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Abstract

The fungal pathogen Phytophthora infestans is the causal organism of late blight, one of the most
devastating diseases of potato. In the past, various aspects of the potato-P: infestans interaction have
been studied extensively. In this paper we briefly review the current knowledge of the molecular
events associated with the interaction and in addition we discuss a new approach for analyzing the
molecular basis of pathogenicity of P. infestans.
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Introduction

Potato late blight caused by the fungus Phytophthora infestans (Mont.) de Bary (Oomy-
cetes) is one of the most important diseases of potato (Solanum tuherosum (L.)). Leaves
and tubers of susceptible cultivars become readily infected by this pathogen. The fungus
spreads rapidly through the plant tissue, causing a destructive necrosis.

The disease cycle starts when a sporangium comes into contact with a potato leaf or
tuber. On moist surfaces, the sporangium germinates directly or develops a zoosporangi-
um with motile biflagellate zoospores which germinate after encystment. Germinating
sporangia and cysts form appressoria, and infection tubes emerging from the appressoria
penetrate the host cells (Pristou and Gallegly, 1954). In leaves, penetration occurs prefera-
bly in the region of stomata, immediately adjacent to stomatal guard cells (Gees and Hohl,
1988). The infection tubes enter the epidermal cell and form hyphal structures. The hyp-
hae grow into the mesophyll cellslayer, both intra- and intercellularly, occasionally forming
haustoria (Coffey and Wilson, 1983). After colonization of the leaf tissue, sporangiopho-
res emerge from the stomata, forming thousands of sporangia which can be dispersed by
wind or rain and eventually reinfect plants nearby or over long distances. In leaves, the first
macroscopic sign of lesion development is the appearance of a water-soaked area. While
the fungus grows and sporulates at the advancing edges of the developing lesion, the cen-
ter of the spreading lesion becomes necrotic. This can eventually lead to complete destruc-
tion of foliage and consequent reduction in tuber yields. Tuber infection itself can also
cause severe losses, especially during storage.

P. infestans is a hemibiotrophic pathogen with a rather narrow host range, all host
plants being Solanaceae. From the crop plants, potato is economically the most important
host but also tomato (Lycopersicon esculentum (Mill.)) can be infected. In addition, P.
infestans is capable of attacking wild relatives of potato and tomato. The specificity of
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P. infestans for Solanaceae, in particular potato, implies that there is a specific recognition
mechanism between pathogen and host which consequently involves the exchange of
signals between the two organisms. On the one hand, recognition of P. infestans by the
host leads to the induction of defence responses directed towards the pathogen. On the
other hand, it is very likely that contact of the pathogen with a potential host induces
responses in the pathogen which are required for pathogenesis. Thus in both the host plant
and the pathogen, the pathogenic process is likely to induce the expression of many genes.

The extremely destructive nature of the potato late blight disease and its world-wide dis-
tribution make the potatoP. infestans interaction a topic of research for many plant
pathologists. A considerable amount of research has been dedicated to date on various
aspects of the potatoP. infestans relationship (Ingram and Williams, 1991). Here we
review the current state of the art concerning the genetic and molecular aspects of this
plantpathogen interaction.

The genetic basis of resistance to Phytophthora infestans

Genetically controlled disease resistance to plant pathogens can be classified as either ver-
tical or horizontal resistance. By classical breeding both types of resistance to P. infestans
have been introduced into potato. In the potatoP. infestans pathosystem, vertical resi-
stance, also called race-specific resistance, is based on a gene-for-gene relationship in
which presumably the products of avirulence genes of the pathogen, the so-called race-spe-
cific elicitors, interact directly or indirectly with the products of the matching major resist-
ance genes (R-genes) of the plant. This results in the triggering of a hypersensitive respon-
se (HR). Invaded host cells and cells surrounding the infected cells die rapidly. The bio-
trophic fungus can not grow further and this finally results in an incompatible interaction.
Races lacking avirulence genes corresponding to R-genes in the host do not trigger HR.
They are able to colonize the plant successfully, resulting in a compatible interaction.

Little is known about the genetic and molecular basis of avirulence/virulence in P. in-
festans and race-specific resistance/susceptibility in potato. In most plant pathogens aviru-
lence is dominant over virulence but there are exceptions (Shaw, 1991). Spielman et al.
(1989), who analyzed the segregation of virulence loci in the progeny of genetic crosses,
showed that in P. infestans avirulence towards the potato resistance genes R3 and the
tomato resistance gene Phl is dominant. On the other hand they found that for R2 and R4
avirulence inherits as a recessive trait. Whether dominant inhibitor genes, which mask the
expression of avirulence, are involved is not known. Vertical resistance, governed by the
so-called R-genes, is single gene based. To date, I I dominant R-genes, all originating from
Solanum demissum (L.) have been introduced into the cultivated potato by breeding
(Wastie, 1991). Mapping of R-genes in potato and virulence/avirulence genes in P. infes-
tans is in progress in several laboratories. Gebhardt and coworkers have recently determi-
ned the location of resistance gene RI on a genetic map of potato (Leonards-Schippers et
al., 1992). This is a first step towards the cloning of R-genes. Another way to clone R-
genes is by means of transposon tagging, an approach pursued by Peirera et al. (this volu-
me). The isolation and characterization of R-genes and the corresponding avirulence genes
from P. infestans will lead to a better understanding of the mechanisms involved in the
induction of the defence responses.

In contrast to vertical resistance in which a single R-gene is sufficient to protect the plant
completely against particular races of P. infestans, horizontal resistance, also called race-
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nonspecific resistance or field resistance, is assumed to be multiple gene based. In hori-
zontal resistant cultivars the infection efficiency might be lower, the tissue colonization
slower and the sporulation rate reduced (Umaerus, 1970). The level of field resistance
varies among cultivars. This type of resistance is durable and thus commercially more
attractive than race-specific resistance. In the latter, new virulent races evolve rapidly, ren-
dering the R genes ineffective. Breeding efforts therefore aim at introducing durable field
resistance into commercial potato cultivars. The molecular and genetic basis underlying
field resistance is basically unknown. Therefore, breeders have to rely on empirical
methods.

The plant response

The development of the potato late blight disease is dependent on the aggressiveness of the
pathogen and the defence response of the host. Spores of all races germinate with equal
efficiency on resistant and susceptible cultivars and also the frequency of penetration is
comparable (Gees and Hohl, 1988). In compatible as well as incompatible interactions, the
initially invaded host cells react hypersensitively and produce callose-like material within
a few hours after inoculation (Cuypers and Hahlbrock, 1988). However, in the incompati-
ble interaction, the epidermal and mesophyll cells adjacent to the invaded cells become
necrotic within 5 hours after inoculation, whereas in the compatible interaction these cells
do not become necrotic within the first 12-24 hours (Cuypers and Hahlbrock, 1988). Thus
in general it can be stated that in comparison with compatible interactions, in incompati-
ble interactions the host cells respond to P. infestans more rapidly by triggering HR. Upon
pathogen attack in resistant as well as susceptible plants numerous genes are activated, lea-
ding to the accumulation of pathogenesis-related (PR) proteins and secondary metabolites
such as phytoalexins and lignin.

Phytoalexins are antimicrobial molecules which are produced by the plant upon infec-
tion, elicitor treatment or wounding. In potato tubers, phytoalexin production occurs
primarily via the terpenoid biosynthesis pathway, resulting in sesquiterpenoids such as ris-
hitin, phytuberin and lubimin (Kuc, 1982). Upon infection of potato tubers with P. infes-
tans, sesquiterpenoid phytoalexins are produced in healthy tissue around the infection site
and are then transported into browning cells where they can accumulate to high concen-
trations (Sato et al., 1971). Rohwer et al. (1987) studied the phytoalexin accumulation in a
compatible and an incompatible interaction. In potato tubers, they found a more rapid
accumulation of sesquiterpenoid phytoalexins during the first 24-48 hours of infection in
the incompatible interaction compared to compatible one. In infected leaves no sesquiter-
penoid phytoalexins are detectable. This suggests that at least in leaves, sesquiterpenoid
phytoalexins are not necessary for defence against P. infestans. One of the key enzymes
in the sesquiterpenoid phytoalexin biosynthesis pathway is 3-hydroxy-3-methylglutaryl
coenzyme A reductase (HMGR) which catalyzes the conversion of 3-hydroxy-3-methyl-
glutaryl coenzyme A to mevalonic acid, the rate-limiting step in terpenoid biosynthesis.
HMGR activity increases in response to wounding, infection with P. infestans and treat-
ment with arachidonic acid, an elicitor of the synthesis of sesquiterpenoid phytoalexins.
Recently, Yang et al. (1991) showed that increased activity of HMGR in potato tubers
upon infection with Erwinia carotovora, wounding or elicitor treatment is due to induced
gene expression. In potato HMGR is encoded by a small gene family of which one isogene
is activated upon pathogen attack and another upon wounding. This indicates that the
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signals leading to activation of HMGR genes upon pathogen challenge and wounding are
different.

Another major plant response to pathogen attack is the induction of expression of the
phenylalanine ammonia-lyase (PAL) and 4-coumarate:CoA ligase (4-CL) genes. PAL and
4-CL are both key enzymes in the phenylpropanoid pathway, the biosynthesis pathway of
lignin and other wall-bound phenolics. Fritzemeier et al. (1987), who studied the PAL and
4-CL gene expression in potato, found that in incompatible interactions the expression of
both genes is rapidly induced within several hours post-inoculation, whereas in compati-
ble interactions this is slightly delayed. This difference in timing of PAL mRNA accumu-
lation was also demonstrated by Cuypers et al. (1988), who used the in situ hybridization
technique. In an incompatible interaction, a clear halo of accumulating PAL mRNA around
the penetration site appeared within 3 hours after inoculation and disappeared within the
following 3 hours. In the compatible interaction, however, the halo of accumulating PAL
mRNA did not appear before 6 hours post-inoculation. In potato, lignin and other soluble
and wall-bound phenolics are the defence related endproducts of the phenylpropanoid
pathway. Ampomah and Friend (1988) found a correlation between PAL activity, deposi-
tion of lignin or lignin-like material and susceptibility to P. infestans infection in potato
tuber discs. In tuber discs of cultivars with a high degree of field resistance more lignin and
lignin-like material was deposited than in tuber discs of susceptible cultivars. Treatment
with an inhibitor of PAL decreased the deposition of lignin and lignin-like material and the
tuber discs became more susceptible to fungal infection. Thus the endproducts of the
phenylpropanoid pathway may play a role in plant defence but their contribution to the ulti-
mate resistance reaction remains to be resolved.

PR proteins are a characteristic group of plant proteins which accumulate after infection,
elicitor treatment and sometimes during senescence. Kombrink et al. (1988) identified a
number of PR proteins which accumulate in the intercellular space of potato leaves follo-
wing inoculation with P. infestans. Eight of these proteins have been purified. Six ap-
peared to have chitinase activity and two 1,3-13-glucanase activity. Taylor et al. (1990)
isolated a cDNA clone of a potato gene which shows induced expression very early after
infection by P. infestans and which has a striking homology with a gene encoding a heat
shock protein in soybean. The expression pattern of this gene, which was designated PRI,
is similar to that of the PAL and 4-CL genes in both compatible and incompatible interac-
tions. Matton and Brisson (1989) selected two other cDNA clones of potato genes en-
coding PR proteins. The expression of these genes reached a maximum within 24 hours
after elicitor treatment. The two proteins encoded by these genes differ by only six amino
acids and show a high degree of similarity with PR protein sequences from pea and pars-
ley. The induced expression of genes encoding PR proteins and the subsequent accumula-
tion of these proteins upon infection suggest that they are part of a plant defence mecha-
nism. Some PR proteins, e.g., 1,3-13-glucanases and chitinases can potentially degrade cell
walls of fungi. A major component of the P. infestans cell wall is 1,3-0-glucan, but chitin
is lacking. Therefore only 1,3-13-glucanases are potentially capable of hydrolyzing the cell
wall of P. infestans. However, there is no direct evidence that these proteins, as well as the
other identified PR proteins, are involved in resistance against P. infestans. The only pro-
tein that has been described to have inhibitory activity towards P. infestans is the thauma-
tin-like protein osmotin which was isolated from tobacco and tomato (Woloshuk et al.,
1991). Purified osmotin causes lysis of sponrangia and inhibition of hyphal growth in vitro,
which indicates that osmotin might have a role in the plant defence mechanism.
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In both compatible and incompatible interactions similar plant responses are observed
but their timing is different. Whether this difference in timing determines the ultimate out-
come of the resistance reaction is not known. Also the relative contribution of the various
synthesized compounds to the resistance reaction is unknown. It is likely that a combina-
tion of compounds, produced at the right time and the right place, ultimately determines
the outcome of the resistance reaction. However, it can not be ruled out that other, so far
unknown, defence mechanisms are involved.

Pathogenicity of Phytophthora infestans and characterization of putative pathogeni-
city genes

Pathogenicity is a complex process that most likely requires the expression of particular
pathogenicity genes, i.e., genes of the pathogen which are essential for the establishment
and maintenance of a compatible interaction. Pathogenicity factors such as cutinases,
phytotoxins and cell wall degrading enzymes are important for pathogenicity of various
plant pathogenic fungi. For P. infestans, however, it is unlikely that these pathogenicity
factors have an important function in the interaction. P. infestans forms an appressorium
and penetrates the host cells with physical forces. Enzymatic breakdown of the cuticle and
epidermal cell walls is probably not required. Since P. infestans is a hemibiotrophic patho-
gen it is unlikely that it produces toxins which kill the host cells immediately. This biot-
rophic nature also suggests that the cell wall degrading enzyme system of P. infestans is
under tight control. The cell walls must be degraded to some extent so that the fungal hyp-
hae can grow through the tissue, but the host cells should not be destroyed. Several hydro-
lytic enzymes have been isolated from culture filtrate of P. infestans. Among those are
endocellulases, 13-glucosidases, 1,3-13-glucanases, polygalacturonases and galactanases
(Jarvis et al., 1981; Bodenmann et al., 1985), but none of the hydrolytic enzymes show
massive cell wall degrading activity.

To date, hardly anything is known about the molecular basis underlying pathogenicity
of P. infestans. It can be assumed that, like in other plantmicrobe interactions (e.g.,
dicotsAgrohacterium, legumesRhizohium spp. and peaFusarium f.sp. pisi), signal
molecules originating from the host induce the expression of genes in the pathogen which
are necessary for pathogenesis. Thus one way to gain more insight in the pathogenicity
process is by characterizing P. infestans genes which show induced expression during a
compatible interaction with the host plant. Once these genes are isolated, their role in
pathogenicity can be studied in more detail. In order to isolate these putative pathogenicity
genes we screened a genomic library of P. infestans by differential hybridization. 32P-
labeled cDNA derived from mRNA isolated from the potatoP. infestans interaction and
32P-labeled cDNA synthesized on mRNA of the fungus grown in vitro were used as pro-
bes. Clones that hybridized specifically to the interaction cDNA probe were selected and
genes located on these clones were further characterized. In order to confirm that the
expression of the selected genes is induced in planta, expression analyses were performed.
Northern blots containing total RNA from non-infected leaves, from infected leaves of dif-
ferent stages after inoculation and from P. infestans grown in vitro, were hybridized with
radioactively labeled probes of three putative in planta induced genes (Fig. 1). To deter-
mine the proportion of fungal RNA in the RNA preparation isolated from infected leaves,
the northern blots were hybridized with a probe of a constitutively expressed P. infestans
gene encoding actin (actA, described and provided by Unkles et al., 1991). Comparison of
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Fig. I. Autoradiographs of Northern blots containing 15 pg of total RNA isolated from non-infec-
ted potato leaves (n.i. leaves), from colonized potato leaves 1-3 days post-inoculation (day 1-3) and
from Phytophthora infestans grown in vitro (P. infestans). The northern blots were hybridized with
a probe made from the gene-specific promoter region of uhi3R and from the coding regions of calPi,
ipiO2 and actA.

the hybridization signal in the lanes containing RNA from the fungus grown in vitro and
RNA from infected leaves indicates that the expression of the three genes is higher when
the fungus is growing in the host. One of the three genes, designated ipi02, shows a trans-
ient expression pattern. This gene is highly expressed up to two days after inoculation whe-
reas one day later the expression is much lower. In RNA preparations from the fungus
grown in vitro, the ipiO2 transcript is not detectable at all. From the other two genes,
designated uhi3R and calPi respectively, transcripts are detectable in the in vitro grown
fungus but in planta the expression is several-fold higher.

From DNA sequence analyses it appeared that ubi3R codes for polyubiquitin (Pieterse
et al., 1991) and calPi for calmodulin. Uhi3R and calPi are highly homologous with res-
pectively polyubiquitin and calmodulin genes of other eukaryotic organisms, e.g., human
(95% resp. 92%) and potato (95% resp. 87%). Ubiquitin plays a key role in several cellular
processes such as selective degradation of intra-cellular proteins, maintenance of chroma-
tin structure, regulation of gene expression and modification of cell surface receptors
(Monia et al., 1990). Calmodulin is a calcium binding protein which is known to play an
essential role in basic cellular processes such as signal transduction, ion transport and cyto-
skeleton function. After binding of calcium to calmodulin, the protein undergoes a con-
formational change which enables it to interact with calmodulin dependent enzyme mole-
cules. Many enzymes are known to be regulated by the Ca'calmodulin complex
(Cheung, 1980). Because of these basic functions it is not surprising that ubi3R and calPi
are expressed in the in vitro grown fungus as well. Induced expression of these genes
during growth in planta suggests that higher levels of these proteins are required for patho-
genicity, but the precise role in the pathogenicity process remains to be solved.
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The ipiO2 gene codes for a protein of 152 amino acids. The nucleotide sequence nor the
amino acid sequence of ipiO2 has homology with sequences present in any nucleotide- or
protein database. A putative signal peptide containing a hydrophobic core is present at the
N-terminal part of the protein indicating that the protein is excreted. Furthermore the pro-
tein has a putative 'cell attachment' sequence (recognizable by an 'ROD' tripeptide),
which has been shown to play a role in cell adhesion of several mammalian proteins, and
a potential N-glycosylation site. The transient expression pattern of the ipiO2 gene in
infected leaves suggests that the protein has a function in specific steps of the infection pro-
cess. We will concentrate on studying the function of the ipiO2 protein in pathogenesis.
Feasible approaches are localization of the ipiO2 transcript, gene disruption and inhibition
of translation of ipiO2 mRNA via anti-sense RNA.

Concluding remarks

Although there have been extensive studies on various aspects of the interaction between
P. infestans and potato there are still considerable gaps in our knowledge. For example,
the processes involved in molecular signalling which leads to compatibility and incompa-
tibility are poorly understood. Potato resistance genes, which are certainly involved in this
signalling, have to be isolated and characterized in order to get a better understanding of
the gene-for-gene relationship.

Of the host plant potato, all the defence responses which have been studied at the mole-
cular level can more or less be mimicked with non-race-specific elicitors and apparently
there is no association with R-gene mediated resistance. The significance of these respon-
ses in plant defence is not very well understood yet and further investigations are needed.

Of the pathogen P. infestans, the molecular basis of pathogenicity has hardly been stu-
died. In the past the lack of a transformation system made it difficult to address questions
in this direction. Recently Judelson et al. (1991) successfully transformed P. infestans.
Although the transformation efficiency is still very low, this achievement will surely sti-
mulate efforts to isolate and characterize pathogenicity and avirulence genes of the patho-
gen.
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