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Abstract

After single spikelet inoculation, the infection process of Fusarium culmorum and spread of fungal hyphae in the
spike tissues were studied by scanning and transmission electron microscopy. While hyphal growth on outer surfaces
of the spike was scanty and no successful penetration was observed, the fungus developed a dense mycelium on the
inner surfaces and effectively invaded the lemma, glume, palea and ovary by penetration pegs. During the inter- and
intracellular spreading of the fungus, marked alterations in the host tissues were observed, including degeneration
of cytoplasm, cell organelles, and depositions of electron dense material between cell wall and plasmalemma.
Ultrastructural studies revealed that host cell walls in proximity of the penetration peg and in contact with hyphae
were less dense or transparent which suggested that cell wall degrading enzymes were involved in colonisation of host
tissues by fungal hyphae. Enzyme- and immunogold-labelling investigations confirmed involvement of extracellular
enzymes, that is cellulases, xylanases and pectinases, in degradation of cell wall components. Localization studies

of trichothecenes indicated that toxins could be detected in host tissues at an early stage of infection.

Introduction

Fusarium head blight or scab of wheat (Triticum
aestivum) is one of the most destructive diseases in
humid and semi-humid areas. The disease is caused by
anumber of Fusarium species, mainly F. graminearum
(teleomorph Gibberella zeae), F. culmorum and
E avenaceum (teleomorph G. avenacea) (Bai and
Shaner, 1994; Parry et al., 1995). The disease causes
substantial yield losses as a result of a diminished num-
ber of grains per spike and reduced grain weight. The
infected grains are of low quality with damaged starch
granules and storage proteins (Bechtel et al., 1985).
Moreover, Fusarium species produce highly toxic
metabolites, for example trichothecene mycotoxins,
such as deoxynivalenol (DON), 3-acetyldeoxy-
nivalenol (3-ADON) and 15-acetyldeoxynivalenol
(15-ADON) (Wang and Miller, 1988; Snijders, 1990).

These toxins are detrimental to livestock and human
health (Trenholm et al., 1983; Marasas et al., 1984).
In addition, some mycotoxins, for example DON,
exert phytotoxic effects and are involved, as viru-
lence factors, in the pathogenicity of F. culmorum and
FE. graminearum (Miller, 1989; Snijders and Krechting,
1992).

Wheat heads are most susceptible to the infection of
the pathogen at the flowering stage (Pugh et al., 1933;
Andersen, 1948; Strange and Smith, 1971). Detailed
studies on the infection process of the pathogen on
wheat heads, especially during the early stages, are
limited and contradictory. In this study, the infection
course of F. culmorum in wheat spikes was investigated
by scanning and transmission electron microscopy.
Also, the degradation of host cell wall components in
F. culmorum-infected wheat spikes was demonstrated
by means of enzyme-gold and immunogold-labelling.



654

Finally, the distribution of Fusarium toxins in wheat
spikes at early infection stages was revealed by
immunogold-labelling.

Materials and methods

Wheat plants of the cultivar Agent, which is sus-
ceptible to Fusarium head blight, were grown in
12 litre pots under outdoor conditions and inoculated
at mid-flowering (GS 65) with a spore suspension
of F. culmorum (isolate no. 46; Institute of Phyto-
medicine) by spraying the whole wheat spikes with a
macroconidial suspension (5 x 10° sporesml~') or by
injecting a conidial suspension (10° spores ml~") into
the floral cavity between the lemma and palea of the
first floret on spikelets using a pipette. Control plants
were treated with distilled water. Immediately after
inoculation, spikes were covered with plastic bags and
plants were transferred into a growth chamber (16h
fluorescent light at 23°C and 8 h darkness at 18 °C).
After two days, the plastic bags were removed and
plants were returned to outdoor conditions.

Whole single spikelets, including glumes, lem-
mas, paleas, ovaries and rachis from inoculated wheat
spikes were sampled 6 and 12h and 1, 2, 3, 4,
6 and 8 days after inoculation. The samples were
fixed in glutaraldehyde (3—4%, v/v) in 50 mM phos-
phate buffer for 3-8h at 4°C. The samples were
processed for scanning electron microscopy and light
and transmission electron microscopy (Kang and
Buchenauer, 2000a). The mycotoxins deoxynivalenol
(DON) and 3-acetyldeoxynivalenol (3-ADON) pro-
duced by F. culmorum were localized in host and
fungal cells by immunogold-labelling (Kang and
Buchenauer, 1999). The cell wall components cellu-
lose, xylan and pectin were detected in healthy and
FE culmorum-infected wheat spikes using enzyme-
gold and immunogold-labelling methods (Kang and
Buchenauer, 2000b).

Results

E. culmorum macroconidia germinated with several
germ tubes within 6-12h after inoculation. Further
development of the germ tubes differed markedly on
the outer and inner surfaces of the floret tissues.
Growth of the hyphae on the outer surfaces was
severely retarded. Two days after inoculation, the germ
tubes on the convex middle part of the glume were short

and possessed morphological alterations. Four days
after inoculation, hyphal growth was very limited and
no hyphal network developed. Hyphae near the edges of
the lemma and glume exhibited more intensive growth,
tending to extend to the edges in order to reach the
inner surfaces of the glume, lemma or palea (Figure 2).
Two days after inoculation, the fungus had developed
a dense hyphal network on the inner surfaces of the
lemma (Figure 1), glume, palea and top of the ovary. A
dense mycelium developed on the anthers and pollen
grains which were often present between the brush hair
on the top of the ovary. With extended incubation time,
hyphal growth on the inner surfaces of the spikelet
became more dense and 3—4 days after inoculation the
hyphae had reached the bases of the lemma, glume and
palea. F. culmorum did not penetrate the inner surfaces
of the host tissue immediately after germination of the
macroconidia, but infections were observed after devel-
opment of the dense hyphal network.

By 36h after inoculation, hyphae in contact with
the inner surfaces of the spikelet tissues formed short
branches, the infection hyphae. The hyphae and the
infection hyphae in touch with the host surfaces often
produced cutinases and the cuticular layer beneath
the hyphae was digested. The infection hyphae did
not form appressoria but penetrated the epidermal
cell wall directly by developing a constricted penetra-
tion peg. A septum was usually formed between the
hyphal cell and the penetration peg. The fungus did not
always penetrate the epidermal cell wall completely,
but sometimes hyphae developed between the cutic-
ule and the cell wall or within the cell wall layers.
After penetration, during the first phase of tissue col-
onization, hyphae predominantly extended intercellu-
larly between parenchyma cells in the lemma (Figure 3)
and palea. During growth in the intercellular spaces, the
fungus induced alterations in the host cells which were
in contact or in advance of the hyphae. Small appo-
sitions were detected between the secondary cell wall
and the plasmalemma. In the vacuoles, electron dense
material was found and chloroplasts became swollen.
Subsequently, the pathogen penetrated the affected host
cells and colonized the tissues of the lemma, palea and
ovary by both inter- and intracellular hyphal growth.

Three to four days after inoculation, the hyphae
of F. culmorum had reached the bases of the lemma
and palea by growing on the inner surfaces of the
lemma and palea. At that time, the fungus had spread
inter- and intracellularly to the base of the lemma and
palea as well as horizontally from the inner surfaces
of the lemma and palea to their outer surfaces. Typical
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Figures 1-4. Scanning and transmission electron micrographs of colonization of wheat spike by Fusarium culmorum. 1: Hyphal network
on the inner surface of the lemma, 2 days after inoculation (dai). Infection hyphae (arrow) were already formed from hyphae adhering to
the surface of the lemma. 2: Hyphae on the outer surface near the top edge of the glume, 3 dai. The hyphae grew upwards and over the
edge of the glume. 3: Hyphae in the intercellular spaces between parenchyma cells in the lemma, 2 dai. Appositions appeared between
host cell wall and plasmalemma. 4: Hyphae with infection hyphae (arrow) on the top of the ovary, 2 dai. FC: fungal cell; BH: brush hair.

symptoms of brown water-soaked spots appeared on parenchyma cells. Host cell walls in close contact
the infected tissues. with hyphae or around the penetration pegs were,

The cells of the colonized host tissue exhibited in general, less dense or transparent, suggesting that
severe damage, such as disintegration of the cyto- the pathogen produced cell-wall degrading enzymes

plasm and cell organelles, as well as collapse of some during colonization of the host tissue.



Figures 5-9. Light and transmission electron micrographs of colonization of wheat spike by Fusarium culmorum. 5: A cross-section of
the rachis node, 4 dai. Hyphae are distributed in the vascular bundles, the parenchyma tissue outside the vascular bundle, and also in
the thick-walled tissue around the vascular tissue. 6: A cross-section of the rachis, 6 dai. Hyphae spreading in the xylem vessels and
the paratracheal parenchyma cells. The primary wall of vessels became much more dense and there was a dense coating on the inner
surfaces of the vessel walls (arrow). 7: Cytochemical labelling for cellulose by a cellulase-gold probe over the cell walls in the Fusarium
culmorum-infected lemma, 3 dai. The density of gold particles over the host cell wall decreased, particularly adjacent to the hypha. No
labelling was seen over the appositions between the host cell wall and plasmalemma. The fungal cell wall was free of gold particles.



Fungal hyphae growing on the upper surface of the
ovary also developed infection hyphae about 36 h after
inoculation (Figure 4) and usually penetrated the tis-
sue through the junctions between the epidermis or
between the epidermis and the brush hair. The hyphae
either extended between the epidermal wall layers or
penetrated the cell wall. The fungus also infected the
stigma and grew downwards to the upper pericarp cells.
Hyphae extended very rapidly by inter- and intracel-
lular growth from the upper part of the pericarp to the
base of the ovary. The pericarp cells invaded by the
fungus or in proximity to the intercellular hyphae were
degenerated and host cell walls had disintegrated.

The hyphae extending either on the inner surface of
the lemma, palea and the outer surface of the ovary or
spreading within the host tissues reached the base of
the lemma, palea or ovary about 3—4 days after inocu-
lation and entered the rachilla, which is characterized
by a central core of very thick-walled cells. After
colonization of the rachilla, hyphae extended into the
rachis node (Figure 5) and then grew into the rachis,
which was reached 4-5 days after inoculation. In the
rachis, hyphae of F. culmorum spread in the xylem
vessels, phloem sieves and paratracheal parenchyma
cells and colonized the rachis by inter- and intracel-
lular hyphal extension (Figure 6). F. culmorum started
to produce conidiophores and macroconidia when
the outer surface of the lemma and palea had been
reached, 5-6 days after inoculation.

The cell wall components cellulose, xylan and
pectin were localized in different tissues of the non-
inoculated, healthy and F. culmorum-infected wheat
spikes by means of enzyme-gold and immuno-gold
labelling (Kang and Buchenauer, 2000b). The intra-
and intercellular colonization of the lemma, palea,
ovary and rachis of the wheat spike by hyphae of
E culmorum caused pronounced alterations of the
matrices of the host cell wall and middle lamella, and
also resulted in marked modifications of the host cell
wall components such as cellulose, xylan and pectin
(Figures 7-9). The significant reduced binding sites
of the cell wall macromolecules revealed by enzyme
gold and immunogold-labelling of the infected tis-
sue, as compared to the healthy non-infected cell
walls, indicated excretion of cellulases, xylanases
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and pectinases by the hyphae of the pathogen during
penetration and spreading. From the results obtained,
it may be deduced that during the initial infection and
spreading process of the pathogen, pectinases activ-
ity is higher than the activities of the cellulases and
xylanases.

An immunogold-labelling method was also devel-
oped to study the subcellular localization of the
trichothecene mycotoxins deoxynivalenol (DON)
and 3-acetyldeoxynivalenol (3-ADON) (Kang and
Buchenauer, 1999). The toxins were produced by the
hyphae before penetration, when they were growing
in close contact on the inner surface of the lemma and
palea or on the surface of the ovary. Thirty-six hours
after inoculation, toxins were detected in the walls
and cells of the epidermis. During penetration, toxins
were found in the host cell wall around the infection
peg and in the cytoplasm of the host cells (Figure 10).
During spreading of the pathogen, higher intensities of
toxin labelling were present in host cells in proximity
to the hyphae.

In plant cells, toxins were localized in the cytoplasm,
chloroplasts, plasmalemma and sometimes associated
with endoplasmic reticulum and ribosomes (Figure 11).
Figure 12 shows a parenchyma cell of the lemma with
disorganized cytoplasm, 3 dai. Toxins were present
over the host cell wall, cytoplasm and vacuole.

In infected wheat kernels, toxins were detected at
different concentrations in the pericarp tissues, pigment
strand, aleurone cells and in the starch endosperm. In
the rachis colonized by the fungus, toxins were found
in xylem vessels (Figure 13) and phloem sieve tubes
and parenchyma cells outside the vascular bundles.

The studies also revealed that toxins were translo-
cated upwards in the xylem and phloem sieve tubes and
downwards in the phloem sieve tubes to areas of the
spike which were not colonized by the fungus.

Discussion

The study revealed rapid and effective colonization
of wheat spikes by F. culmorum. The hyphae of the
pathogen extended inter- and intracellularly in the
parenchyma and vascular tissues of the lemma, glume,

8: Cytochemical localization of xylan with a xylanase-gold probe in cell walls of the Fusarium culmorum-infected ovary, 3 dai. The
cytoplasm of the cells was destroyed and labelling decreased over the host cell wall in contact with the hyphae. 9: Immunogold labelling
for pectin by monoclonal antibody, JIM7, in the cell walls of the Fusarium culmorum-infected sieve tubes in the rachis, 5 dai. The growth
of the hypha in the middle lamella of the sieve tube resulted in cell wall displacement and reduction of gold particles in the wall. FC:
fungal cell; HCW: host cell wall; PC: paratracheal parenchyma cell; XV: xylem vessel.
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Figures 10—13. Immunogold localization of Fusarium toxins in infected host tissue by Fusarium culmorum. 10: The epidermal cell wall
of the lemma, 36 h after inoculation, was incubated with DON-antiserum and goat anti-rabbit immunoglobulin-linked colloidal gold
particles (GAR-gold antibody). Gold particles were localized over the host cell wall and the hyphal cell wall. Note that dense accumulation
of gold particles was found over the host cell wall in advance of the penetration peg. 11: The epidermal cell in the ovary, 2 dai, incubated
with DON-antiserum and GAR-gold antibody. The gold particles were found over the cell wall, cytoplasm, endoplasmic reticulum and
ribosomes. 12: The parenchyma cell with disorganized cytoplasm in the lemma, 3 dai, incubated with DON-antiserum and GAR-gold
antibody. Gold labelling was found over the host cell wall, cytoplasm and the vacuole. 13: The infected xylem vessel in the rachis, 6
dai, incubated with DON-antiserum and GAR-gold antibody. The vessel was labelled with numerous gold particles on the secondary
thickenings and with fewer gold particles on the primary wall. The hyphal cell in the vessel was also labelled. ER: endoplasmic reticulum;
EW: epidermal cell wall; FC: fungal cell; HCW: host cell wall; IH: infection hypha; ST: secondary thickening; V: vacuole.



ovary and rachis, and caused severe damage to the host
tissues.

Scanning microscopical studies revealed striking
differences regarding hyphal growth of F. culmorum
on the outer surfaces of the glume, lemma and rachis
and the inner surfaces of the lemma, glume and palea.
While the fungus developed a dense mycelium on the
inner surfaces and effectively invaded these tissues,
hyphal growth on outer surfaces of the spike was scanty
and no successful penetration was observed.

The unfavourable conditions for hyphal growth on
the outer surfaces of the wheat spikes may be asso-
ciated with physical and chemical as well as environ-
mental properties. The pronounced wax layer covered
with wax crystals may present a water-repellent sur-
face and also might contain antifungal components.
As a result of these inhospitable conditions, almost no
infections by F. culmorum occurred on the outer sur-
faces. These observations are in agreement with stud-
ies of Strange and Smith (1971) which showed that no
infections occurred after placing droplets of spore sus-
pensions on the outer surface of the glume.

Ultrastructural analysis showed that the host cell
walls in contact with the hyphae or in proximity
to the penetration pegs were less dense or transpar-
ent suggesting that cell-wall degrading enzymes are
involved in the spread of the fungus in the host tis-
sues. Cytochemical labelling studies confirmed degra-
dation of the cell wall components cellulose, xylan
and pectin in F. culmorum-infected wheat spikes. The
study also showed that during the early stage of infec-
tion (e.g. 3 dpi) pectin degradation in the epidermal
cell walls of the wheat ovary was more pronounced
than that of cellulose and xylan. This finding sug-
gests that F. culmorum may secrete pectinases ear-
lier or in higher activities than cellulases or xylanases.
Following infection, the pathogen invaded host cells
only when they exhibited signs of disintegration or
Necrosis.

Numerous studies have shown that F. culmorum pro-
duces the trichothecene mycotoxins DON, 3-ADON,
15-ADON and nivalenol (Wang and Miller, 1988;
Wong et al., 1995). It has been demonstrated that these
toxins also display detrimental effects to plant cells
such as inhibition of protein synthesis, electrolyte
losses, cytoplasm convolution and disintegration of
organelles (Miller and Ewen, 1997; Pavlovkin et al.,
1986).

The studies indicated, that as early as 36h after
inoculation, hyphae of F. culmorum growing on the
surfaces of the lemma and ovary had already secreted
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trichothecene toxins which were present in the host
tissues before the pathogen had invaded the host cells.
During penetration and growth the hyphae contin-
ued to produce toxins which were detected in host
cells adjacent to and in advance of the hyphae. In
the host cells, Fusarium toxins were associated with
the plasmalemma and in the cytoplasm sometimes
with ribosomes and endoplasmic reticulum. These
localization studies suggest that the trichothecene
toxins interfere with the wheat spike/F. culmorum-
interaction by impairing host defence reactions. Their
association with the plasmalemma might result in
alterations of membrane permeability, and because
of the affinity to the ribosomes, it is assumed that
the toxins interfere in protein synthesis which might
result in severe impairment of post-infection defence
mechanisms. The delayed or inhibited post-infection
responses also became evident from the ultrastructural
studies. It was difficult to detect defence structures
such as callose or papilla formations in the infected
tissues.

Wheat kernels colonized by F. culmorum were also
contaminated with the toxins (Snijders and Perkowski,
1990; Sinha and Savard, 1997). The labelling density in
the different tissues not only correlated with the hyphal
density; toxins were also detected in advance of the
hyphae in the starchy endosperm. It may be concluded
that, in addition to the production of cell-wall degrad-
ing enzymes, the secretion of trichothecene mycotoxins
may also constitute an important factor in head blight
development of wheat by F. culmorum.
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