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1. Introduction

,
Rust fungi are important plant pathogens, infecting taxonomically diverged plant taxa
such as angiospermes, gymnospermes and also some pteridophytes. Though members
of all families of spermatophytes are infected by rusts, it is interesting that members of
the Poaceae, Leguminosae and Compositae are the dominating hosts. Many of the
plants are economically important crops such as maize, wheat, barley, oat, peas and
beans. The success of rust fungi is based on their producdtion of spores which spread
over great distances. More than 50,000 uredospores can be prodced from a single
pustule, and anemochoric transportation over more than 1000 km has been reported
[71]. The coffee rust fungus Hemileia vastatrix was fIrst discovered in plantations in
Ceylon in 1868. Ten years later most coffee plantations had been destroyed, and tea
was produced instead of coffee. Likewise, due to destruction of coffee plantations in
Java by the rust fungus, caoutchouc rubber production replaced that of coffee. So far,
H. vastatrix has destroyed plantations in 25 countries, and since 1970 it is also present
in Brazil and Colombia, both of which are among the most important coffee-producing
states of the world. In North America wheat stem rust epidemics have been a severe
problem from the 1-8th century on, and regional epidemics occurded in 1904, 1916,
1923, 1925, 1935, 1937, 1953 and 1954 [82]. These epidemics, caused by Puccinia
graminis f. sp. tritici, were severe and resulted in signifIcant crop failures in the U.S.A.
These two examples clearly indicate the economic importance of rust fungi and
encourage the study of mechanisms that provide the basis for establishment of a
successful pathosystem.

In order to produce large spore numbers it is necessary to withdraw nutrients from
the host over an extended time, and this requires maintainance of integrity of the
inefcted host cells and tissues. This is possible as the fungus causes only very limited
destruction of the host cell walls, so that· even heavily infected plants stay alive for
weeks after the onset of sporulation, and new inoculum is efficiently generated. All
fungi that use this strategy are obligate biotrophs. One of the most striking difficulties
of working with obligate biotrophs is that they have an absolute requirement for living
host cells, and only few exceptions of axenically cultured rusts exist [28,67].
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The complex and delicate mechanisms active during the establishment of a rust on its
host give rise to several questions. How is adhesion of the rust spore to the plant
cuticle mediated,' and which signals induce differentiation of the first infection
structure, the appressorium? After penetration into the intercellular space, what is the
molecular basis of avoidance of mycelial degradation by chitinases present in the plant
apoplast? During the process of cell wall penetration, how is degradation of the wall
restricted to the penetration pore? If enzymes are involved, which substrate
specificities do they exhibit, and how is limited degradation coordinated? Are there
any clues of a coordination at the molecular or biochemical level of these events by a
developmental program in obligate pathogens?
We will in this article review ultrastructural, biochemical and molecular aspects
relevant to answer these questions and will compare mechanisms of rust infection with
those found in interactions of non-biotrophic plant pathogenic fungi with their hosts.

2. Adhesion of Fungal Spores

The first event in the interaction between a fungal pathogen attacking above-ground
plant organs and its host is the contact of spore an,d cuticle. The spore, or germling,
needs to adhere to the cuticle to establish the fungus on the leaf. Thus, adhesion may
be regarded as a necessary prerequisite for successful infection [72, 97], Nicholson,
this volume). Appressorial adhesion is important for those fungi which differentiate
melanized appressoria to build up high turgor pressure and push the penetration hypha
through cuticle and epidermal cell wall primarily by mechanical forces. In spite of the
importance of adhesion, the mechanisms providing its basis are understood in only a
few cases.

Hydrophobic interactions may be initially involved in the adhesion process since
both, the fungal spore surface and the plant cuticle are hydrophobic (Nicholson, this
volume). By using low angle scanning electron microscopy, Clement et al. [15]
provided evidence that this kind of interaction attaches uredospores of the broad bean
rust fungus, Uromyces viciaedabae, to the host cuticle immediately after landing. In
other fungi, hydrophobic rodlet-shaped proteins have been detected on the spore
surface.' The rodlets consist of moderately hydrophobic proteins that were first
discovere~ as gene products abundantly expressed during emergence of aerial hyphae
and fruiting bodies of the basidiomycete Schizophyllum commune [101]. These
proteins, due to their hydrophobic nature, have been termed hydrophobins. Rodlet
formation results from the assembly of hydrophobins at the interface of the hyphal wall
and air [104]. Genes encoding hydrophobins have been cloned from a number of fungi
such as S. commune, Neurospora crassa, Aspergillus nidulans, Metarhizium
anisopliae, and plant pathogenic fungi such as Ophiostoma ulmi, Cryphonectria
parasitica, and Magnaporthe grisea [100]. From M. grisea the MPGl gene
homologous to other hydrophobins was cloned as a gene abundantly expressed during
infection [94]. By gene replacement, a hydrophobin-deficient mutant was constructed
which was neither able to form mature appressoria nor to infect its host, rice,
efficiently. This mutant would offer the opportunity to see, by low angle scanning
electron microscopy, whether hydrophobins act by mediating adhesion of the
appressorium to the cuticle.

A non-specific mutagenesis approach was taken to address the question of which
mechanisms are active in adhesion of conidia of Nectria haematococca to the host
surface. Treatment of microconidia of this pathogen with N -methyl-N' -nitro-N
-nitrosoguanidine gave rise to two mutants showing reduced adhesion to zucchini fruits
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and polystyrene. While both, mutant like wild type macroconidia caused disease when
inoculated into wounded zucchini fruits, virulence was reduced on fruits with an intact
surface, indicating that adhesion is important in disease development [49J. Differential
screening of a DNA library of wild type N. haematococca with DNA probes
complementary to mRNA from wild type and from adhesion-reduced mutants would
offer the opportunity to clone and thus identify genes encoding products which play an
important role in adhesion [1, 95J.

Figure 1. Uredospores of Puccinia hordei on barley cuticle. Note alteration of wax platelets surrounding
ungerminated spores, indicating enzymatic degradation. Photograph by N.D. Read [79] (with permission from

Springer-Verlag). Bar=40mm.

In a number of biochemical studies adhesive substances in fungal spores and germ
tubes have been identified as polysaccharides and proteins or glycoproteins (for
review, see [72]. Interestingly, spores are often imbedded in mucilagenous material or,
if they are dispersed as dry spores by wind, they release a liquid upon contacting a hard
surface like the cuticle (powdery mildews) or after incubation in high humidity (rusts).
The composition of liquids released by fungal spores has been a matter of research for
several years. Nicholson and co-workers have shown that the mucilagenous matrix
embedding conidia of the maize pathogen C. graminicola contains several enzymes
such as invertase, b-glucosidase, peroxidase, DNase and esterase [72,74]. Importantly,
several of the Colletotrichum esterases found in the mucilage have cutinase activity
[74]. These enzymes could alter the structure of epicuticular wax platelets or cutin
underneath the spore. In this context, Nicholson and Epstein [72J emphasize that
"cutinase activity could theoretically produce a surface with different properties for
attachment". Also in other fungi cutinase activity was found in extracellular spore
material. For example, Pascholati et al. [75J demonstrated cutinase activity in the
liquid released from conidia of the powdery mildew fungus, Erysiphe graminis f. sp.
hordei. Scanning electron microscopy investigations have shown surface 'erosions of
leaf areas to which partially purified esterases had been applied. The erosion was
similar to those seen on barley cuticle in contact with powdery mildew conidia [61].
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Also, around uredospores of Puccinia hordei, the structure of the epicuticular wax was
shown to be altered (Figure 1), and these alterations have been attributed to the action
of enzymes [79]. Since surface erosion was only seen around ungerminated, but never
around germinated uredospores, it can be speculated that intracellular esterases leached
out of the spores, due to desintegrity of membranes (N.D. Read, personal
communication). The scanning electron micrograph shows, however, that enzymes
capable of altering the structure of epicuticular wax (and possibly cutin) are associated
with uredospores. It can thus be speculated. that in general esterases and/or cutinases
are factors important in the establishment of spore adhesion to the plant cuticle.

The first experimental proof that esterases and cutinase are important in
establishment of adhesion comes from work with the broad bean rust fungus U.
viciae-jabae [21]. After incubation ofuredospores in high humidity, the spore surface
changes, viscous material forms and assembles at sites where the spore surface contacts
the plant cuticle. After removal of the spore, the material remains on the cuticle as an
adhesive pad. This adhesion pad is not only formed by living spores, but also after
autoclaving uredospores, indicating that pad formation is a passive process. The pads
of autoclaved spores, however, show only reduced levels of adhesicm to the broad bean
cuticle. Three esterases, one of them exhibiting cutinase activity, are released from the
broad bean rust uredospore surface upon contac~ with aquaeous solutions. The
enzymes were partially purified by non-denaturing polyacrylamide gel electrophoresis
and eluted from the gel. Adhesion of autoclaved spores was restored not only by
adding the mixture of enzymes released by uredospores, but also by adding esterases
and the cutinase individually, which had previously been separated by non-denaturing
polyacrylamide gel electrophoresis. Addition of diisopropyl fluorophosphate, an
inhibitor of serin esterases, inhibited complementation of adhesion, which
demonstrated the specificity of the assay.

3. Differentiation of Fungal Infection Structures

After successful establishment of the spore on the host surface, germination takes place
under appropriate environmental conditions. Many plant pathogenic fungi differentiate
more or less complex infection structures to invade the host tissue. Direct penetration.
through me host cuticle and cell wall, as in the case of Col/etotrichum and
Magnaporthe species, or penetration through the stomatal pore as in the case of most
rusts is mediated by such infection structures [69]. Germ tubes growing on the plant
surface apparently show directional growth [80] and appressorium formation is often
initiated predominantly at favourable sites. Therefore, an interesting question is which
signals are required for temporal and spatial orientation of pathogenic fungi, leading to
infection structure differentiation and successful infection.

3.1. SIGNALLING IN INFECTION STRUCTURE DIFFERENTIATION

Read et al. [80, 1992] described that rust uredospores germinate from pores on the side
of the spore facing the substratum, indicating that even spores perceive signals from
their environment and especially their substratum. As early as 1934, Johnson [47]
described the directional growth of germ tubes of Puccinia graminis f. sp. tritici as a
response to the parallel arrangement of anticlinal epidermal walls of wheat leaf cells,
and similar responses have since been discussed for several different rust species
pathogenic to members of the Poaceae [2]. In rusts of dicotyledonous plants,
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orientation based on anticlinal epidermal cell walls is not possible as their host plants
do not exhibit an arrangement of anticlinal walls comparable to that of grasses.
However, Lewis and Day [65, 1972] hypothesize that rust germ tubes use the grid
structure of wax platelets on the cuticle for growth orientation, and Edwards and
Bowling [26J have demonstrated that pH gradients may direct germ tube growth of U.
viciae-fabae.

The external signals which trigger infection structure differentiation in different
fungi are quite diverse. Colletotrichum and Magnaporthe conidia as well as rust
basidiospores form appressoria on solid surfaces such as glass slides, wax paper,
polystyrene with different degrees of efficiency [63] or even on high-percent agar [30]
and apparently do not require special structural surface features as do rust uredo- and
aeciosporelings. Factors such as surface hydrophobicity or hardness, light and possibly
additional external signals have been discussed as important for Magnaporthe
appressorium differentiation [46, 105]. In C. gloeosporioides, a pathoge~ of papaya,
tomato and other fruits, and in C. musae, a banana pathogen, a pre-penetratIon phase of
latency is overcome by ethylene, the host's ripening hormone, which provides an
external signal [29]. Concentrations of :S;1mg ethylene/liter, which are easily reached
in ripening fruits, cause conidial germination, branching of the germ tubes and
formation of up to six appressoria from a single spore. In the same fungus, wax
isolated from the avocado fruit surface induced appressorium formation and, gene
expression [45, 76]. Likewise, Jelitto et al. [46] take the fact that M. grisea forms
appressoria more efficiently on the rice cuticl~ th.an o~ artificial hy~ohob~c s.ubstrata
as evidence for the importance of external mfectIon structure-mducmg factors
associated with the host plant. Perception of these external signals may initiate an
internal signal transduction that leads to infection structure differentiation. Based ~>n

appressorium formation on non-inductive surfaces in the presence of cAMP, Its
analogues 8-bromo-cAMP and N-6-monobutyryl-cAMP, and
3-iso-butyl-l-methylxanthine, an inhibitor of phosphodiesterase, Lee and Dean [63]
suggested that cAMP acts as an internal signal of appressorium induction in
Magnaporthe. cAMP has also been reported to regulate morphogenesis, which
determines pathogenicity in the corn smut fungus Ustilago maydis [32].. . .

In contrast to Colletotrichum and Magnaporthe, most rust uredosporehngs pOSltIOn
the appressorium above the stomata [27, 37], and it is 1c?own that a su~ace sti~~lus is
necessary and sufficient to induce appressorium formatIon as well as dlfferentla~lOn of
subsequent infection structures. Dickinson [24] and somewhat later Maheshwan et al.
[68] have shown that certain Pucdnia~species such as P. graminis f. sp. tritici, P.. \
helianthi, P. sorghi, P. antirrhini and also the bean rust fungus Uromyces phaseolz
differentiate appressoria in the absence of their hosts on oil-collodion ~embranes

providing a surface stimulus. Later other materials such as polystyrol rephcas [40] or
scratched polyethylen membranes [20, 90] have been used to induce infection structu~

differentiation. A comprehensive review on different methods 'used for In

vitro-differentiation of rust infection structures has been published by Read et al. [80].
Using polystyrene replicas of microfabricated silicon wafers of defined surface

structures, Hoch et al. [40] have shown that the dimensions of the surface structures
causing maximal rates of appressorium differentiation correspond closel~ to the
dimension of the lips of stomatal guard cells. It has now been demonstrated WIth many
different rusts that sensing the stimulus provided by this lip induced appressorium
formation [2,40,93].

In the appressorium a first round of mitotic nuclear divisio~ takes place, ~ving rise
to four nuclei in this structure. From the base of the appressonum a penetration hypha
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grows through the stomatal pore and differentiates into a substomatal vesicle in the
substomatal chamber of the leaf [69]: In the vesicle, the four nuclei undergo a second
round of mitosis, resulting in eight nuclei in the vesicle. The nuclei migrate into the
elongating vesicle, now called the infection hypha. Upon contact with a mesophyll cell
a haustorial mother cell containing two of the nuclei is differentiated (Figure 2; [20,93].
The haustorial mother cell penetrates the wall of the plant mesophyll cell to
differentiate the primary haustorium which serves to take up nutrients [35], and
successful establishment of a haustorium terminates the metabolically independent
phase of rust infection structure differentiation. The haustorial mother cell has, as
compared with substomatal vesicle or infection hypha, a multilayered and thus stronger
cell wall, reminiscent of the appressorium [69]. The reinforcement of the haustorial
mother cell wall may have led to the discussion whether rust fungi produce cell
wall-degrading enzymes at all [55] (see below).

3.2. BIOCHEMICAL ANALYSES OF FUNGAL INFECTION STRUCTURES

In order to understand infe~tion structure differentiation and the infection process of
rust fungi, biochemical and molecular investigations had to be carried out. While a
significant body of literature is available on various aspects of appressorium
differentiation in the wheat stem rust fungus Pucci'nia graminis f. sp. tritid (for
review, see [37, 38],' stages of infection structures differentiated subsequently have
received only limited attention, probably due to difficulties with producing in vitro
infection structures in quantities allowing biochemical analyses. The use of scratched
polyethylene sheets allowed the production of Vromyces infection structures sufficient
to analyze changes in the fungus associated with infection structure differentiation on
the biochemical and the molecular level.

3.2.1. In vitro Systems Vsed to Study Infection Structures in the Absence afthe Host
If changes in metabolism or composition of rust infection structures are to be analyzed
by biOChemical or molecular techniques, an in vitro-system is needed which allows
temporary cultivation of the fungus and infection structure differentiation in the absence
of the host. Media have been described for the axenic culture of different rusts [28], but
in such cultures infection structures are not formed so that morphogenetic studies can
not be performed. Differentiation of infection structures can, apart from using

. thigmo-induttive substrata as described above (thigmo-differentiation), be induced by
application of chemicals such as potassium- or calcium-ions or sucrose [39, 52, 53]
(chemo-differentiation). In rusts belonging to the genera Puccinia (e.g. P. graminis f.
sp. tritid or P. coronata [56, 70] or Vromyces (V. appendiculatus [91] differentiation
can also be induced by application of a heat shock (thenno-differentiation).
In this context, it is important to address which mode 'of in vitro induction resembles
that occurring in planta most closely. So far, the only publication allowing this
comparison is by Stark-Urnau and Mendgen [93] who, using light microscopy, found
no significant differences between in planta- and thigmo- (in vitro-) induced
aecidiospore- and uredospore-derived infection structures of the cowpea rust fungus V.
vignae.

Since comparisons of in planta- with chemo-, thenno- or thigmo-differentiated
infection structures are not yet available on the biochemical or molecular level it
appears reasonable to use thigmo-induced structures in such experiments, as
thigmo-induction resembles the situation in planta most closely. For our biochemical
and molecular studies we have chosen the broad bean rust fungus U. viciae1abae which
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differentiates all infection structures - appressoria, substomatal vesicles, infection
hyphae and haustorial mother cells- on thigmo-inductive polyethylene membranes
within 24 h. This system can thus be used to analyze basically all events occurring
prior to penetration of the host cell wall and establishment of a successful pathosystem.
Figure 2 shows infection structures differentiated in vitro on thigmo-inductive
polyethylene membranes. The fact that infection structure differentiation occurs in a
synchronized fashion [20] makes the system suitable to relate alterations detected by
biochemical or molecular methods to developmental changes.

Figure 2. In vitro differentiation of infection structures of Uromyces viciae-fabae on thigmo-inductive
po1yethylene membranes. Germ tube (a), appressorium (b), substomatal vesicle (c), infection hypha (d), and

haustorial mother cell (e) are sequentially differentiated. Nuclear conditions of infection structures are demonstrated
by fluorescence microscopy after DAPI-Calcofluor-staining (a-e). Staining with trypan blue in lactophenol-glycerol

shows a scratch on the polyethylene membrane inducing infection structure differentiation. ap, appressorium; g~
germ tube; hmc, haustorial mother cell; ih, infection hypha; ip, infection peg; se, scratch on polyethylene membrane;

sv, substomatal vesicle. From: Deising et al. [20] (with permission from Springer-Verlag).
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3.22. Changes in Protein Pattern and Gene Expression during Infection Structure
Differentiation
In different phytopathogenic fungi, proteins have been described which are
qualitatively or quantitatively altered during morphogenesis. Examples are different
Colletotrichwn species, e.g. C. magna (teleomorph: Glomerella magna) [6], and rust
fungi. In rusts, differentiation of infection structures requires both, RNA and protein
biosynthesis, as has been demonstrated for P. graminis f. sp. tritid with different
inhibitors [25]. Huang and Staples [44] and Staples et al. [92] looked for qualitative
and quantitative changes in the protein pattern of the bean rust fungus U.
appendiculatus during formation of the germ tube, appressorium and substomatal
vesicle. In these studies, however, protein pattern changes in infection structures
relevant for penetration of the plant cell wall and establishment of the fungus on its
host, i.e. in infection hypha and haustorial mother cell, have not been analyzed. Using
one-dimensional SDS-PAGE, Huang and Staples [44] showed that two proteins of 18.5
and 24 kDa are synthesized during appressorium differentiation, and anot.l-ter protein of
23 kDa is synthesized when vesicles are formed. In another study, two-dimensional
PAGE revealed that 15 proteins are altered during formation ofthese developmental
stages of the bean rust fungus [92].

In the wheat stem rust fungus P. graminis f. sp. tritid, application of a heat shock
can be used to induce infection structure differentiation [25]. Kim et al. [56] reported
on two newly formed proteins of 20 und 30 kDa after two-dimensional PAGE, and
Wanner et a1. [98] demonstrated synthesis of two proteins of 21 and 35 kDa by
one-dimensional SDS-PAGE after 35S-methionine-pulse-labelling in differentiated
infection structures of this fungus. In the flax rust Melampsora lini, increased rates of
incorporation of 35S-methionine into 15 proteins has been found after application of a
heat shock [86]. In contrast to P. graminis, however, heat shock does not induce
infection structure differentiation in this fungus, indicating that heat shock-proteins
may contribute to alterations of the protein pattern in thermo-induced rusts.

TABLE 1: Analyses of protein alterations during infection structure differentiation of Uromyces viciae-fobae.
Proteins were isolated from infection structures of different morphogenic stages and subjected to high-tesolution
two-dimensional polyacrylamide gel electrophoresis. Newly fonned proteins are marked +, protens which disappear
are markeq -. Proteins which are increased are markedt. those which are decreased in intensity are marked~.

Structure formed + - f ! Number of
alterations

genn tube 4 2 13 12 31
appressorium I 8 9
substomatal vesicle 3 I 4
infection hypha 9 15 12 36
haustorial mother cell I 6 6 13

In U. appendiculatus infection structure differentiation can be induced by both,
thigmo-inductive membranes and by application of a heat shock. Staples et al. [91]
showed that none of the 15 proteins synthesized in the bean rust fungus after
thigmo-induction was detectable in the rust after thermo-induction. Deuterium oxide,
which blocks thermo-induced differentiation, also blocks synthesis of six
thermo-induction-specific proteins. None of these proteins were found in
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thigmo-induced structures [91]. .
In contrast to the rust fungi mentioned above, U. viciae1abae differentiates all

infection structures including haustorial mother cells on thigmo-inductive polyethylene
membranes [20]. High-resolution two-dimensional PAGE and silver staining of
proteins revealed that 55 out of 733 proteins resolved were altered during infection
structure differentiation. Interestingly, the study showed that two phases of
pronounced alterations exist (table 1). While 31 alterations were seen during
uredospore germination, only nine and four changes were detected when appressoria
and substomatal vesicles were fonned. Pronounced changes occurred again when the
fungus differentiated infection hyphae and haustorial mother cells, which are in planta
fonned immediately prior to penetration of the host leaf cell walL Thirty-six proteins
were altered when infection hyphae were fonned and thirteen when haustorial mother
cells developed [20].

It is possible that proteins fonned at late stages of infection structure differentiation
may be important for expression of fungal virulence. Thus, it would be important to
characterize and identify such proteins, e.g. by micro-sequence analyses. A major
difficulty is the provision of sufficient amounts of proteins for such analyses.

The analysis of alterations in the mRNA population during fungal morphogenesis
and preparation of infection is a promising approach to identify molecules important in
host-pathogen interactions. By differential screening of a genomic DNA litlrary of the
rice blast fungus M. grisea, two infection structure-specific genes were cloned, [64]. In
the obligate biotrophs Bremia lactucae and P. graminis, highly abundant and
developmentally regulated genes were cloned and analyzed [50, 66]. Genes
preferentially expressed when appressoria or substomatal vesicles are fonned were
obtained by screening a genomic DNA library of U. appendiculatus using cDNA
probes enriched in differentiation-specific sequences by cascade hybridization [7]. So
far, two of the infection structure-specific genes of the bean rust fungus, INF24 and
INF56, have been characterized [8, 106].

Studies on the protein level had indicated that major changes in the protein pattern
of U. viciae{abae occur at spore germination and when penetration of the host cell
wall is prepared, Le. when infection hyphae and haustorial mother cells are
differentiated [20]. In order to clone cDNAs of transcripts formed during late stages of
infection structure differentiation a cDNA library was constructed in AZAPll [87]
using mRNA isolated from 20 lr old structures which had differentiated haustorial
mother cells. Probes used for differential screening were cDNAs from 7h and 20h old
infection structures. At these stages, appressoria and haustorial mother cells have been
fonned. Phage efones representing mRNAs preferentially synthesized during late
infection structure differentiation were obtained and subjected to in vivo excision, and
differential hybridization using the cDNA probes was veryfied on the colony leveL
pBluescript phagemids· harboring differentially hybridizing cDNAs were used as·
probes in Northern blots. Respective Uromyces genes were designated rif32, rif 21
and rit 16 (rust infection). rif21 and rit 16 transcripts were significantly increased in
24h old induced structures (haustorial mother cells) but neither detected in 7h old
induced (appressoria) and· 24h non-induced structures (genn tubes)[22]. Detailed
analyses have shown that rif16 formation is first detectable in 18h old induced
infection structures, i.e. immediately prior to penetration of the host cell walL In
contrast, rif32 transcripts appear to increase with age of structures, and to be
independent of fungal morphogenesis.

The rif21 cDNA sequence shows significant homology with con6, a
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Figure 3. FITC-wheat germ agglutinin-staining of different uredospore- and basidIospore-derived ill ..ilra

differentiated rust infection structures.

A-C, L/romyvf5 vignoe: D. U. viciae-fabof'.: E. U. appendiculatus: F, Phragmidiwn mucronatwn: G, Puccinia

carduorurn. Infection structures were stained with trypan blue in lactophenol (B) or With FITC-WGA (A. C-G)[20].

Abbreviations in A and D-G are as in Figure 2. Bs. basidiospore: Gt, germ tube: IEY. intraepidermal vesIcle. Bars are

20 Ilm (B, C! or 50 Ilm iA D-G)
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conidiation-specific gene of the ascomycete Neurospora crassa. In this fungus, con-6
transcripts are found at high concentration when conidia are formed; upon germination
transcript levels decrease and in vegetative non-sporulating mycelia con-6 mRNA is
not detectable [102]. Since the function of con-6 is unknown, sequence homology
does not allow one to predict the function of the rij2 gene products. Thus, the function
of the differentiation-specific genes of the broad bean rust. rif 16 and rif21, remains to
be determined. However, transcript formation at late stages of infection structure
differentiation suggests that the gene products may be important in host-pathogen
interactions.

3.2.3. Are Changes in Infection Structure Surface Carbohydrate a Prerequisite for
Successful Infection?
Penetration into the intercellular space protects the rust fungus from factors present on
the cuticle, e.g. anatgonigstic microorganisms or unfavourable climatic conditions, but
at the same time it exposes its cell surface to antifungal enzymes such as chitinases or
B-l,3-glucanases which are present in the plant apoplast. Rust fungi thus need
mechanisms that allow for exposure to these plant defense systems.

Sentandreu et al. [85] hypothesize that fungal "cell-wall growth is governed by a
morphogenetic pattern which responds to a preestablished program. This programme
would control not only the biosynthesis of wall polymers, but also their interactions
and assembly, both of which occur external to the plasmalemma". 1 Such a
developmental program is clearly responsible for changes in the surface carbopydrates
observed during rust infection structure differentiation [31]. The most prominent
carbohydrate polymer on structures formed by the fungus on the plant cuticle, i.e. germ
tube and appressorium, is chitin. However, on substomatal vesicles, infection hyphae
and haustorial mother cells, all of which are formed in the intercellular space of the
leaf, chitin is difficult to detect by FITC-Iabelled wheat germ agglutinin (WGA).
Restriction of chitin exposition to those structures which are not in direct contact with
intercellular or intracellular host defense enzymes seems to be a general phenomenon
in rust fungi. Figure 3 demonstrates that in both, uredospore- and basidiospore-derived
infection structures of different rusts chitin is labeled much less intensively on
structures formed in the plant cell or the intercellular space. Labeling with antibodies
raised to chitosan, the deacetylation product of chitin, indicated that rust infection
structures formed in the intercellular space, but not germ tubes and appressoria expose
chitosan on their surfaces [34]. .

Conversion of chitin tO'chitosan is catalyzed by the enzyme chitin deacetylase. This
enzyme has been characterized from zygomycetes, since chitosan represents a major
cell wall polymer in·these fungi [51]. In plant pathogenic fungi, however, this enzyme
has received attention only in Colletotrichum lindemuthianum and C. lagenarium [54,
89]. Comparison of the kinetics of enzyme and infection structure formation in C.
lagenarium suggests that chitin deacetylase in this fungus is expressed after
appressorium differentiation. By electron microscopy chitin was not detectable on
infection pegs and young intracellular vesicles of C. lindemuthianum by gold-labelled
WGA during the initial interaction with French bean [73]. Fully expanded vesicles and
appressorial germ tubes (resembling infection pegs) formed on Formvar membranes in
the absence of the host plant exhibit chitin on their surfaces, indicating the necessity of
exclusion of chitin from surfaces intimately contacting the host.
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Figure 4. Infection structures of the broad bean rust fungus Uromyces viciae-fabae. After Mendgen and Deising
[69]. with modifications.

In the rust U. viciae{abae, chitin deacetylase activity became detectable by a
radiometric assay when appressoria had matured and substomatal vesicles began to
form [23](Figure 4). Using substrate-including SDS gels, five extracellular chitin
deacetylase forms of different apparent molecular masses (48.1, 30.7, 25.2, 15.2 and
12.7 kDa)were separated electrophoretically. The fact that no chitin deacetylase
activity .was found in 24h old germ tubes indicates that formation of the enzyme is
morphogenetically controlled in the broad bean rust fungus.

An indication of the importance of chitin modification by deacetylases in plant
pathogenic fungi comes from the work of Ride and Barber [81]. These authors
demonstrated that wheat endo -chitinases preferentially hydrolyze highly acetylated
chitin, and chitinase activities decrease with decreasing degree of substrate acetylation.
The results suggest that chitin modification is critical to the success of the pathogen,
and thus the developmental program of chitin deacetylase formation may be critical to
the establishment of the fungus-host interaction.

3.2.4. The Role ofTurgor Pressure and Enzymes in the Penetration Process
Cell wall-degrading enzymes are thought to be of special importance in fungi that do
not differentiate melanized appressoria and are thus not able to produce significant
turgor pressure to support penetration. As early as 1886, De Bary [18] postulated that
extracellular fungal enzymes may aid the infection process.
Mutants produced by conventional mutagenesis protocols or targeted gene inactivation
were used to address the question of the importance of cell wall-degrading enzymes.
In accordance with the structure of the plant cell wall, cellulases and xylanases,
pectin-degrading enzymes and, in recent years, Ilrbteases have received attention.
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However, fungi that are able tobuild up appressorial pressure may be able to penetrate
through cuticle and cell wall without support of cell wall-degrading enzymes. A series
of experiments with Colletotrichum species and with Magnaporthe grisea indicate that
in these fungi melanin biosynthesis and incorporation into the appressorium is essential
for infection of the host.

3.2.4.1. The Importance of Turgor Pressure. Electron micrographs of appressoria of
Colletotrichum species such as C. lagenarium and C. lindemuthianum, and of the rice
blast fungus Magnaporthe grisea show an electron-dense melanin layer external to the
plasmalenuna [42, 57]. While this layer is absent in the melanin-deficient C.
lagenarium mutant (albino mutant 79215) it can be seen in the mutant treated with
scylatone [57]. This intermediate of the pentaketide melanin biosynthetic pathway is
thus able to restore melanization of the albino mutant. During differentiation of
infection structures, melanin synthesis is confined to appressoria; since spores, germ
tubes, and penetration hyphae are never melanized it can be assumed that melanin
biosynthetic enzymes are subject to morphogenetic control [59]. The thin and smooth
melanin layer found in mature appressoria is different from granular or amorphous
melanins of spores or hyphae where it is thought to protect cells from unfavourable
e:Q.vironmental conditions [58]. By contrast, in fungi forming melanized appressoria,
melanin is a factor essential for penetration, as indicated by several lines of evidence as
described below. 1

Rigidification of appressorial wllls in many fungi by incorporation of melanin
suggests that turgor pressure may be important for penetration in these fungi. M. grisea
is able to penetrate hard synthetic non-biodegradable surfaces, showing that pressure.

may be sufficient for penetration [43]. Howard and co-workers [43] demonstrated that
in melanized appressoria of the rice blast fungus a turgor pressure of more than 8.0 MPa
can be generated, and penetration of the rice leaf was completely inhibited _by
application of an extracellular osmotic pressure of approximately 6 MPa. Indirectly,
these results indicate that melanin is important for generation of the turgor pressure
needed for penetration of the host cuticle and cell wall. By cloning a melanin
biosynthetic gene essential for appressorial penetration by complementation, a direct
molecular approach was taken by Kubo et al. [60]. These authors transformed the C.
lagenarium DV-induced albino mutant 79215, which is deficient in pentaketide
cyclization to yield 1,3,6,8-tetrahydroxynaphthalene, with wild type DNA. Seven out
of approximately 10,000 transfoJ1Ilants restored the ability to synthesize melanin.
While the melanin-deficient mutant was not able to cause disease on cucumber leaves,
virulence of wild type and transformants with restored ability to synthesize melanin
were not distinguishable. These results clearly show that melanin biosynthesis resulting
in build up of substantial turgor pressure is essential for penetration by melanized
appressoria. However, the results do not exclude that enzymes play a role during
penetration.

3.2.4.2. Regulation of Cell Wall-Degrading Enzymes. Different nutritional groups of
plant pathogenic fungi, i.e. obligate biotrophs, hemi-biotrophs, and necrotrophs
obviously differ considerably in the mechanism of regulation of cell wall-degrading
enzymes and, as a consequence, in the degree of tissue destruction which they cause
[16]. While most obligate biotrophs' differentiate relatively complex infection
structures, many necrotrophs do not form such structures but rather penetrate directly
with the germ tube developing into a functional infection hypha which is
morphologically barely distinguishable from the germ tube itself. Only few obligate
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biotrophs have been studied so far, but it became evident from the work with rust fungi
that morphogenetic control of cell wall-degrading enzymes and the characteristics of
the enzymes formed are important features in restricting the degree of cell wall
degradation to the minimum needed for penetration [19, 69]. While in these fungi
morphogenesis and enzyme synthesis follow a pre-established program, growth and
enzyme formation is highly adaptive in necrotrophs. Cell wall-degrading enzymes are
synthesized in large amounts in response to the wall polymer present, resulting in
extended tissue destruction [16]. The presence of a single polymer, e.g.
polygalacturonic acid, may be sufficient to induce a variety of different enzymes, e.g.
polygalacturonases, pectin- or polygalacturonate lyases and pectin methylesterases, and
one gene may code for several different forms of an enzyme [13]. Generally, in
necrotrophs several pectic enzymes can be synthesized, depending on the culture
conditions [9,48].

Necrotrophs are able to cope with new or changing environmental (nutritional)
conditions very efficiently, with the molecular basis for such adaptation being
unknown. In different plants challenged by fungal pathogens or pectin fragments as
elicitors, several defense-related genes· such as polygalacturonase inhibiting protein,
proteinase inhibitor IlK, phenylalanin ammonium lyase, chalkone synthase and
4-coumarate:CoA ligase are activated, suggesting a common regulatory mechanism. In
fact, almost identical elements in the promoter' regions of genes encoding these
enzymes have been found [14]. It therefore seems possible that in plant pathogenic
fungi, a fragment of a plant cell wall polymer could result in the formation of a
trans-acting element which may activate a number of genes encoding wall-degrading
enzymes simultaneously. This strategy may allow more flexibility of growth, and
perhaps also in the host range.

The hemibiotrophic C. lindemuthianum differentiates appressoria to invade the plant
directly through cuticle and cell wall [4]. However, after an initial biotrophic phase of
development the fungus causes extended tissue maceration and thus becomes a
neGrotroph in late stages of disease development. The bean anthracnose fungus has
been demonstrated to form pectic and other cell wall-degrading enzymes in response to
the availability of its substrate [103], and this regulation is typical of necrotrophs.
During in planta -growth, only low pectin lyase activity was measured when primary
hyphae bad invaded few host cells. Activity increased drastically when secondary
hyphae d~veloped and the fungus entered the necrotrophic stage of development. It
would be interesting to analyze immuno-electronmicroscopically whether or not these
or others enzymes are formed during the initial biotrophic growth phase and whether
they are restricted to the vicinity of penetration hyphae.

In the obligately biotrophic broad bean rust fungus, developmental control of a
number of cell wall-degrading enzymes has been demonstrated (see Figure 4). While
acidic cellulases and proteases are present on uredospores, their activities are increased
when the fungus differentiates appressoria and penetrates into the substomatal cavity.
Later, during differentiation of infection hyphae, neutral endo -cleaving cellulases are
synthesized [36]. Substrate-inclusion SDS-PAGE showed that the rust synthesizes and
secretes a complex pattern of proteases from substomatal vesicles and further developed
structures [78]. Interestingly, the proteases show specificity for fibrous
hydroxyproline-rich structural proteins similar to those formed by plants in response to
fungal pathogens or elicitors [88]. Formation of pectin methylesterases begins with
differentiation of substomatal vesicles, and polygalacturonate lyase is synthesized when
haustorial mother cells develop. Importantly, formation of all carbohydrate
polymer-degrading enzymes of the rust fungus is developmentally controlled. For
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induction of polygalacturonate lyase both the developmental stage of the fungus and the
presence of substrate are necessary [19J. Since the lyase can only utilize largely
deesterified substrate, the different pectin methylesterases may play an important role in
preparation of the infection court, and in restriction of cell wall destruction.

In contrast to penetration sites of haustorial mother cells which are hidden in the
mesophyll of the host, basidiospores form appressoria on the leaf and directly penetrate
the cuticle and cell wall. Therefore basidiospores are more suitable to investigate
changes occurring in the plant cell wall in the vicinity of the penetrating hypha. Figure
5 shows a penetration site of a basidiospore of the cowpea rust U. vignae, labelled with
a gold-conjugated monoclonal antibody designated JIM5 which is directed against
polygalacturonic acid. The plant cell wall clearly shows two layers. The side facing
the cuticle is strongly labelled indicating the presence of polygalacturonic acid, while
the side facing the plasmalemma shows only few gold particles. After treatment with
commercially available pectin methylesterase, the inner layer is also strongly labelled
by the antibody, suggesting that the inner layer of the cell wall contains highly
methylated polygalacturonic acid, i.e. pectin (Figure 5, insert). Interestingly, in the
vicinity of the penetration hypha, labelling is uniform across the plant cell wall,
suggesting that during penetration pectin methylesterase is secreted and converts pectin
to polygalacturonic acid. This non-methylated polymer represents a substrate suitable
for polygalacturonate lyase known from uredospore infection structures of the broad
bean rust fungus [19J. 1

Figure 5. Labelling of basidiospore penetration sites with HM5, a monoclonal antibody direct<;d against .
polygalacturonic acid (A). Untreated control sections (B) show two cell wall layers after JIM5 labellmg. In sectIons
treated with pectin methylesterase (C) uniform labeling across the cell wall can be observed. c, cuticle; cw, cell wall;

ph, penetration hypha; pm, plasmalemma. Bars are 0.5 )lm .



150

The physico-chemical properties of the enzymes suggest that the potentially
destructive enzymes such as polygalacturonate lyase, but also certain cellulases and
pectin methyl esterases are tightly bound to the plant cell wall exchangers [19]. This
may be important to restrict cell wall degradation to a minimum needed to allow growth
of the penetration hypha through the cell wall. In contrast to findings with necrotrophic
fungi, catabolite repression does not seem to be involved in regulation of cell
wall-degrading enzymes of this biotrophic rust fungus [19, 36].

3.2.4.3. How Important are Cell Wall-Degrading Enzymes? Different experimental
approaches have been used to challenge the importance of cell wall-degrading enzymes
in the penetration process, with most attention paid to pectin-degrading enzymes.

Kolattukudy and co-workers[17, 33] raised anitisera against two polygalacturonases
and one polygalacturonate lyase formed by the pea pathogen Fusarium solani f. sp.
pisi. The antisera were included in the infection droplet, and from inhibition of infection
by antibodies to polygalacturonate lyase it was concluded that the enzyme was
important for penetration and virulence. The antibodies against the hydrolases did not
have any effect.

In addition, protection of plants by naturally occuring inhibitors of pectic enzymes
was taken as an indication of the importance of pectic enzymes. The presence of
polygalacturonase-inhibiting proteins have been demonstrated in a number of plants
[12, 14] and are thought to be potentially important to prevent infection. In Phaseolus,
polygalacturonase activity was not detectable after infection with C. lindemuthianum
[103] and polygalacturonase inhibitors may be a factor which' determines host
specificity of certain paL1.ogens [11, 41]. However, since these inhibitors are
abundantly synthesized by plants after pathogen attack [96] it can be assumed that
polygalacturonases are i...TIlportant to the invading pathogen. Likewise, epicatechin, a
phenolic present b high concentration in unripe avocado fruits, was found to
completely inhibit both polygalacturonase and polygalacturonate lyase activity of the
pathogen C. gloeosporioides [77, 99]. Only when the inhibitor concentration was
reduced during fruit ripening and sank below a certain threshold, the fungus was able to

. macerate the tissue. An advantage of the relative broad effectiveness of the inhibitor is
that all pectic enzymes have been inactivated simultaneously, which has not yet been
achieved 'by classical or targeted mutagenesis approaches. Scott-Craig et al. [84] used
targeted in~ertional mutagenesis to inactivate a gene enccxfulg endo -polygalacturonase
of the maize pathogen Cochliobolus heterostrophus. VirJlence of the resulting mutant,
probably due to e.xo-polygalacturonase activity was ::1ot affected by mutagenesis.
Likewise, Kusserow [62] inactivated a Penicillium olsonii gene encoding a basic (pI
8.9) polygalacturonase I, creating mutants which only expressed a highly active acidic
(pI 4.6) polygalacturonase IT. After inoculation of Arabidopsis thaliana with P. olsonii
wild type and PG I-deficient mutant, no difference in virulence was detected. Bowen

et al. [10] inactivated the pnlA (pectin lyase) gene of the apple rot fungus Glomerella
cingulata by targeted mutagenesis. Again, the mutant, probably due to other pnl
-genes, showed no reduction in virulence.

Using targeted mutagenesis, other carbohydrate depolymerase genes were
inactivated. Walton and co-workers created C. heterostrophus mutants deficient in
xylanase I and IT activity [3]. In spite of 90% reduction in xylanase activity, the mutant
was not reduced in virulence, probably because of xylanase lIT activity that remained.
Also, targeted gene disruption of EXG1, encoding e.xo-13-1,3-glucanase of this fungus
did not reduce virulence [83].

Due to high specificity, targeted mutagenesis has not resulted in mutants deficient in
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a whole group of enzymes, e.g. al~ p.ecti7 enzymes or all pectin or polygalacturonate
lyases or hydrolases. Therefore It IS difficult to evaluate the importance of these
enzymes.

Ball et. al. [5]. UV-m~tagenized the hemibiotrophic oilseed rape pathogen
Pyrenopezzzf;l .brasszcae and Isolated mutants which were apathogenic and deficient in
protease actI:v:-ty. Backcrosses of a mutant and the wild type strain indicated that the
protease-po~tIve phenotype co-segregated with pathogenicity. Furthermore, after
tr~sformatIon of the mutant with wild-type genomic DNA, a transformant was found
WhICh w~s both prot~a~e-positve. and patho~enic. While these data suggest that
protease IS a pathogemcIty factor m P. brasszcae, targeted mutagenesis has not been
performed.. Such an approach could prove the significant role played by protease in
Pyrenopezzza.

. Taken together, by inacti,:ating genes by molecul~ techniques it seems possible to
directly analyze the role of different cell wall-degradmg enzymes. Results obtained so
far clearly.show that the deleti~n of single genes will only have limited effects, and
und~rstanding the !ole .of pectIn-: cellulose- or xylose-degrading enzymes will be
pOSSIble only after mactIvatIng enure groups of enzymes and thus creating true pectic
enzyme-, cellulase- or xylanase-deficient strians.

4. Conclusions

~ thi.s. paper we h~ve de~~bed events occuring in plant pathogenic fungi during
infec.tIon s?Ucture diff~r.entIatIon, and we compared mechanisms of initial infection of
fungI of ~fferent nutrItIonal groups. In obligate biotrophs such as rust fungi many
events WhI~h are ~~ught of.as esse~tial for the establishment of a pathosystem are
re~ulated differentIatIon-specIfically, I.e. they follow a strict morphogenetic program
(FIgure ~). Thus, ~arious dif~erenti.ation-specific proteins/peptides have been detected
a~ter hI~h-resolut.I0n two-dimenSIOnal polyacrylamide gel electrophoresis, and
differentIal screemng of a cDNA library has allowed the isolation of cDNA clones
complement~ to stage-speci~~ rnRNA species. Also formation of enzymes .are under
morphogenetIc control. ChItm deacetylase, an enzyme which converts chitin to
chit~san, is synthesized when the fungus penetrates through the stomatal pore. The
modifi~ fungal cell wall polymer is less accessable to degradation by plant chitinases
and chitIn deacetylase may thus play an important role in the protection of the fungus.
Cell wall-d~grading enzymes of the broad bean rust fungus are not substrate-inducible
and catabolite-repressable as known for many necrotrophs, but strictly developmentally
controlled. Proteas~s, cellulases, pectin methyl esterases and a polygalacturonate lyase
are fo~ed seque~tIally after the fungus has invaded the leaf. All of these enzymes are
syntheSIzed dunng defined stages of infection structure differentiation with
polygalacturonate lyase being. the only enzyme requiring substrate in addition to
morphogenesis (Figure 4).

The early stages of infection by obligate biotrophs are thus governed by a
dev~lopmental progr~, and with respect to biochemical adaptation to their
envrr~nment, these fungI appear to be less flexible as compared to most necrotrophs.
The tIght morphogenetic control may also determine the narrow range of hosts that
rusts are able to parasitize. .
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