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Figure 3. Correlation between the differentiation of
infection structures and the production of cell wall-
degrading enzymes in Uromyces viciae-fabae. (a) Cellu-
lases, measured as carboxymethyl cellulase (CMCase)
activity and the appearance of appressoria (App). (b)
Pectinmethylesterase (PME) activity and formation of sub-
stomatal vesicles (SSV), which represent young infection
hyphae. (c) Polygalacturonate lyase (PL) activity and
formation of haustorial mother cells (HMC) (the substrate
of PL was applied to spores). The data shown are means of
three independent experiments.

features seem to be typical for each fungal species
and do not necessarily determine the final outcome
of infection. Basidiospores of U. vignae can penetrate
the non-host cuticle of Vicia faba much faster and
with higher efficiency than the host epidermis, but
the infection is stopped a few hours later within the
cytoplasm (Xu & Mendgen, 1991).

V. THE INFECTION HYPH.^

1. Differentiation of hypha

Especially in cases where host cells survive infection
for a considerable time, very specific differentiation
of hyphae occurs during intercellular or intracellular
growth. The newly differentiated hypha in the host.

the infection hypha, which represents an elongation
of the penetration hypha, seems to be a distinct
morphological unit with special physiological func-
tions. As a first step of fungal development within
the cell or the substomatal cavity, a globose infection
vesicle often develops (Fig. 4a), which subsequently
elongates to a hypha, called a primary hypha or
infection hypha. We think that the vesicle, with its
elongation, form one unit and may be regarded as a
functional infection hypha. In addition to mor-
phological studies in planta, a physiological charac-
terization of these specialized hyphae is possible
because some fungi such as rusts, M. grisea,
Colletotrichum species, and to a certain extent also
the grapevine powdery mildew, Uncinula necator
(Dickinson, 1949; Staples et al., 1985 ; Freytag et al.,
1988; Blaich, Heintz & Wind, 1989; Howard et al.,
1991 a; O'Connell & Bailey, 1991) can be induced to
produce their infection hyphae under artificial
conditions. Some rust fungi also differentiate hau-
storial mother cells in the absence of host cells
(Heath & Perumalla, 1988; Deising et al., 1991;
Freytag & Mendgen, 1991a). Sometimes, even the
differentiation of haustoria can be induced in the
absence of the host plant (Heath, 1989; Freytag,
1990; Heath, 1990). Thus, fungal development can
be studied step by step in vitro. Infection structures
from rust fungi produced on inductive membranes
have an identical morphology to those structures
produced in the leaf. Nuclear division and nuclear
behaviour also appear identical to events occurring
in the leaf (M. Stark-Umau, Konstanz, unpublished
result). But not all fungi produce identical infection
structures in vitro and in vivo. C. lindemuthianum
germlings developed in vitro, on Formvar mem-
branes, did not produce the appressorial cone. The
hyphae emerging from such appressoria had much
higher affinity to WGA and were morphologically
distinct from intracellular infection hyphae, resem-
bling instead the filamentous hyphae produced in
culture (O'Connell & Ride, 1990; O'Connell &
Bailey, 1991). Therefore, interpretation of results
with infection hyphae produced in vitro should be
done with care.

2. Cell wall structure

Evidence from morphological observations, cyto-
chemical tests and staining with heavy metals
suggests that the walls of infection vesicles and
infection hyphae are continuous with that of the
penetration hypha in fungi such as M. grisea, many
Colletotrichum species, and rusts (Ebrahim-Nesbat
et al., 1985; Howard et al., 1991a; O'Connell &
Bailey, 1991). This wall is probably modified in
order to sustain the acceptance of the host plant
during the infection process.

M. grisea differentiates a penetration hypha and an
infection hypha within cellophane. Unlike the walls
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(a)
Figure 4. Infection vesicle of Colletotrichum lindemuthianum within the host cell, 24 h after inoculation, high
pressure frozen and freeze substituted with 4% osmic acid in acetone (R. J. O'Connell and K. Mendgen,
unpublished results), (a) In the infection vesicle, two nuclei (n), mitochondria (m), lipid bodies (lb) and
endoplasmic reticulum are visible. The invaginated host plasma membrane smoothly surrounds the vesicle
( X 24000). {b) In a grazing section, microtubules (arrowheads) and vesicles (arrows) can be seen surrounding
the infection vesicle (x 69000).

of germ tube and appressorium, that of the infection
hypha has only a single layer which binds both WGA
and ConA. A clear refractile zone within the
membrane, surrounding the infection hypha but not
the penetration hypha, may result from degradation
of cellulose in the membrane by enzymes secreted
from the infection hypha (Bourett & Howard, 1990;
Howard et al, 1991a).

The infection hypha of the hemibiotroph, C.
lindemuthianum, consists of an intracellular vesicle
and primary hypha. It invaginates the plasma
membrane of the infected cell (Fig. 4). The in-
tracellular biotrophic phase involves 10 to 15
epidermal and cortical cells and lasts for a few days
(O'Connell et al., 1985). The germ tube (2-2-5 /̂ m in
diameter) is quite different from the infection vesicle
(6-9 ptm in diameter) (O'Connell, personal com-
munication). In contrast to the fibrillar extracellular
matrix around the germ tube, vesicle and primary

hypha are surrounded by an amorphous matrix.
Compared to the walls of the germ tubes, those of
vesicle and primary hypha have low affinity to WGA
during the early stages of infection. The affinity to
this lectin increases as the wall of the vesicle matures
(O'Connell & Ride, 1990). The matrix around the
vesicle and primary hypha is produced by both
partners, the fungus and the host. This assumption
is supported by the immunological detection of
fungal products in the matrix and by the observation
of uncoated and coated vesicles produced by the host
cell around the matrix (Fig. 4) (O'Connell et al.,
1985, 1986; O'Connell, 1987). The vesicle, with its
matrix, is surrounded by the host plasma membrane,
and host microtubules evenly enmesh the fungal
structures (Fig. 46). Infection hyphae produced on
Formvar membranes bound to ConA, PWM, WGA
and Bandeiraea simplicifolia agglutinin I (BSA I).
However, since these structures differed morpho-
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logically from infection hyphae produced in the
plant, they may also have differed in wall com-
position and it is not clear whether they resembled
functional infection hyphae (O'Connell, 1991).

C gloeosporioides, C. trifolii and C. graminicola,
which have no biotrophic phase, produce very
similar infection structures (Bailey et al, 1992).
Instead of a matrix layer around vesicle and primary
hypha, there is a fibrillar coat (Politis & Wheeler,
1973; Brown, 1977; Mould et al, 1991a). The
absence of a biotrophic phase may result from, or
even cause, the absence of the matrix layer
(O'Connell et al, 1985).

After penetration through the stomatal pore, the
dikaryotic stage of rust fungi generally produces a
more or less globose vesicle that elongates or
bifurcates to form the infection hypha(e). The outer
matrix of uredospore-derived infection hyphae
binds to numerous lectins in a pattern typical of each
rust fungus (Mendgen et al, 1985; Freytag &
Mendgen, 1991a). P. pachyrhizi penetrates epi-
dermal cells directly and produces an extremely long
penetration hypha that stretches through the epi-
dermis and then forms a primary hypha (= infection
hypha) (Koch et al, 1983). In this latter case, the
infection hypha does not form a vesicle.

The inner wall layer of infection hyphae of P.
pachvrhizi, U. viciae-fabae and P. graminis has high
affinity to WGA (Ebrahim-Nesbat et al, 1985;
Harder et al, 1986; Freytag & Mendgen, 199U).
Cross sections through the infection hypha of P.
arachidis indicate that this inner wall layer is covered
with additional, easily discernible coatings (Mims et
al, 1989). In U. viciae-fabae, these layers were
gradually dismantled by enzymatic digestion or
treatment with alkali. An enzyme mixture with a-
and yS-l,3-glucanase and chitinase activity dissolved
walls of germ tubes and appressoria, but not those of
penetration hyphae and vesicles with infection
hyphae. These enzymes, and also protease, removed
the outer layer(s) of the infection hypha. The
remaining wall material had high affinity to ConA
and LCA (Freytag, 1990; Freytag & Mendgen,
19916). These results suggest that mannoproteins
may cover the chitin and make the wall resistant to
further attack by chitinases and /?-l,3-glucanases
occurring in the leaf apoplast (Boiler & Metraux,
1988; Fink, Liefland & Mendgen, 1988, 1990; Sock,
Rohringer & Kang, 1990). Undifferentiated hyphae
of many filamentous fungi growing on agar are
dissolved by chitinases and glucanases, especially at
their tip (Collinge et al, 1993).

In monokaryotic infections, basidiospores of rust
fungi produce a short germ tube, a modestly
developed appressorium and a penetration hypha,
which elongates to form an intraepidermal vesicle
with a primary hypha (= infection hypha) (Gold &
Mendgen, 1984). The wall of this infection hypha is
quite thin and covered with a matrix. In U. viciae-

fabae, it exhibited aflfinity to ConA, LCA and Ricinus
communis (RCA I) lectin, a probe for D-galactose. In
contrast to the germ tube, it had much less affinity to
WGA, indicating that less chitin is exposed on its
surface (Gold & Mendgen, 1984, 1991; Freytag &
Mendgen, 199U).

Comparison of the binding of nine different lectins
to the dikaryotic infection hyphae and the mono-
karyotic infection infection hypha (= intraepidermal
vesicles) of the autoecious rust U. viciae-fabae and the
heteroecious rust U. rumicis suggests that lectin
binding patterns correlate with the nuclear condition
of the rust fungus. The monokaryotic infection
hyphae from two different rusts had more similarities
than the monokaryotic and the dikaryotic infection
hyphae of U. viciae-fabae. However, a small dif-
ference in the heteroecious rust was associated with
the change of host plant. Monokaryotic and dikaryo-
tic infection hyphae of U. rumicis had different
affinities for BSA II and LTA (Freytag, 1990;
Freytag & Mendgen, 1991a), suggesting that N-
acetylglucosamine and a-L-fucose might be involved
in the regulation of host compatibility. However, it
should be kept in mind that the requirement for a
change of host plant in heteroecious rusts is not a
stable quality. P. graminis f. sp. tritici can, especially
after a few matings, fulfil its whole life-cycle on a
single host plant (Gaumann, 1959).

3. Cytoplasmic specialization

After the penetration of the leaf cuticle or after
infection through the stomatal pore, a plant patho-
genic fungus gains access to host nutrients. Such a
change in supply would be expected to alter the
physiology of the fungus and, as a consequence, the
organization of its cytoplasm. However, there are no
quantitative data available which report changes of
cytoplasmic organelles during infection.

In urediosporelings of U. vignae, apical vesicles of
the infection hypha have denser contents than similar
vesicles in the germ tube (Littlefield & Heath, 1979).
Nuclear divisions occur in the substomal vesicle and,
generally, eight nuclei can be found (Heath & Heath,
1976, 1978; Chong e? a/., 1992; M. Stark-Umau un-
published results). Lipid droplets and microbodies,
probably with glyoxysomal functions, which are
quite numerous in germ tubes, decrease in number
in the vesicle and in the infection hypha (Mendgen,
1973 6; Littlefield & Heath, 1979). This observation
could reflect a switch from lipid metabolism in the
germ tube to host carbohydrate-dependent met-
abolism as soon as the fungus grows within the
intercellular space or produces haustoria in the host
cell.

The endoplasmic reticulum appears more dif-
ferentiated during growth within the host plant. In
germ tubes of U. appendiculates, strands of ER are
generally not very complex (Hoch & Staples, 1983).
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In intercellular hyphae, and in haustoria, the ER
formed tubular vesicular complexes (tvc 1) (Welter,
Muller & Mendgen, 1988).

Infections starting from basidiospores of U. vignae
induce hypersensitive cell death as soon as they
penetrate epidermal cells of an incompatible host
plant (Heath, 1989). Aqueous exudates from dif-
ferentiated, but not from undifferentiated germlings,
exhibited a similar cultivar-specific elicitation of cell
necrosis (Chen & Heath, 1992). This experiment
suggests that the elicitor of cell necrosis is produced
by the fungus only during the differentiation of
structures that are correlated with penetration and
colonization of the leaf cell.

4. Enzyme production during differentiation of
infection hypha

The only investigations dealing with the production
of cell wall-degrading enzymes in relation to dif-
ferentiation of infection structures have been carried
out with Colletotrichum spp. (Suzuki et al, 1982,
1983; Katoh et al, 1988; Wijesundera et al, 1989)
and with U. viciae-fabae (Deising & Mendgen, 1992;
Frittrang, Deising & Mendgen, 1992; Heiler et al,
1993).

Wijesundera et al. (1989) presented evidence that
pectin lyase activity is expressed at certain stages of
development of C. lindemuthianum and that form-
ation of the enzyme may be correlated with the
switch from biotrophic growth to destructive necro-
trophic growth. Pectin lyase activity was detected in
extracts of infected P. vulgaris tissue starting from 4 d
after inoculation. Infection hyphae began to develop
at that stage of fungal development. Enzyme activity
was not much altered up to 6 d after inoculation, i.e.
when infection hyphae were found in up to 15 host
cells. This stage of disease development is indicated
by the appearance of brown fiecks (small groups of
necrotic cells). As soon as secondary hyphae develop,
enormous increases in pectin lyase activity are found,
and large-scale death of plant cells and tissue collapse
are observed (Wijesundera et al, 1989). Cell death is
likely to be due to toxicity of the lyase per se, or to
hypersensitive cell death in response to pectin or
polygalacturonate fragments produced by the
enzyme(s) (Cervone et al, 1987, 1989; Wijesundera
et al, 1989; Benhamou et al, 1991; Mathieu et al,
1991). Interestingly, though produced in vitro on
media containing pectic substances or isolated hypo-
cotyl cell walls, enrfo-polygalacturonase was not
detectable in vivo during biotrophic or necrotrophic
disease development (Wijesundera et al, 1989). This
may be due to the presence in bean {P. vulgaris) cell
walls of an inhibitor of this hydrolase (Cervone et al,
1981; Lafitte et al, 1984; Toubart et al, 1992).
Biochemical studies have been confirmed by
cytochemical experiments, in which endo-po\y-
galacturonase was labelled by gold-conjugated

polygalacturonase-inhibiting protein, and pectin
degradation was detected by probing with Aplysia
gonad lectin (Benhamou et al, 1991).

In the biotrophic fungus U. viciae-fabae, pectin
esterase isoenzymes have been separated by chro-
matofocusing (Frittrang et al, 1992), and three
forms of this enzyme, showing pis of 8-4, 5^7, and
47, were detected 9 h after inoculation, i.e. when
young infection hyphae (substomatal vesicles) are
formed (Fig. 3b). The predominating form (pectin-
esterase A) increases to yield maximal activity at
20-24 h p.i., whereas form B increases until 12 h p.i.
and remains more or less constant at this level of
activity (H. Deising, A. K. Frittrang and K.
Mendgen, unpublished results). In contrast to forms
A and B, which contribute 78 and 20 °o of the total
pectinesterase activity, respectively, isoform C rep-
resents only c. 2% (Frittrang et al, 1992). At the
stage of infection hypha differentiation, activity of
neutral cellulases increases dramatically, and this
increase continues until haustorial mother cell for-
mation (Heiler et al, 1993). These neutral cellulases,
consisting of three isoforms of isoelectric points of
7^3, 7-1, and 6^4, increase from 3°o of the total
activity at 7 h p.i. to 37% at 18 h p.i., and 45 °o
when haustorial mother cells were formed (24 h p.i.).
It is important to note that both cellulases and pectin
esterases are not substrate-inducible, but strictly
developmentally controlled (Frittrang et al, 1992;
Heiler et al, 1993; H. Deising, A. K. Frittrang and
K. Mendgen, unpublished results). In addition,
neither enzyme is repressed by mono- and dis-
accharides such as glucose, fructose, and sucrose.

Polygalacturonate lyase, in contrast, is regulated
by both the substrate polygalacturonate and the
developmental stage of the rust fungus. While in the
absence of substrate no enzyme activity is detectable,
polygalacturonate lyase activity is formed beginning
at 14 h p.i. on artificial membranes when poly-
galacturonate is applied to the dormant spores. At
this time significant numbers of infection structures
begin to differentiate haustorial mother cells, and the
activity increases up to 24 h p.i. (Fig. 3 c). If substrate
is given when substomatal vesicles are differentiated,
i.e. when the fungus normally contacts the pec-
tinaceous layer of the plant cell wall, the kinetics of
enzyme production are identical to those when
polygalacturonate is directly applied to the spores. If
substrate is given to infection structures differ-
entiated for 18 h, significant polygalacturonate lyase
activity is detectable 6 h later. These results clearly
demonstrate that expression of polygalacturonate
lyase activity requires both differentiation of in-
fection structures, probably haustorial mother cells,
and the presence of substrate (Deising & Mendgen,
1992). The enzyme has an extremely high isoelectric
point (> 10^5) and pH optimum (10^3), shows an
absolute requirement for Câ "̂ , exhibits decreasing
activity with increasing degree of methylation of the
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