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ABSTRACT
Infection structures of phytopathogenic fungi are modified hyphae specialized
for the invasion of plant tissues. Initial events are adhesion to the cuticle and
directed growth of the germ tube on the plant surface. At the site of penetration,
appressoria are often formed that may have melanized walls and develop high
turgor pressure to support the penetration process. The penetration hypha accu-
mulates components of the cytoskeleton in the tip and secretes a variety of cell
wall-degrading enzymes in a highly regulated fashion in order to penetrate the
cuticle and the plant cell wall. This article reviews recent papers on the cytology,
physiology, and molecular biology of the penetration process.

INTRODUCTION

Plant parasitic fungi have conquered the living plant as a copious source of
nutrients. For successful parasitism, a crucial step is penetration. In order to
overcome the various barriers present in leaves, stems, or roots, fungi have
evolved astonishingly diverse invasion strategies. For this purpose, infection
structures are produced that enable the fungus to penetrate different types of
plant cellwalls. The morphogenetic events leading to formation of the infection
structure often depend on specific signals provided by the plant surface and are
prerequisites for a particular mode of penetration. Physiological changes such
as targeted secretion of enzymes or an increase of pressure within the infection
structure support the penetration process. We believe that infection structures
have evolved from nonpathogenic hyphae that are able to penetrate into their
substrate.
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To understand the mechanisms of penetration, the peculiar properties of plant-
penetrating hyphae must be distinguished from those shared with saprophytic
hyphae growing through nonliving organic substrata. This distinction is not
yet possible for many fundamental aspects, e.g. the role of cell wall-degrading
enzymes, in the penetration process. Pathogenic fungi exhibit various degrees
of specialization. Hyphae dfladosporium fulvunincrease in diameter im-
mediately after growth through the open stomata anat@ gene product is
only produced during this advanced stage of fungal development (110a). Root
pathogens such d&isarium oxysporuror Rhizoctonia solanaccumulate hy-
phae that may form infection cushions before individual hyphae penetrate with
minor modifications of their morphology. More elaborate structures are differ-
entiated by leaf pathogens suchGaletotrichumspp. ofMagnaporthe grisea
These pathogens produce germ tubes that differentiate melanized appressoria
from which penetration hyphae develop. The most sophisticated differentia-
tion is observed in biotrophic rust fungi in the dikaryophase; these invade the
intercellular space of the leaf with a complex series of infection structures until
haustoria are produced within plant cells.

New techniques have contributed to a better understanding of these processes.
Cryofixation has improved the preservation of cell organelles and membranes
and has revealed new wall layers at the penetration site. Molecular components
of the plant parasite interface have been recognized with immuno-electron
microscopy. Using molecular genetic techniques, genes thought to be involved
in the penetration process have been cloned and tested for their importance by
targeted gene disruption.

This article focuses on important processes during penetration by pathogenic
fungi into their host plants. Recent work dealing with interactions involving
mycorrhizal fungi has been reviewed by Bonfante & Perotto (7) and Cairney
& Bruke (12) and is not discussed here. We have selected from the vast body
of literature just those recent citations that have significantly contributed to our
understanding of the penetration process.

APICAL GROWTH OF HYPHAE

Germ tubes and hyphae elongate by apical deposition of wall glycoproteins and
polysaccharides such as chitin and glucans (115, 116). During extension of the
fungal apex, these components are assembled into microfibrils as a result of hy-
drogen bonding and crosslinking of adjacent polysaccharide chains. Another
minor component of some hyphae is melanin (26). Chitingwig3-glucans are
synthesized by transmembrane enzymes. The wall proteins or glycoproteins are
processed in the Golgi apparatus or Golgi-equivalent (52, 67). Vesicles leaving
the Golgi migrate to the hyphal tip and interact in the middle of the apex with an
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accumulation of vesicles, called the Spitzerger (36). This structure is very
oftenvisible by light microscopy as arefractory body. The Spitpepki’'seems
to function as a center of microtubule nucleation and organization (93). In ad-
dition, it is a source of directional mass transport of vesicles toward the hyphal
apex (41, 65). The Spitzenkger may also control vesicle-mediated secretion
of enzymes required for host cell wall degradation. For examplehytoph-
thora infestansa subpopulation of apical vesicles was shown to contain pectin
methylesterase (32). In plant pathogens, the Spitmgrat’is eccentric and is
closer to the substrate. Thus, the parasite appears to grow “nose down,” which
may help to recognize topographical features of the plant surface (18, 62, 89).

An important feature of the hypha is the mechanism of forward movement
at the apex. Hyphae @aprolegnia feraxgrown at full turgor (0.44 MPa) are
able to penetrate into the agar medium. When the turgor of the fungus was
decreased by increasing concentrations of osmolytes in the medium, the ability
of the hyphae to penetrate agar was reduced concomitantly. However, reduc-
tion of turgor pressure to less than 0.02 MPa did not affect the ability of the
hyphae to grow forward on the agar surface (71). Thus, turgor pressure con-
stitutes an essential component of fungal penetration ability, whereas forward
movement and the shape of the hyphal tip appear to be mediated mainly by
cytoskeletal elements such as actin filaments (41). Hyphal growth is directed
in such a way as to explore the environment (39). Thigmotropic responses di-
rect germ tubes on leaf surfaces (44). This mode of growth enables some plant
pathogens to recognize an array of anticlinal walls or the stomatal opening (45,
89). Mechano-sensitive ion channels in the fungal plasma membrane may be
involved in recognition (122), but the signal transduction pathway leading from
signal perception to directional growth is not yet understood.

With the ability of the hyphae to sense the surface, to secrete cell wall-
degrading enzymes, and to exert pressure to the substratum beneath (63), the
fungus has to modulate these tools in order to penetrate the host wall.

HYPHAL ADHESION AND PREPARATION OF THE
INFECTION COURT

Hydrophobic interaction between spore and cuticle has been observed in many
foliar pathogens (19, 27). This initial, nonmetabolic (passive) adhesion is
followed by a second stage involving secretion of a film ensheathing the germ
tube and parts of the cuticle in the vicinity of the hypha (10, 14, 51, 70, 73).
These fungal sheaths, which are associated with germ tuliBzstytis cinerea

(28, 92), rusts such a4 viciae-fabag19) andPuccinia sorgh{16), and many

other fungi, are assumed to mediate adhesion.
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Germlings ofB. cinereaadhering to artifical surfaces were resistant to re-
moval when treated with hydrolytic enzymes including protease, acids, or boil-
ing (28). Incontrast, protease treatment of rustgermlings resulted in detachment
(16, 29). Thus, in some fungi, proteins or glycoproteins present in the extra-
cellular matrix support adhesion and enable hyphae to sense the surface and
to differentiate infection structures (14, 29, 119), whereas in others, carbohy-
drates seem to be involved in adhesion (74). Atthe macroconidialNectria
haematococcahe mucilage and a 90-kDa glycoprotein are specifically associ-
ated with adhesion (63a). With monoclonal antibodies, stage-specific glycopro-
teins have been identified as cell surface components from spores and infection
structures ofColletotrichum lindemuthianurandBotrytis cinerea80a, 19b).
Experimental proof for the involvement of these molecules in adhesion has not
yet been obtained by directed mutagenesis.

In Colletotrichum graminicolathe extracellular matrix embedding conidia
contains several enzymes (74), some of which were identified as cutinases
(83). Likewise, conidia of the powdery mildew funghsysiphe graminig. sp.
hordeirelease a liquid containing cutinase after landing on any hard surface (76,
84). Enzymes in the liquid are thought to erode the cuticle (60). Cutinase and
esterase activities in the matrix surrounding rust uredospores have been demon-
strated to contribute to spore adhesion to the leaf cuticle (24). Interestingly,
appressoria of powdery mildew of barley are preferentially formed after contact
with hydrophilic surfaces, and it has been demonstrated that the area covered
by the conidial liquid is converted from a hydrophobic to a hydrophilic state,
possibly by cutinases that hydrolize the cutin polymer (75). Thus, enzymes
that are either present in the extracellular matrix covering germ tubes or spores,
or released from these structures, may contribute to adhesion and preparation
of the infection court.

Terhune & Hoch (110) found that the degree of adhesion of germlings of
U. appendiculatuso artificial surfaces correlated closely with substratum hy-
drophobicity. A class of abundant cell wall proteins called hydrophobins me-
diates adhesion by forming an amphipathic protein layer between hyphal wall
polysaccharides and the hydrophobic plant cuticle (115, 118). Mutants of
M. griseawith a disruption in the hydrophobin-encodiMPG1gene showed
strongly impaired ability to form appressoria and to cause lesion development
on rice leaves (107).

PENETRATION WITH MINOR MODIFICATIONS
OF HYPHAE

Several plant pathogenic fungi penetrate their host without differentiation of
a fully developed £ septate) appressorium. The root pathof@sarium
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Figure 1 Direct penetration of the rhizodermis @bssypium barbadensg Fusarium oxysorum
(n= nucleusw = wall apposition produced by the host c@k= penetration hypha). Cross section
of freeze substituted tissue 11000, courtesy E Rodriguez-Galvez, Piura, Peru.

oxysporumf. sp. vasinfectumproduces a net-like mycelium on the surface
of the root tip from which penetration hyphae develop. These hyphae penetrate
epidermal walls directly and subsequently colonize the tissue by intra- and in-
tercellular growth (Figure 1) (94). The wood rot fundgeisellinus noxigorms
microhyphae that branch from running hyphae into host walls. The thin-walled
microhyphae have an extracellular matrix (79), and highly localized degrada-
tion of cellulose was observed where this matrix extended into minute cracks
of the cell wall (78). The smut fungudstilago maydigenetrates the cuticle
with hyphae that exhibit only minor changes during penetration (100). Basid-
iospore germ tubes of rusts (Figure 2) are constricted to about one fifth of their
diameter at the penetration site (37, 69). The border of the penetration pore is
enforced by a wall structure, which forms a cone similar to that observed in
fully differentiated appressoria.

The role of cutinase in penetration of the cuticle has recently been reviewed
(54, 56, 97). InFusarium solanif. sp. pisi, dihydroxy-Gg and trihydroxy-
C,g fatty acids which are released from the cutin polymer by low levels of
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constitutively expressed cutinase, together with soluble nuclear protein factors
were shown to activate cutinase gene transcription. Cyclic AMP and phospho-
rylation of transcription factors appear to be important in regulating cutinase
gene expression (55). Initially, a large body of data indicated that cutinase
of Fusariumplays an important role in penetration. Antibodies raised against
cutinase were used in microscopical studies to substantiate that secretion occurs
around the infection site, and both chemical cutinase inhibitors and antibodies
decreased the rate of infection when present in the infection droplet. Fur-
thermore, virulence correlated with levels of cutinase expression in different
isolates. The cutinase gene Bfisarium solanif. sp. pisi was cloned and
inserted into a cutinase-deficient isolate of the papaya wound patidgen
cosphaerellaspp. Transformants expressing cutinase were able to infect pa-
paya fruits through the intact cuticle. Antibodies agalstarium solanf. sp.
pisi cutinase prevented infection. These data were taken as strong evidence that
cutinase is a determinant of virulenceRnsarium solanf. sp. pisi (54, 55).
Therole of cutinase in penetration was questioned bafecland co-workers,
analyzing cutinase-deficient mutantsFafsarium solanif. sp. pisi generated

Figure 2 Direct penetration of the leaf cuticle by the basidiospore germlingroimyces ap-
pendiculatug p = penetration site). Scanning electron micrograp8100, courtesy RE Gold,
Limburgerhof, Germany.
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by transformation-mediated gene disruption (102). Detailed quantitative and
microscopic examination of infection and the colonization process did notreveal
any differences between wild-type and cutinase-deficient mutants and therefore
gave no indication that cutinase is a virulence determinant ir-tiselanif.

sp. pisi-pea interaction (103). Kolattukudy and co-workers used the mutant
produced by Stahl & Sdfér (102) and inoculated pea seedlings with a range
of different spore concentrations (95). These authors, however, reported that
virulence of the mutant was strongly decreased. One explanation for these
conflicting data may be derived from the observation lojiét et al (56, 112a)

that distinct cutinases are expressed during saprophytic and pathogenic stages of
Alternaria brassicicola All Fusariumcutinases can be assumed to be inhibited
by chemical inhibitors, and possibly also by the polyclonal antisera used in pea
stem infection assays. However, targeted gene-disruption experiments may
have inactivated only the cutinase gene active during saprophytic growth, but
not the cutinase gene(s) required for pathogenicity. Further studies are required
to clarify the different roles played by cutinases.

Directly penetrating fungi that do not differentiate appressoria clearly need
cell wall-degrading enzymes for penetration. Localized degradation of plant
cell wall material, about 0.2xm deep, was observed along the penetration
hypha ofU. vignae In this area, the density of pectin and xyloglucan epi-
topes was reduced by about%@ H Xu & K Mendgen, unpublished result).
Culture fluids of isolates dfusarium solanif. sp. pisi differing in virulence
showed similar polygalacturonase activities, but polygalacturonate lyase ac-
tivities correlated with virulence (53); a comparable situation was found in
Fusarium oxysporurh sp. lycopersiciand Fusarium oxysporurfi sp. ciceri
(30, 85). Antibodies against the lyasefisarium solanf. sp. pisi, but not
those against the polygalacturonases, protected peatissue againstinfection (38).
Studies using UV- or chemically induced mutantsFafsarium, Verticillium,
Sclerotinia,or Alternaria did not indicate a critical role played by pectic en-
zymes in pathogenesis (112). Also, after targeted disruptionRefngcillium
olsoniigene encodingndopolygalacturonase, mutants infected the hasd;
bidopsis thalianaat rates comparable to the wild type (61). However, since not
all of the polygalacturonases had been inactivated in the mutants, no conclusion
concerning their role can be drawn.

Elucidation of the importance of cell wall-degrading enzymes is hampered
by their redundancy and variable regulation. Often, severalisoforms of a partic-
ular enzyme occur that may be encoded by a single gene (13). In culture media
containing purified plant cell walls or polymers such as pectin, polygalacturonic
acid, cellulose, xylans, and others, many fungi synthesize an array of enzymes
required to degrade these carbon sources. The presence of a single polymer
such as polygalacturonic acid is often sufficient to induce a number of differ-
ent enzymes, e.g. polygalacturonases, pectin and pectate (polygalacturonate)
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lyases, and pectin methylesterases. In plants, conserved promoter elements
of defense-related genes responsive to pectic fragments have been identified
(15). A similar situation may exist in fungi, such that plant cell wall fragments
could activate fungal transcription factors capable of simultaneous induction of
a number of genes encoding cell wall-degrading enzymes.

Whether enzymes produced in culture media are required for penetration of
plant cell walls or only for saprophytic growth of the fungus is unresolved. For
a better understanding of the role played by cell wall-degrading enzymes, the
focus of research needs to be shifted toward those enzymes produced during
pathogenesis, i.e. during penetration and grawtblanta

In the broad host range pathogBncinerea pectin not only induces pectic
enzymes (50), but also serves as a second inducer of laccase synthesis and
secretion (66). Laccases are thought to contribute to degradation of lignin,
a polymer incorporated into plant cell walls in response to pathogen attack
(111). Since pectin can be esterified to phenolic compounds like ferulic acid and
covalently linked with lignin (35), laccases may also be required for penetration
(77). Importantly, specific inhibition of laccase by tetracyclic triterpenoids
called cucurbitacins protected both cucumber fruits and cabbage leaves against
infection byBotrytis cinereg3).

PENETRATION FROM FULLY DEVELOPED
APPRESSORIA

Many fungi such agolletotrichum, Magnaporthe, Cochliobolusr the di-
karyon of rusts (Figure 3) form well-differentiated appressoria. Chemical sig-
nals such as potassium and calcium ions, simple sugars, acrolein, and pH gra-
dients, as well as temperature shifts induce appressorium formation (44), but
their significance is unclear. The major signals provided by the host are hy-
drophobicity (49, 64), hardness (120), components of the plant surface (86), and
topographical properties (44¥olletotrichum gloeosporioidesndC. musae

which cause rot in climacteric fruits such as tomato, avocado, and banana, use
the fruit-ripening hormone ethylene as a signal for germination and differenti-
ation (31). Conidia of these fungi germinate and form multiple appressoria on
glass surfaces after exposure to micromolar concentrations of ethylene gas. That
ethylene emanating from ripening fruit is the actual signal was elegantly shown
by using transgenic tomato fruits incapable of ethylene production. In contrast
to normal tomato fruits, these transgenic fruits did not support fungal germina-
tion and appressorium differentiation unless exogenous ethylene was applied.
In C. gloeosporioideé36), host surface wax components have also been shown
to induce germination and appressorium differentiation. Recently, genes ex-
pressed during induction of appressorium formatioirgloeosporioidedy
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Figure 3 Penetration of the stomatal pore from an appressorium by the uredospore germling of
U. appendiculatugs = stomaa = appressorium). Low temperature scanning electron micrograph
x 1000.

the host surface wax have been cloned. Disruption of one of these gap2§,
caused failure of the mutants to penetrate into the host tissue (48).

During different stages of its life cycle, the same fungus may respond to
different signals provided by the same plant surface. Whereas the monokaryon
of U. appendiculatugFigure 2) differentiates infection structures in response
to the hardness of the substrate (33), the dikaryon (Figure 3) differentiates
appressoria in response to the correct dimensions of a ridge formed by the
stomatal lips of the guard cell (44, 104). The signal for differentiation can be
perceived irJ. appendiculatuby the first 10um of the hyphal tip (20). Within
4 min after signal perception, the cytoskeleton and the vesicles in the apex of
the hypha are reorganized along the wall (62, 63). After the appressorial wall
structure is completed, a new polarity emerges: Glycoproteins unique for the
plasmalemma in the appressorium@flindemuthianunwere detected only
outside of the area of contact between the appressorium and the host cuticle,
where the initials of the penetration hypha arise (82).

Fungi penetrating from fully developed appressoria show some variability
with respect to melanization of the appressorial wall. For exanipleyrisea
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and Colletotrichumspp. both incorporate a distinct melanin layer into their
appressorial walls. Since only water but not osmatically active compounds can
pass the plasma membrane and appressorial wall, a substantial pressure can be
generated. A turgor pressure of 8.0 MPa (80 bar) was measured in appressoria
of M. grisea(47). This tugor pressure seems to be due to molar concentra-
tions of glycerol in the appressoria BF. grisea(BJ McCormack & NJ Talbot,
unpublished result). Thus, even though these fungi are also capable of synthe-
sizing cutinases and cell wall-degrading enzymes (11, 43, 106, 117), the data
presented by Howard et al (47) suggest that fungi with melanized appressoria
such asMagnaportheand possiblyColletotrichummay be able to penetrate the

host cuticle and cell wall mainly by means of turgor pressure. The essential
role of melanin for penetration is supported by the observation that chemi-
cally induced melanin-deficient mutants are both unable to form melanized
appressoria and are apathogenic (17, 57). Addition of appropriate precursors
of melanin biosynthesis restored melanin incorporation into the appressorium
and pathogenicity of the mutants. Correspondingly, after transformation of a
mutant ofC. lagenariumwith wild-type DNA, transformants were obtained

with melanized appressoria and normal virulence (58, 84a). Microscopical in-
vestigations of melanin-deficient mutantsgnaportheandColletotrichum
revealed differences in the attempts to penetrate the host. While differentiation
stopped in the mutant &fl. griseg the mutant ofC. lagenariunformed lateral
appressorial germ tubes and secondary appressoria (57). Lateral development
may indicate that appressoria@blletotrichumdo not adhere as tightly to their
substratum as those bMagnaporthe The tight adhesion dflagnaportheap-
pressoria could be mediated by a ring of glue-like substances visible below the
base of appressoria around the penetration pore (46). These substances may
be similar to those found at conidial tips (40), or to extracellular glycoproteins
thought to be involved in cellular differentiation (119).

THE PENETRATION HYPHA

Extensively studied examples for penetration hypha developmeft. direle-
muthianum(80), M. grisea(46), and rusts (68). The penetration hypha starts
to grow from a pore in the middle of the appressorial base. The pore wall is
very thin but often has reinforced borders. This reinforcement can turn into a
thick wall structure, called the appressorial cone. Thus, pressure, generated by
turgor and possibly also by the cytoskeleton, is exerted over the restricted area
of the pore by the growing penetration hypha.

A pressure of 8 MPa within the appressorium\bfgriseapushes the pen-
etration hypha into artificial nonbiodegradable substrata such as Teflon (47).
Assuming that the wall of the fungus offers no resistance to extension, the max-
imum force produced at the hyphal tip would be in the orderef8-°¢ N (71).
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In contrast, appressoria 0f appendiculatulave a turgor pressure of only 0.35
MPa. Nevertheless, the base of this appressorium can distort polystyrene ridges,
and the emerging penetration hypha can curl the stomatal lip inward (109).

The contribution of the cytoskeleton to these forces is unclear. Forces prob-
ably produced by actin and exerted on microneedles at the front of migrating
keratocytes only reached a value 0k6L0~8 N (81), corresponding to a pres-
sure of less than 0.002 MPa. These figures suggest that the force generated by
the cytoskeleton is of some importance only if the turgor pressure is very low,
as suggested for the water m@dprolegniavhen grown under osmotic stress
(72). On the other hand, the high concentration of cytoskeletal elements ob-
served in the penetration hyphaeldf grisea(8) andU. appendiculatugl21)
may be necessary to determine the shape of this hypha. Even on the surface of
scratched membranes, where no host cell wall restricts development of the fun-
gus, penetration hyphae bfromycesstill keep their typical shape, indicating
that it is controlled morphogenetically (23, 68). A stabilization of the tip of the
penetration hypha would also be needed in fungi Nkegriseato compensate
for the dramatic differences in osmotic pressure between appressorial and host
cell protoplasts during the initial contact with the infected cell.

Compared to the tip of the germ tube, the wall of the penetration hypha has
new features. IM. grisea(46), C. lindemuthianung80), and several rusts (22,
34), the wall has strongly reduced affinity to wheat germ agglutinin, suggesting
a reduced chitin content or a modification of chitin. @ lagenariumand
U. viciae-fabae an increase in chitin deacetylase activity was observed after
appressorium development (25, 99a, Figure 4). This enzyme activity probably
modifies the chitin molecule on the surface of the penetration hypha. Since
decreasing degrees of acetylation result in less efficient cleavage of chitin by
endochitinases (91), the penetration hypha could be protected by enzymatic
deacetylation. Furthermore, the amount of chitin degradation products, which
may serve as elicitors of host defense reactions, would be reduced (22).

Penetration in the area of the appressorial pore is likely to be supported by
enzymes that soften the host cell wall. At the beginning of development of
the rust penetration hypha, apical vesicles start to accumulate over the pen-
etration pore (105). IiJ. viciae-fabae differentiation of appressorium and
penetration hypha is accompanied by secretion of a complex pattern of Iytic
enzymes (Figure 4). With thigmo-inductive polyethylene membranes (23), en-
zyme formation during infection structure differentiation was analyzed in the
absence of the plant. Thus, enzymes synthesized and secreted by the fungus
can clearly be distiguished from cell wall polymer-degrading or -modifying en-
zymes formed by the plant at different stages of development (30a, 35a). During
appressorium formation, several extracellular proteases appear that show speci-
ficity for fibrous hydroxyproline-rich proteins (88), reminiscent of structural
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plant proteins that are incorporated into the cell wall in response to fungal
attack or elicitor treatment (99). In addition, several cellulolytic enzymes are
formed, and a large proportion of the acidic isoforms were found extracellularly
(42). When substomatal vesicles are differentiated, four pectin methylesterases
are synthesized and secreted (21). Next, when haustorial mother cells develop
and initiate host wall penetration, polygalacturonate lyase becomes detectable.
Since no polygalacturonase was found, the lyase appears to be the only pectin
depolymerizing enzyme. The lyase activity decreases drastically with increas-
ing degrees of methylation of its substrate (H Deising, unpublished result),
emphasizing the important role of pectin methylesterase. All of the cell wall-
degrading enzymes &f. viciae-fabaenvestigated are not subject to catabolite
repression and do not require the presence of their substrate for induction, exept
for the polygalacturonate lyase which, in addition to morphogenesis, needs the
presence of polygalacturonate (21).

Interestingly, secretion of several cell wall-degrading enzymes does not nec-
essarily result in extended tissue maceration, and this is especially true in the
case of obligately biotrophic fungi (108). Destructive enzymes can be immobi-
lized by ionic interaction with plant cell wall exchangers and by this means are
restricted in their activity to local areas (5). Typically, this can be expected for
many fungal polygalacturonate lyases, which have much more basic isoelec-
tric points than the pH in the intercellular space and the plant cell wall. Thus,

— Chitin deacetylase

— Proteases

Acidic cellulases

- Pectin methylesterases

— Neutral cellulases
O Polygalacturonate lyase

@——— Aminoacid permease

Uredospore

Adhesion pad

Germ tube
Appressorium —

Infection hypha
Haustorial mother cell

Penetration hypha
Substomatal vesicle

Haustorium

Figure4 Concerted differentiation of infection structures and production of enzymgsdmgyces
viciae-fabae Note that some cell wall-degrading enzymes are already produced during stomatal
penetration. A putative amino acid permease was identified that is specifically expressed in haus-
toria (M Hahn and K Mendgen unpublished).
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physicochemical properties of these enzymes are likely to determine the degree
of cell or tissue damage (21).

In C. gloeosporioidesevidence for the role of cell wall-degrading enzymes
during the penetration process has been obtained by Prusky and coworkers
(114). Both pectin-degrading enzymes and penetration of fruit tissue are inhi-
bited by epicatechin, a phenolic compound presentin the peel of unripe avocado
fruits. During ripening, levels of epicatechin decrease to a threshold not in-
hibitory to the pectic enzymes, and the fungus gains the ability to spread within
the fruit.

Cochliobolusspp. form only weakly melanized appressoria (113), and
melanin-deficient mutants of the rice pathogénmiyabeanusemain infec-
tious (59). On the other han@ochliobolusspecies produce a large number of
cell wall-degrading enzymes that might play an important role in the penetra-
tion process. To test this hypothesis, Walton and co-workers performed targeted
inactivation of genes of. carbonumencoding cell wall-degrading enzymes
such agndoepolygalacturonase, xylanasg;1,3-glucanase, and cellulase (2,

96, 98, 101). Likewise, inthe apple fruit pathogeélomerella cingulataa gene
coding for a pectin lyase was inactivated (9). In neither case was the virulence
of the resulting mutants affected. However, all mutants retained various degrees
of residual enzyme activity, probably due to genes encoding isoforms of the
respective enzyme, which were not affected by mutagenesis. Thus, based on
the data currently available, no general conclusion can be drawn concerning the
role played by fungal cell wall-degrading enzymes in the penetration process.

CONCLUDING REMARKS

Research over the past few years has significantly increased our knowledge
of penetration by plant pathogenic fungi, unfolding a process of unexpected
complexity. The diversity of fungal penetration strategies as well as the many
tools needed by a particular pathogen to successfully enter its host make gen-
eralizations difficult.

The ability to construct defined single-gene disruption mutants in a number
of phytopathogenic fungi has so far given clear-cut answers only in a few cases,
such as the role of melanin in the formation of functional appressoria. The
particular role of cutinase and of cell wall-degrading enzymes is still unre-
solved, due to the redundancy of the encoding genes. Functional redundancy
is often indicative of processes with vital importance to an organism. Numer-
ous enzymes, sometimes with overlapping activities, are needed to degrade
the complex web of carbohydrates, glycoproteins, and phenolic compounds of
the plant cell wall. This might explain the difficulty in detecting the effect of a
single enzyme in the combination of activities involved in cell wall degradation.
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There is an interesting parallel in the bacterial soft rottinginia spp., in
which the cell wall-degrading enzymes are encoded by several gene families
(4). Disruption of single genes never completely abolished pathogenicity, and
in many cases no effect on virulence could be observed. Even the deletion of
all known pectate lyase genes did not eliminate macerating ability because of
the presence of newly detected pectate lyase genes that were only expressed in
planta (1, 4). These observations are similar to those obtainedbgrict al
(56) with cutinases fromlternariaand suggest similar molecular strategies of
bacterial and fungal plant pathogens.

Transformation and targeted gene disruption mutagenesis remains a laborious
and time-consuming task for most of the phytopathogenic fungi, and there is still
no effective way to stably transform the biotrophic fungi. Therefore, we cannot
expect rapid progress in elucidating the mechanisms of cell wall penetration,
except for some model systems suclCasarbonum(112).

Instead of altering the ability of a particular fungal pathogen to produce cell
wall-degrading enzymes and to analyze the resulting phenotypes, work with
genetically altered host plants offers a promising alternative. For example, in
transgenic tomatoes, high-level expression of pear polygalacturonase inhibitory
proteins (PGIPs) led to increased resistance of the fruBs¢merea providing
indirect evidence that polygalacturonase might be a virulence factor in this
fungus (87). Mutants defective in certain cell wall carbohydrates have been
obtained fromArabidopsig(90), and these mutants can be tested for an altered
susceptibility toArabidopsispathogens.

Because of the limitations of approaches toward known enzymatic activi-
ties, molecular genetic technigues that do not reqaipiori knowledge of
the pathosystem are increasingly used by plant pathologists. These techniques
include the search for genes specifically expressed during penetration and sub-
sequent analysis of their mutant phenotypes (48), as well as random inser-
tion mutagenesis (e.g. REMI) followed by screening for mutants defective in
pathogenicity (6). The great promise of these “black box” approaches is that
they will provide insight into the molecular mechanisms of penetration that are
still obscure.

With modern molecular techniques, it now seems possible to uncover the
cascade of signaling events between and within the fungal parasite and its host
plant during penetration. Identification of plant-derived signals and parts of
the signal transduction chains involved in cutinase inductiof solaniand
appressorium formation i€. gloeosporioidegnd M. griseaillustrate these
developments. On the other hand, our knowledge of molecular and cytological
events inside and surrounding the invading fungus is limited. We still do not
understand the mechanism of highly specific, pathogen-induced responses of
host plants, for example, the formation of a unigue type of plasma membrane
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(the extrahaustorial membrane) that surrounds haustoria of biotrophic fungi
and apparently supports their nutrition. So far, cytological techniques have
mainly been used for a descriptive view of fungal pathogenesis, but with the

help of molecular biology, electron microscopy can be used to locate specific
molecules at the penetration site. Careful cytological investigations will also

be indispensable for the analysis of gene disruption mutants that do not reveal
a phenotype by macroscopic evaluation. During penetration, the decision is
often made whether or not a pathogen will succeed in colonizing the plant. We
are still far from understanding all the factors determining the outcome of this

battle, and therefore the initial phase of fungal infection remains a subject of

great scientific and practical interest.
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