hardham, 2005). Shortly there-

after a wall is formed and germination occurs within 20–30 min.

With 

 

Solanum tuberosum

 

 as a host, the asexual life cycle of

 

P. infestans

 

 can be completed rapidly with production of massive

numbers of sporangia that are readily dispersed—explaining why

whole fields can be transformed from slightly diseased to nearly

completely destroyed within just a few days (Fig. 2). Most

scientists write in understatement to each other, and do not

adequately convey the impact of the speed and devastation that

can be caused by this pathogen. However, E. C. Large in his

popular account ‘Advance of the Fungi’ (1940) conveyed some of

the impact of this disease when it was first observed in Europe:

 

‘The potatoes had suffered from diseases in the past: from “Scab”,

from a malady called the “Curl”, from drought, and from too much

rain in bad seasons, but nothing quite so destructive as this new

murrain had ever been seen before. It struck down the growing plants

like frost in summer. It spread faster than the cholera amongst men.’

 

Leaves, stems and tubers are all susceptible (Fig. 3), so that the

potato late blight pathogen certainly deserves the name of

Phytophthora, ‘plant destroyer’. Again from E. C. Large (1940):

 

‘Every kind of potato was attacked: the Black Scotch, the Bread Fruit,

the Jersey Blues ... When the potatoes were dug from the ground they

were found marked with the dark patches, symptomatic of the

disease. The colour of these patches was that of contused flesh, its

tints were likened to those accompanying a black eye. Potatoes left

on the floor of a barn for a week were found worse than when they

were lifted. The disease was spreading amongst the potatoes in the

ground and in store, and it was thought that every tuber, no matter

how slightly affected, would be lost.’

 

Interestingly, the very first controversy associated with this

organism was whether it was the result or the cause of late blight

(Bourke, 1991). This controversy was not fully resolved until de

Bary’s critical work published in the 1860s.

Further testimony to the explosive, devastating potential of

the asexual cycle is that some governments had investigated

 

P. infestans

 

 as an anti-crop biological weapon—with some

biowarfare efforts ending only in the late 20th century. One result

is that 

 

P. infestans 

 

has been considered by the Ad Hoc Group of

the Biological Weapons Convention to be one of several potential

biowarfare agents (cited in Madden and Wheelis, 2003).

As a heterothallic member of the oomycetes, 

 

P. infestans

 

generally requires both mating types (A1 and A2) for sexual

reproduction (Gallegly and Galindo, 1958; Smoot 

 

et al

 

., 1958). A

hormone moves from one thallus to the other to stimulate the

production of oogonia and antheridia; thus each thallus is

bisexual (Chern 

 

et al

 

., 1996; Judelson, 1997a; Ko, 1988). The

hormone from the A1 mating type has been determined, and

described as a diterpene (Qi 

 

et al

 

., 2005). However, ‘maleness’

and ‘femaleness’ are not linked to mating type, and in some

strains, there may be a tendency for either ‘maleness’ or ‘femaleness’

Fig. 2 The speed with which late blight can destroy a field of potatoes is 

impressive. A field that appeared ‘healthy’ on one week (A) can be visibly 

severely diseased in the next week (B), and within another week can be totally 

destroyed (C).
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to predominate (Judelson, 1997a). The antheridia are

amphigynous (oogonial stalk surrounded by the antheridium).

Fertilization leads to an oospore which serves both as a survival

structure and as a source of variation via sexual recombination.

As survival structures, oospores have been demonstrated to

persist for several years in soil (Mayton 

 

et al

 

., 2000) (Turkensteen

 

et al

 

., 2000). They survive very low temperatures well, but not

higher temperatures, being unable to survive 2 h at 46 

 

°

 

C or 12 h

at 40 

 

°

 

C (Fay and Fry, 1997). As sources of variation, oospores

produced from a mating between an A1 and an A2 strain are

typically hybrids (Judelson, 1997a,b; Shattock 

 

et al

 

., 1986b).

However, the production of hybrids is not absolute, with both

selfs and parental types (via apomixis) sometimes recovered from

a laboratory cross (Goodwin 

 

et al

 

., 1992; Shattock 

 

et al

 

., 1986b).

We have found that in some laboratory crosses, the first

germinating oospores are more likely to be parental types (via

apomixis) than are oospores that germinate later (unpublished

data) (Fig. 4).

The genetics of mating type in 

 

P. infestans

 

 appears to be very

complicated (Fabritius and Judelson, 1997), confounded by a

non-Mendelian pattern of inheritance (Judelson 

 

et al

 

., 1995).

Mating type appears to be controlled by a single locus with

the suggestion that A1 was heterozygous (Aa) and A2 was

homozygous (aa) (Fabritius 

 

et al

 

., 2002; Judelson 

 

et al

 

., 1995).

Perhaps the complicated genetic behaviour can be partially

explained by the fact that DNA segments from both homologues

of an A1 strain (

 

A/a

 

 genotype) contained chromosome-specific

differences, and both also contained high amounts of repetitive

DNA (Randall 

 

et al

 

., 2002). Additionally, there is diversity for

allele location among strains of 

 

P. infestans

 

 (Randall 

 

et al

 

.,

2002). van der Lee 

 

et al

 

. (2004) found that the mating type locus

could not be integrated into an overall genetic map and

suggested that it was hemizygous. Despite these genetic com-

plications, gene expression studies have identified some genes

apparently involved in the gametangial development (Cvitanich

and Judelson, 2003a; Cvitanich 

 

et al

 

., 2006). One family of

genes (termed 

 

M96

 

) is expressed during mating, and consists of

22 tandemly repeated loci at a single chromosomal site in the

genome (Cvitanich 

 

et al

 

., 2006). Another gene (

 

M90

 

) was found

to be up-regulated during sexual as well as asexual development

and was found to be a member of the Puf family of translational

regulators (Cvitanich and Judelson, 2003a).

Formation of gametangia can be stimulated by factors in

addition to hormones from the opposite mating type of a species.

One of the most effective factors is the presence of the opposite

mating type of a different species of 

 

Phytophthora.

 

 When

physical exchange is prevented between the two different

species, at least some of the resulting oospores are selfs (Shattock

Fig. 3 Leaves, stems (A) and tubers (B) are susceptible. Sporangia wash from foliage lesions to contact tubers in the soil. Infected tubers are particularly vulnerable 

to damage from soft rot, so that if infected potatoes are harvested during warm wet weather, soft rot can cause nearly complete destruction. The potatoes in (C) were 

discarded from storage within 2 weeks of harvest because late blight infections enabled soft rotting bacteria to destroy the majority of the tubers.
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et al

 

., 1986a; Shen 

 

et al

 

., 1983). However, it is not only the

hormones of 

 

Phytophthora 

 

that stimulate gametangia production;

other factors also have an effect, including: aged cultures, various

substrates (oats, lima beans, V-8 juice, etc), physical wounding,

and 

 

Trichoderma viride

 

 (Brasier, 1971; Reeves and Jackson, 1974;

Smart 

 

et al

 

., 2000). As might be expected, some strains are more

responsive to these stimuli than are other strains (Smart 

 

et al

 

.,

2000). Finally, some strains of traditionally heterothallic 

 

Phytoph-

thora 

 

species can appear to be self-fertile (Fyfe and Shaw, 1992),

but produce many fewer oospores than in a traditional A1 

 

×

 

 A2

cross (Smart 

 

et al

 

., 1998). While ‘apparent’ self-fertility can result

from mixtures of A1s and A2s (Fyfe and Shaw, 1992), self-fertility

has also been observed in pure cultures. In this case, self-fertility

may occur if the thallus is heterokaryotic (one nucleus of one

mating type and the other nucleus with the other mating type) or

some self-fertile strains may contain an extra chromosome (as

has been shown with 

 

Bremia

 

) (Michelmore and Sansome, 1982;

Mortimer 

 

et al

 

., 1977).

The production of oospores and the geographical distribution

of the A2 mating types have been the subject of some stimulating

controversies. During the late 19th century and early 20th

century, there was also debate concerning the contribution of

oospores to the overwintering survival of 

 

P. infestans.

 

 de Bary

could not find oospores and suggested that mycelium in a

diseased tuber was the major mechanism for overwintering (de

Bary, 1876). However, this suggestion was not accepted by some

investigators who felt that oospores might have occurred in the

field (De Bruyn, 1926). Although it seems clear that survival in

diseased tubers is of overwhelming importance in production

agriculture (Bonde and Schultz, 1943), this does not preclude the

occasional production of an oospore (as described above) that

could enable survival for a few years in a field in the absence of

potato production. In locations where there is primarily asexual

reproduction, the contribution of a rare oospore to the popu-

lation structure is likely to be minimal, because most progeny

(normal hybrids) appear to be dramatically less fit than either

parent (Mayton 

 

et al

 

., 2000), and recombinant selfs are even less

fit than are hybrids (Shattock 

 

et al

 

., 1986a). However, again in

the late 20th century, controversies arose and there were reports

of ‘changes’ or ‘shifts’ in mating type (Groves and Ristaino, 2000;

Ko, 1994). Reports such as these were analysed by Goodwin

and Drenth (1997) who concluded that the appearance of rare

oospores in A1 isolates occurred because of factors known for

some time (as described above). They concluded that the global

appearance of 

 

bona fide

 

 A2 isolates was due to migration (see

below) rather than from mutation or other changes within an A1

lineage (Goodwin and Drenth, 1997).

 

EVOLUTIONARY POSITION

 

One controversy that has been resolved recently is that

oomycetes are unrelated to true fungi. Until the latter part of the

20th century, 

 

Phytophthora 

 

species and other oomycetes were

regarded by most plant pathologists to be fungi. Oomycetes

certainly share many characteristics with fungi: growth via filamentous

hyphal tips, nutrition via absorption and reproduction via spores

(Money, 1998). However, as indicated by many articles, including

two previous pathogen profiles in this journal (Hardham, 2005;

Tyler, 2007) oomycetes are evolutionarily remote from the fungi

(Harper 

 

et al

 

., 2005). There are many distinguishing features,

including cell walls composed of 

 

β

 

 1–6, and 

 

β

 

 1–3 glucans

instead of chitin, the production of biflagellated zoospores,

production of antheridia and oogonia as gametangia, and diploid

vegetative state. Most of these differences had been accepted

much earlier by a few as evidence of taxonomic separation from

Fig. 4 Oospores, oogonia and antheridia of P. infestans. (A) Germinating 

oospores (photo by Richard Shattock). (B) The female transgenic parent was 

expressing GUS (blue), but the non-transgenic male parent was not, indicating 

an outcrossing sexual interaction (from Judelson, 1997a, and reproduced with 

permission).
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the fungi (Money, 1998), but it was the power of molecular

genetics that persuaded the rest of us to recognize the evolutionary

distance between oomycetes and fungi. Oomycetes occur in a

group called the Stramenopiles, clustering together with others in

a super group, the Chromalveolata (Adl 

 

et al

 

., 2005). The fungi

belong to a different super group, the Ophisthokonta (Adl 

 

et al

 

.,

2005). Oomycetes have an evolutionary history that may have

involved the enslavement of a photosynthetic organism by

another non-photosynthetic primitive eukaryote, with the plastid

being lost secondarily in oomycetes (Cavalier-Smith, 2000). In

support of this scenario, Tyler 

 

et al

 

. (2006) found 855 genes in

 

P. sojae 

 

and

 

 P. ramorum

 

 that probably came from a photosyn-

thetic ancestor (red alga or cyanobacterium).

Oomycetes share some interesting novel characteristics with

other protists. For example, in contrast to other eukaryotes,

 

Phytophthora 

 

shares with another protist, 

 

Trichomonas

 

, a core

promoter structure in which the initiator element is overrepre-

sented (McLeod 

 

et al

 

., 2004; Quon 

 

et al

 

., 1994). Additionally,

genes encoding effectors in some oomycetes contain an RxLR-dEER

motif similar to the export element (PEXEL) in 

 

Plasmodium

 

(Chromalveolates) (Rehmany 

 

et al

 

., 2005). This motif is required

for targeting pathogen proteins for delivery to the cytoplasm of

the host cell (Whisson 

 

et al

 

., 2007). There are more than 300

genes with the RxLR motif in each of the genomes of 

 

P. sojae 

 

and

 

P. ramorum 

 

(Tyler 

 

et al

 

., 2006), and preliminary analysis of the

 

P. infestans

 

 genome indicates that there may be more than 500

in 

 

P. infestans

 

 (Zody 

 

et al

 

., 2007).

 

POPULATION BIOLOGY/MIGRATIONS

 

In the final analysis it is only large populations of 

 

P. infestans

 

 that

have huge impacts on plants (and thus on humans), and

migrations of populations (bringing significant new diversity)

have had major impact on the population dynamics of

 

P. infestans

 

 in some locations. The migration that introduced

 

P. infestans

 

 to potato production in the north temperate regions

is legendary. Before the middle part of the 19th century, potato

late blight was unknown in these regions. This ‘new disease’ of

potatoes was problematic in the north-eastern USA by 1843

(Stevens, 1933). It is very well documented that by the summer

of 1845, the late blight disease of potatoes was well established

in Europe (Bourke, 1991). Although there have been claims of

potato late blight in Europe before 1845 (see the discussion in

Jones 

 

et al

 

., 1912), subsequent analyses have generally not

substantiated the claims of a pre-1845 occurrence of 

 

P. infestans

 

in Europe (Andrivon, 1996; Bourke, 1991; Goodwin and Drenth,

1997).

Regardless of the exact date of introduction to Europe,

 

P. infestans

 

 became well established in potato production

throughout the world subsequent to 1845. During the latter part

of the 19th century and the early 20th century, 

 

P. infestans 

 

was

generally regarded as an asexual organism, because (except for

central Mexico, see below) only the A1 mating type had been

documented—a situation that was to persist into the late 20th

century. We confirmed this situation by analysing the genotypic

diversity of strains from wherever we could obtain them through-

out the world. Populations were sampled from several countries

in Europe, Asia, South America, and from the USA and Canada in

North America. We were surprised to learn that these populations

were genotypically quite similar—dominated by a single clonal

lineage—the US-1 lineage (Goodwin 

 

et al

 

., 1994b). This lineage

was defined by mating type, mitochondrial haplotype, nuclear

DNA fingerprint pattern (via restriction fragment length poly-

morphisms, RFLPs) and allozyme genotype (Goodwin 

 

et al

 

.,

1994b). These isolates were collected prior to the major

migrations that began in the latter quarter of the 20th century.

Because seed tubers are shipped all over the world, and because

 

P. infestans 

 

readily infects tubers, it is easy to visualize that a

genetic bottleneck might have enabled a single clonal lineage to

be distributed throughout the world. If this lineage had been the

first to be introduced to an area, it could dominate. Alternatively

if this lineage was particularly fit, such that it displaced the

previous population, it would remain as the dominant lineage in

a population.

We had hypothesized that the initial European epidemic

(starting in the 1840s) might have been caused by the US-1 clonal

lineage of 

 

P. infestans (Goodwin et al., 1994b). One possibility

is that this lineage went through a genetic bottleneck from the

USA to Europe, and by a founder effect colonized all of Europe

and subsequently was distributed to much of the rest of the

world. This hypothesis became part of the controversy concerning

the origin of P. infestans and stimulated additional investigation.

Our hypothesis was directly challenged when analyses of

herbarium specimens collected during the European epidemic of

the 1840s and 1850s identified genotypes of P. infestans that

were not of the US-1 lineage (Ristaino et al., 2001). Thus, the

current data do not support our previous hypothesis that the US-1

lineage caused the original epidemic in Europe. Frustratingly, this

leaves no explanation for the previous worldwide distribution

and dominance of the US-1 clonal lineage.

The discovery in the 1950s that the A2 mating type occurred

commonly in the Toluca Valley in central Mexico (Galindo and

Gallegly, 1960; Gallegly and Galindo, 1958; Niederhauser, 1956)

was a major event in our understanding of the biology of this

organism. Prior to the discovery of the A2 mating type in the

Toluca Valley, it was recognized that the populations of

P. infestans in that location were dramatically different from

populations in other locations—mainly because potato clones

reported to be resistant (immune) elsewhere were severely

diseased when grown in the Toluca Valley (Niederhauser and

Mills, 1953). Subsequent analyses confirmed the uniqueness of

the population of P. infestans in the Toluca Valley. In contrast to
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populations in other locations, the A1 and A2 mating types

existed in approximately equal frequencies (Goodwin et al.,

1992); allozyme alleles existed in a Hardy–Weinberg equilibrium

(Tooley et al., 1985); oospores were ubiquitous (Flier et al., 2001;

Grunwald and Flier, 2005; Grunwald et al., 2001); no clonal

lineage dominated the population (Flier et al., 2003b; Grunwald

et al., 2001); and the virulence capabilities (compatibility with

diverse R genes) were broader than in other populations (Nied-

erhauser and Mills, 1953).

The global population structure of P. infestans began to

change in the latter part of the 20th century—due to migrations.

The first was a migration from Mexico to Europe and then

secondary migrations from Europe to other locations worldwide.

The initial indication that ‘something’ was happening was the

report of A2 mating types in Switzerland (Hohl and Iselin, 1984).

Subsequently, there were other reports of A2 mating type strains

in Europe (Fry et al., 1991; Shaw et al., 1985). We now know that

the likely route of migration was via a large (25 000 metric

tonnes) shipment of potatoes for fresh consumption imported to

Europe from Mexico in the winter of 1976/77 (Niederhauser,

1991). Because tubers are readily infected, it seems highly

probable that this shipment contained a diverse population of

P. infestans. Retrospective analysis indicated that the immigrating

population was diverse for mating type, allozyme genotype, DNA

RFLP fingerprint and mitochondrial haplotype (Fry et al., 1992,

1993). Surprisingly, the immigrating population quickly

dominated and displaced the previous population in much of

western Europe (Drenth et al., 1994; Fry and Goodwin, 1997b;

Spielman et al., 1991; Sujkowski et al., 1994). Because rare

alleles detected in the modern European population were

subsequently detected in populations on other continents (Forbes

et al., 1997), it seems likely that secondary migrations (probably

via seed potatoes) introduced the new populations to many

locations worldwide, except perhaps in Australia and parts of

Africa (Goodwin et al., 1994b; McLeod et al., 2001).

The population of P. infestans in the United States and in

Canada was influenced by a different migration event from Mexico,

so that the population north of Mexico is distinct from that in Europe,

Asia and South America (Fry and Goodwin, 1997a,b). This migration

probably occurred during the 1980s and perhaps the early 1990s

and seems most likely to have involved infected tomato fruits

from production areas in north-west Mexico (Goodwin et al.,

1994a, 1998). Just as in Europe and Asia, the new population

displaced the previous dominant population and exacerbated

the problem of late blight (Fry and Goodwin, 1997a,b). However,

the population in the USA is still clonal, with no evidence yet of

an established sexual population (unpublished results).

‘Whence came Phytophthora infestans?’ This question is the

title to one of Donald Reddick’s papers (Reddick, 1939) and is

part of one of the most engaging controversies surrounding this

pathogen. Although this question had been asked many times

previously, Reddick suggested a novel source. Initially, it had

been generally assumed that the pathogen originated in the

South American Andes and came to Europe along with the potato

(Jones et al., 1912). However, by 1928, Reddick had raised

questions about this theory (Reddick, 1928). Subsequently, and

continuing to the present time, the center of origin of P. infestans

has been debated vigorously (Abad and Abad, 1995; Gomez-Alpizar

et al., 2007; Goodwin, 1997; Goodwin et al., 1994b; Grunwald

and Flier, 2005; Reddick, 1939). Reddick suggested that Mexico

might be the source of this organism because resistant potatoes

were readily obtained from central Mexico, but not from South

America (Reddick, 1928). Interestingly, proponents and opponents

of a Mexican origin read the early literature and came to opposite

conclusions as to whether or not the description of any potato

malady in the Andes resembled potato late blight (Reddick,

1928, 1939). Andrivon (1996) suggested that the migration of

P. infestans to the north might have originated in central Mexico,

but the first stop was South America, with subsequent migration

to North America and then Europe. More recently, Gomez-Alpizar

et al. (2007) suggested on the basis of analysis of the closely

related P. andina from South America that the South American

Andes are the ancestral home to P. infestans. However, the story

continues to unfold. Recently one missing link to a Mexican

centre of origin, the Ib mitochondrial haplotype of P. infestans,

was found to occur in Mexico (Garay-Serrano et al., 2007).

Additionally, it is only in central Mexico that all three members of

the P. mirabilis/P. ipomoeae/P. infestans clade occur. And until

the very recent demonstration of common sexual reproduction in

parts of Europe, it was only in central Mexico that sexual

reproduction was a common component of the life history of this

organism. Thus, the controversy continues.

In a location where both A1 and A2 mating types coexist,

oospores clearly contribute importantly to the overwintering

survival and also to the nature of the population structure of

P. infestans. In the Toluca Valley of Mexico, oospores of

P. infestans are commonly found in soil (Fernandez-Pavia et al.,

2004) and A1 and A2 mating types are typically present in equal

proportions (Goodwin et al., 1992, 2001; Grunwald and Flier,

2005) these facts coupled with the fact that the population is

dramatically diverse genotypically (Flier et al., 2003b) led one to

the conclusion that sexual reproduction and the production of

oospores are common and important components of the life

history of P. infestans there. In other locations such as in northern

Europe where sexual reproduction is of recent occurrence, it is

possible to compare epidemic severity and population structure

before and after the advent of sexual reproduction. Late blight

has certainly become more problematic in some parts of northern

Europe and it now appears that sexual reproduction occurs in

several locations there with oospores contributing to epidemics

earlier in the season (Andersson et al., 1998; Flier et al., 2007;

Widmark et al., 2007).
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PATHOGENICITY/RESISTANCE

The remarkable pathogenic potential of P. infestans has stimulated

many attempts to find or breed resistant hosts. Efforts were first

initiated in the mid-19th century, and resulted in ‘field resistance’

that was partially successful (Wastie, 1991). However, the dis-

covery of the first resistance genes for immunity (R genes) in

Solanum demissum created a naïve optimism in the early 20th

century and diverted attention away from field resistance. The

optimism generated by the discovery of R genes resulted in such

titles as ‘Elimination of potato late blight from North America’

(Reddick, 1934). These R genes essentially conferred immunity to

the tester strains of P. infestans (with only a few cells affected at

each penetration site). We now know that the R genes enabled

plants to recognize effector proteins of P. infestans that were

secreted into the apoplast or into the host cytoplasm (Govers and

Gijzen, 2006). If P. infestans was recognized, host defences were

stimulated and further growth of the pathogen was halted (Ferris,

1955) and was associated with the hypersensitive response (HR)

(Vleeshouwers et al., 2000).

Unfortunately, it gradually became clear that there were

strains in the pathogen population against which the first R

genes were individually ineffective (no immunity and no HR).

Initially, such ‘resistance-breaking strains’ were at such a low

level in the pathogen population as to be not detectable, and in

fact they may have been absent from some populations.

However, because it takes 10–15 years (or more) to develop a

potato cultivar, there was sufficient time to enable the occurrence

and subsequent selection of a resistance-breaking biotype in a

local pathogen population. As the cultivar with a novel R gene

increased in popularity (increased in area occupied), there was

greater and greater chance for selection of strains compatible

with the R gene (unrecognized by the R protein), and the clones

containing the R gene were then susceptible to the selected

population (Malcolmson, 1969; Wastie, 1991). Unfortunately,

this pattern of events has occurred so often that, up to the

present time, there appears to be no R gene that has been

effective for a sufficiently long time to have contributed much to

practical potato late blight suppression in production agriculture.

One suggestion for maintaining the efficacy of R genes has

been to put several together in the same potato cultivar

(‘pyramiding’). The cultivar Pentland Dell in Scotland provides an

informative case history. At the time of its development, Pentland

Dell was known to contain genes R1, R2 and R3, and it was

resistant to the common race (Race 4). Race 4 was compatible

with potato clones containing only R4, but was unable to overcome

the resistance conditioned by R1, R2 and/or R3. Commercial

production of Pentland Dell began in 1963, and by 1968 it had

become the third most popular cultivar, with blight resistance as

one of its chief attributes (Malcolmson, 1969). However, by 1967

(and subsequently), there were cases of serious disease on this

cultivar (i.e. 75% blight) in England and Wales. The strains that

caused disease on Pentland Dell were compatible with R1, R2

and R3, but additionally, and with the discovery of more R genes

(R5–R11), it was discovered that many of the strains were also

compatible with the newly discovered R genes—even though

these new R genes had not been deployed in cultivars (Malcolmson,

1969). The realization that the population of P. infestans in the

UK contained individuals unaffected by R genes never deployed

decreased considerably the enthusiasm for the use of R genes as

a disease suppression strategy for potato late blight (Wastie,

1991). The plasticity of the P. infestans genome with regard to R

gene resistance is well described (Goodwin et al., 1995; Shattock

et al., 1977), and explains the loss of enthusiasm by some

investigators/practitioners for R genes as contributors to stable

disease suppression. This and other experience has caused some

to focus on developing breeding lines or cultivars with ‘field

resistance’ (Collins et al., 1999). However, the strong phenotype

of a successful R gene is a strong attraction and there remain

many efforts to identify new R genes as a strategy to develop

resistant plants (see below). Although ‘controversy’ is perhaps

too dramatic a word, there certainly are disagreements as to the

value of pursuing the use of single R genes in a cultivar grown in

monoculture.

Recent progress in the investigation of effectors provides

some likely explanations for this plasticity of pathogenicity in the

genome of P. infestans. The selection of secreted proteins as

potential candidates (Torto et al., 2003) has proven highly

productive to explaining the plasticity of pathogenicity. In general,

it is recognized that R genes code for proteins that recognize

specific pathogen effectors, and by so doing initiate a cascade of

events leading to disease resistance and the HR. The pathogen

genes that coded for proteins recognized by R genes were

originally recognized from genetics studies and were termed

‘avirulence genes’ because they stimulated resistance (with HR)

in the host plant, and therefore ‘avirulence’ in the pathogen.

However, it is now clear that probably most if not all such

pathogen genes are actually involved in aiding pathogenicity and

only when specifically recognized by an R gene do they stimulate

the resistance response. The effector gene Avr3a has been cloned

from P. infestans and it codes for a protein that also contains the

RxLR-dEER motif (Armstrong et al., 2005; Govers and Gijzen,

2006). Avr3a was cloned using association genetics and was

demonstrated to differ from avr3a by three amino acids (Armstrong

et al., 2005). There have also been efforts to clone Avr3b, which

serendipitously identified a sequence that is characteristic of a

transcription factor necessary for the recognition of Avr3b, Avr 10

and Avr11 by plants carrying R3b, R10 and R11 (Jiang et al.,

2006). Initial analyses of the P. infestans genome indicate that

there are hundreds (at least) of genes coding for proteins with the

RxLR motif—more than have been detected in the genomes of

P. sojae or P. ramorum (Zody et al., 2007). Some sequences with
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the RxLR-dEER motif reside in retrotransposon-like sequences

(Zody et al., 2007), and it is tempting to hypothesize that these

are potential effectors in the process of evolving (Zody et al.,

2007); if so, then this mechanism could explain the apparent high

rate of diversity at effector loci (Goodwin et al., 1995).

Despite the previous disappointments with R genes in practical

disease management, the strong phenotype of an effective R

gene, and the ease of working with it via biotechnology or

through traditional breeding are so attractive that there are still

efforts to find an R gene that is durable (sensu Johnson, 1984).

Clearly it is diversity in the pathogen population that has

rendered other R genes ineffective in suppressing disease.

Mechanistically, the hope is that alteration of the component of

the effector recognized by the R gene system will be detrimental

to P. infestans, and thus the R gene will remain effective (durable).

Unfortunately, it is already abundantly clear that many mutations

in effectors are not highly detrimental, as deduced from the

common existence of the many diverse races of P. infestans.

Nonetheless, R genes from several species of Solanum have been

and are being investigated. For example, we detected an R gene

from Solanum berthaultii (RPi-ber, located on chromosome 10),

which detected common strains of P. infestans in the USA

(Rauscher et al., 2006), but it did not detect some strains of

P. infestans from the Toluca Valley in central Mexico (Ewing et al.,

2000). Similarly a putative R gene from petunias recognized

some USA isolates of P. infestans but not other isolates (Becktell

et al., 2006). These R genes are unlikely to have a durable effect

because diversity in the pathogen population has already been

demonstrated. In contrast, an R gene from Solanum bulbocastanum

(RB or Rpi-blb1, located on chromosome 8) seemed initially more

promising; it recognized all genotypes of P. infestans against

which it had been tested (including the population in the Toluca

Valley) (Song et al., 2003; Van der Vossen et al., 2003). The fact

that this gene was effective in the Toluca Valley of Mexico in each

of the several years that it was tested there created significant

optimism that this would be a ‘durable’ R gene. It has been only

very recently that compatible strains have been detected (E. Van

der Vossen, personal communication; F. Govers, personal

communication). One disappointing characteristic of Rpi-blb1 is

that although the gene is expressed in tubers, the tubers are not

resistant (J. Bradeen, personal communication). An exciting

recent discovery (V. G. A. A. Vleeshouwers et al., personal

communication) is that the protein coded by Rpi-blb1 recognizes

one of the first proteins (IPI-O) discovered to be secreted by

P. infestans into host tissue (Pieterse et al., 1994). Two additional

R genes from S. bulbocastanum, RPi-blb2 and Rpi-blb3, have now

been cloned (Lokossou et al., 2007; Van der Vossen et al., 2005),

but the prognosis for long-lasting effects remains unknown. Until

strains compatible with Rpi-blb1 were detected very recently, there

was wonderful optimism about the potential of this gene.

Because these strains have not yet appeared in field tests, many

investigators retain the hope that this will be the first R gene that

is not ‘destroyed’ by P. infestans. Perhaps mutation in—or

non-expression of—the effector recognized by Rpi-blb1 is indeed

detrimental to P. infestans.

The cloning of the effector gene, Avr3a, and the discovery of

many potential effectors in the genomic sequence of P. infestans

have enabled high-throughput analysis for additional R gene

candidates in a variety of plants in the Solanaceae. For example,

candidate R gene phenotypes were observed upon agroinfection

of diverse Solanum spp. with the Avr3a effector (Chapouret et al.,

2007). In another series of tests, potential R genes that recognized

either the ‘virulent’ and/or the ‘avirulent’ form of Avr3a were

detected in a different series of wild Solanum spp. (Hein et al.,

2007). Additionally, it is now technically possible to use the

hundreds of candidate effectors to determine if there are

candidate R genes that recognize these candidate effectors. It

seems highly likely that many candidate R genes will be found.

The expected discovery of many new R genes raises the issues

of how best to deploy them, and whether or not they will

contribute to disease suppression in agriculture. If one of these

candidate R genes has the apparent ‘durability’ characteristics of

Rpi-blb1, it could be used singly in a potato genotype. However,

even if the candidate R genes are ‘overcome’ there have been

several strategies suggested for deploying them, including

pyramiding, construction of multilines, and sequential individual

use. The success of each of these strategies depends on the

biology of P. infestans, but also on political and regulatory

decisions. Engineered resistance needs consumer acceptance,

which will probably occur, but is not yet here. Deployment via

traditional breeding is a long process and if pyramiding is necessary,

the process will be even longer. Whether pyramiding newly

discovered R genes will be more durable than deployment of

single R genes is not yet known. However, the previous experience

with pyramiding R genes (Malcolmson, 1969) does not suggest

durability.

The potential utility of a multiline cultivar (with each line

differing by the presence of a different R gene Niederhauser

et al., 1996) deserves special consideration. In preliminary

experiments, the success of a multiline has been limited geograph-

ically, but even where successful, the effect has been very small

(Garrett and Mundt, 2000; Garrett et al., 2001). The durable

success of using a multiline (no selection for a fit pathogen with

compatibility to all R genes) depends on there being a fitness cost

to the individual pathogen strain with the mutated effector.

Certainly there have been suggestions that highly complex

strains (those that can overcome many R genes) might be less fit

than simple strains (capable of overcoming no or few R genes),

a situation termed ‘stabilizing selection’ by Van der Plank (1963).

On cultivars with no R genes, complex strains carry many ‘unnec-

essary’ genes for virulence, and in other host–pathogen systems,

there is evidence that such a situation might be associated with
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a reduced fitness (e.g. Leonard, 1969). Unfortunately, it is very

difficult to detect a fitness cost associated with a specific gene in

P. infestans because it is not now possible to construct near-

isogenic strains of P. infestans through either conventional

genetics or transformation. Anecdotally, it is clear that some of

the most complex strains are also some of the most aggressive,

in direct opposition to the theory. For example, the US-8 strain

(dominant on potatoes in the United States from 1994 to the

present time) is among the more complex detected in the USA,

and is also among the most aggressive (Goodwin et al., 1995;

Kato et al., 1997; Lambert and Currier, 1997). Whether the multiline

approach will provide durable ‘resistance’ remains to be

determined.

Should P. infestans remain able to adapt to new R genes

without a loss in fitness, we may be forced to resort to field or

general resistances. Some investigators believe that this type

of resistance is necessary—perhaps particularly for developing

country conditions. Such resistances have been documented

(Novy et al., 2006; Stewart et al., 2003) and although often not

sufficient alone to solve the late blight problem, they can

certainly contribute to the solution (Fry and Shtienberg, 1990;

Grunwald et al., 2002a). Such resistances appear to be durable

(Grunwald et al., 2002b).

PATHOGENIC SPECIALIZATION

In general P. infestans has been regarded as a near obligate

parasite with a limited host range (Erwin and Ribeiro, 1996).

However, the host range has also been debated. Another of the

very early controversies concerned whether the same strains that

caused potato late blight also caused tomato late blight (Berg,

1926). Some authors found that P. infestans from potato (or

tomato) was preferentially pathogenic on potato (or tomato), but

other authors did not find this specialization (Berg, 1926).

Resolution of these differences appears to rest with the pathogen

population being studied. When we studied the ‘old’ population

of P. infestans in the United States, we found no evidence for

tomato specialization (Spielman et al., 1989), and could not

reproduce earlier reports of such specialization (Berg, 1926;

Gallegly and Marvel, 1955). However, we did detect such special-

ization in the population of the United States common after 1990

(Goodwin et al., 1998; Legard et al., 1995). Within a simple

population structure such as that in the USA or north-west

Mexico, some clonal lineages have been observed to occur primarily

on potatoes (e.g. the US-8 clonal lineage in the USA), or on

tomatoes (e.g. the US-7 and US-17 clonal lineages in the USA)

(Goodwin et al., 1998). Specialization to tomato does not pre-

clude pathogenicity to potato, but tomato-specialized pathogens

may be less pathogenic to potatoes than are other strains (Legard

et al., 1995). The phenotype of a tomato-specialized strain on

tomato is that of an extended period of biotrophy (Vega-Sanchez

et al., 2000), sometimes with extensive sporulation detected

before necrosis (Fig. 5) (Smart et al., 2003). Although tomato

specialization has been the subject of little investigation, initial

genetic studies detected at least one locus with a major effect,

with low aggressiveness to tomato being dominant (Lee et al.,

2002).

The recent migrations of P. infestans have demonstrated that

diversity among pathogen populations influences whether we

regard a plant species to be a host. For example, Nicotiana

benthamiana was initially reported to be a non-host to

P. infestans in Europe (Kamoun et al., 1998), with resistance

being ascribed to recognition of an elicitin (INF1) produced by

P. infestans. However, isolates of the new population in the USA,

producing INF1, were highly compatible with N. benthamiana

(Becktell et al., 2006), suggesting that production of INF1 does

not alone cause P. infestans to be a non-pathogen of

N. benthamiana—consistent with the fact that the gene for inf1

production is down-regulated during infection of potato (Kamoun

et al., 1997). Additionally, the US-8 strain of P. infestans was

demonstrated to be much more aggressive against petunia (Petunia

× hybrida) and hairy nightshade (Solanum sarachoides) than was

the US-1 strain (Platt, 1999). While black nightshade was found

to be a host for a European population of P. infestans (Flier et al.,

2003a), it was not a host for a North American population of

P. infestans (Platt, 1999). In Europe, Solanum nigrum had been

considered to be essentially a non-host until the arrival of the

new diverse population (Flier et al., 2003a).

Fig. 5 Phenotype of a tomato-unspecialized isolate (A), and a 

tomato-specialized isolate (B) infection on tomato (Smart et al., 2003). The 

tomato-specialized isolate was sporulating profusely with no evidence of 

necrosis. The figures are from Smart et al. (2003).
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ECOLOGY/EPIDEMIOLOGY

The ecology of P. infestans has been investigated intensively

because of the direct importance of this topic to disease manage-

ment, with particular importance to disease epidemiology and

disease forecasting. Early studies demonstrated that this pathogen

does not do well at higher temperatures (e.g. > 25 °C) (Jones

et al., 1912), and that indirect germination predominates at

temperatures below 20 °C (Crosier, 1934; Melhus, 1915).

Comparison of Crosier’s data with later data for the US-1 clonal

lineage reveals a remarkable consistency (Mizubuti and Fry,

1998). However, other clonal lineages (US-7 and US-8, representing

recent immigrants from Mexico) had somewhat different temper-

ature responses (Mizubuti and Fry, 1998). Additionally, BR-1, one

of the two dominant clonal lineages in Brazil, has lower

temperature optima than does US-1, the other dominant clonal

lineage in Brazil (Maziero, 2001, cited in Mizubuti and Fry, 2006).

These examples provide additional support for the idea that early

investigators in the USA were working with the US-1 clonal

lineage during the early 20th century. These data also indicate

that there is diversity among different genotypes for response to

temperature, and extrapolation from one genotype to the entire

species can be misleading.

The availability of free moisture for at least a short period of

time on plant surfaces is essential to sporangium germination.

The interaction between temperature and moisture was recog-

nized very early as being crucial to pathogen development, and

this recognition led to efforts to ‘forecast’ when late blight might

be problematic. Many forecasting efforts were initiated, utilizing

such things as the ‘Dutch rules’ (Van Everdingen, 1926),

‘Beaumont periods’ (Beaumont, 1947), ‘rain-favorable days’

(Hyre et al., 1960) and ‘severity values’ (Hyre et al., 1960). Some

rules have been adapted to the highland tropics (Grunwald et al.,

2002b). Efforts to improve forecasting continue to the present

time (Westerdijk and Schepers, 2006). A potential problem for

forecasts is to include variance in the pathogen population for

response to environmental factors.

The survival of sporangia in the air is crucial to aerial dispersal,

but some studies seemed to indicate that sporangia could not

survive at all long in the atmosphere. It was clear that aerial

dispersal occurred, but several studies suggested that sporangia

could withstand only very short periods of drying (Crosier, 1934;

Glendinning et al., 1963; Warren and Colhoun, 1975). This

conclusion from controlled experiments was inconsistent with

the observations that aerial dispersal of sporangia was important

in epidemics. In contrast, other workers found that indeed

sporangia could survive drying (Rotem and Cohen, 1974; de

Weille, 1964), creating another area of controversy. Subsequently,

resolution was achieved when it was demonstrated that differ-

ences in experimental technique could explain the different

results; if dried sporangia were rehydrated rapidly they perished,

but if they were rehydrated slowly, they survived (Minogue and

Fry, 1981). It has also become clear that solar irradiance is a much

more important factor to sporangial survival than is drying

(Mizubuti et al., 2000). We do not yet know if there is diversity

within the population for sensitivity to solar irradiation (Mizubuti

et al., 2000).

DISEASE CONTROL

Development of reliable, environmentally benign, and economi-

cally feasible management tactics is the immediate goal of many

investigators and this goal is also the motivation for longer range

basic investigations of many scientists. Presently, the most reliable

approach is integrated management, using an array of tactics,

including planting healthy seed tubers, eliminating on-farm

sources of the pathogen (infected cull tubers, infected volunteers,

infected weeds), using ‘resistant’ cultivars and applying fungicides

in response to demonstrated need determined via scouting or

forecast. There are several challenges. One is that in agriculture

in developed countries, the most popular cultivars (those desired

by the market) are typically not highly resistant. It would be

wonderful if a single R gene were completely durable and could

be bred or engineered into cultivars. Most people would prefer

such a very simple, highly effective management strategy (a ‘silver

bullet’) in comparison with a complex management strategy.

However, because potatoes are tetraploid and highly hetero-

zygous, breeding releases a high degree of diversity, so that it is

difficult to recover the exact parental phenotype in a breeding

programme. Even genetic engineering releases a high degree of

diversity, and significant selection needs to occur to achieve the

parental phenotype after genes are engineered into potatoes by

molecular techniques. Because potatoes are vegetatively

propagated, it is possible to retain the exact same phenotype

over many generations, and therefore the specific traits associated

with a specific cultivar come to be expected. Any deviation from

those characteristics may be viewed unfavourably by the market,

particularly a market dominated by multinational food corpora-

tions. This creates a very difficult environment for the plant

breeder, causing any change in potato cultivars to be very slow.

An example of the slowness of the adoption of new potato

cultivars in the developed world is that two of the most popular

cultivars worldwide (Russet Burbank and Bintje) are both more

than 100 years old. In contrast, in the developing world, it appears

that more recent cultivars with field resistance have significant

potential for use in combating late blight.

The availability of effective fungicides has enabled the con-

tinued use of susceptible cultivars. As a result, massive amounts

of fungicide are used in those environments in which late blight

is problematic, typically in rain-fed production systems. In the

USA in 2001 alone, more than 2000 tons of fungicides were used

to suppress this disease (Anon., 2004). This large amount of
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fungicide is expensive—sometimes estimated at a cost of ~$200

per acre (personal communication from many growers and

confirmed in surveys; Johnson et al., 1997). Additionally, the

environmental effects of this large amount of fungicide are

unknown. For both economic and environmental reasons,

improvements in the efficiency of fungicide use via forecasts are

being sought (Westerdijk and Schepers, 2006). For a few years

after its initial release, the fungicide metalaxyl/mefenoxam was

so effective that late blight became much less problematic.

Unfortunately, resistance was selected in pathogen populations

all over the world, and the efficacy of this fungicide declined

noticeably. Thus, potato late blight remains as one of the most

important and most costly plant diseases.

Can we develop or discover the ‘silver bullet’ for late blight

suppression? As of today there is no definitive answer to this

question; however, there are some candidate answers. One is a

fungicide that targets an essential function in P. infestans. The

reasoning is that mutations concerning that function would be

lethal so that resistance could not develop. Experience with

P. infestans and with other pathogens would indicate that

microbes are remarkable in their abilities to adjust to toxins, so

that a permanently effective fungicide seems unlikely. Another

answer is to target a crucial effector with an R gene, again with

the idea that mutations would be lethal, or at least detrimental,

so that mutants would either not survive or be at a selective

disadvantage. Given the large number of candidate effectors in

P. infestans, this approach might seem unlikely, particularly now

that strains compatible with Rpi-blb1 have been found. Finally, will the

genomic sequence provide clues for highly effective simple controls?

Certainly, the impact of finding a permanent simple solution would

be enormous and many investigators are searching energetically.

OPPORTUNITIES/CHALLENGES

Genomics

The genome of P. infestans has recently been sequenced, so that

many types of analyses have just become possible. It was probably

the ‘romance’ of finding a solution to the late blight disease that

stimulated investigators and funding agencies to tackle this

genome. There were some significant obstacles, including the fact

that P. infestans has perhaps the largest genome of any species

of Phytophthora (~240 Mb), a very large amount of repetitive

DNA (~75% of the sequence), and that 35% of the sequence

appears to be recently active transposons (Zody et al., 2007).

Even with partial genomics tools, and a low-efficiency transfor-

mation system (see below), some secrets had been discovered

(see above) and we now expect much more rapid progress. The

discovery that some effectors contain an RxLR-dEER motif has

stimulated high-throughput analyses in search of R gene candidates

and in search of function for the many different effectors.

Transformation

While a variety of transformation methods have been described,

these often have limitations (Govers and Gijzen, 2006). The first

successful report of stable transformation of Phytophthora was

by Judelson, using protoplasts and a polyethylene glycocol/

calcium chloride method (Judelson et al., 1991). Subsequently,

other methods have been reported, including microprojectile

bombardment, and Agrobacterium mediated transformation

(Cvitanich and Judelson, 2003b; Vijn and Govers, 2003), but none

is highly efficient and Judelson’s PEG-CaCl2 method remains among

the most successful for achieving stable transformation. Recently,

transient gene silencing via double-stranded RNA (dsRNA) has

been developed by Whisson et al. (2005). In addition, in efforts

to improve the efficiency of transformation, the transcriptional

activity and function of a few oomycete promoter and terminator

sequences have been investigated using either stable tranform-

ants (Ah Fong and Judelson, 2003; Blanco and Judelson, 2005;

Tani and Judelson, 2006) or transient transformation expres-

sion systems (Judelson and Michelmore, 1991; McLeod et al.,

2004). Thus far, only one construct (pDBHAMT35G), which is

based on Judelson’s very successful construct (pHAMT35G),

seems to have potential to improve on the early constructs devel-

oped by Judelson (McLeod et al., 2008).

Parasites

We are just now entering a period when we recognize that

oomycetes can indeed be hosts to parasites. For example,

Pythium oligandrum is both a parasite of tomatoes and of

Phytophthora infestans (Horner and Van West, 2007). Additionally,

it is now known that species of Phytophthora (and perhaps

Pythium) can also host viruses. Although the discovery of viral

parasites in Phytophthora species is very recent, it has been

known for some time that virus-like dsRNAs occurred in Phytoph-

thora (Tooley et al., 1989), and dsRNAs and virus-like particles

were found in Pythium irregulare (Gillings et al., 1993). The first

confirmed Phytophthora virus (reported in 2005) is related to the

plant endornaviruses and was discovered in an unnamed species

of Phytophthora obtained from Douglas fir (Hacker et al., 2005).

Viruses may be common in P. infestans because in an initial

study, nine of 22 strains analysed contained dsRNAs. There were

at least four different patterns indicating at least four different

viruses (Cai et al., 2007).

CONCLUDING COMMENTS

I hope the above discussion indicates that scientists throughout

the world are still writing Berg’s ‘romantic’ chapter on a ‘con-

troversial’ pathogen. The romance associated with limiting the

pathogenic potential of this organism is a strong attractant for
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many investigators and wonderful progress has been made in

understanding its basic biology, ecology and pathogenicity. The

recent availabilities of molecular and genomic tools ensure that

many of the secrets of this organism will be revealed in the near

future. However, our history of combating this pathogen should

caution us to include considerations of the diversity within the

species when devising strategies to contain its pathogenicity.

Additionally, I would argue that any strategy for mitigating its

pathogenicity needs to be based on a knowledgeable respect for

the powerful plasticity of this organism.
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