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Abstract 

In plant pathology, low temperature preparation 
techniques now appear to be feasible methods to stabilize 
the dynamic ultrastructure of the host-(plant)-pathogen 
(fungi) interaction for an analysis by transmission elec
tron microscopy. A well defined ultrastructure of small 
organisms (fungi) and large biological samples such as 
plant material and as well as the plant-pathogen (fungus) 
infection sites are presented. The mesophyll tissue of 
Arabidopsis thaliana is characterized by homogeneously 
structured cytoplasm closely attached to the cell wall . 
Infection sites of stem rust (Puccinia graminis f. sp. 
tritici) on primary leaves of wheat (Triticum aestivum) 
and powdery mildew (Erysiphe graminis f.sp. hordei) on 
coleoptiles of barley (Hordeum vulgare) are analyzed 
with regard to the fine structural preservation of the 
haustoria, the extrahaustorial matrix and the extra
haustorial membrane. Recent data on the immunocyto
chemical characterization of freeze substituted rust and 
powdery mildew infected plant tissue are described with 
special emphasis on the localization of elicitor glycopro
teins involved in the cellular host-parasite interaction. 
There is clear evidence for the release of the elicitor 
glycoprotein into the extrahaustorial matrix of the 
haustorial complex. No elicitor molecules are seen in 
the plant host cytoplasm . 

Key Words: Cryofixation, freeze substitution, low tem
perature embedding, fine structural preservation, extra
cellular material, fungi, wheat, barley, conidia, hyphae, 
haustoria, plant pathogen interface, extrahaustorial ma
trix, extrahaustorial membrane, immunocytochemistry , 
protein antigenicity, elicitor. 
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Introduction 

The introduction of low temperature (LT-) prepara
tion techniques can be regarded as a major advance in 
biological electron microscopy in recent years. Biologi
cal specimens prepared by cryofixation (propane-jet 
freezing, plunge freezing , high pressure freezing, etc.) 
and freeze substitution in combination with LT -embed
ding may exhibit superior preservation to those prepared 
by conventional methods . This is because freeze-sub
stituted specimens are rapidly immobilized by cryofixa
tion. After preparation under low temperature condi
tions, they retain most of their water, forming the 
hydration shells of the cellular components. 

High pressure freezing followed by freeze substitu
tion and LT-embedding has been the method of choice 
for superior preservation of plant specimens (Gilkey and 
Staehelin, 1986; Kiss et al., 1990; Lancelle et al., 1986; 
Studer et al . , 1989). However , potential limitations of 
high pressure freezing should also be considered, follow
ing observations of significant disruption of large periph
eral vesicles in sporangia of Phytophthora cinnamomi 
and P. palmivora (Hyde et al., 1991c, 1993). The data 
published to date fall into two categories: those that 
explore the potential of freeze substitution (in combina
tion with adequate freezing techniques) for the preserva
tion of the structural integrity of various biological sys
tems; and those that employ freeze substitution as a tool 
for stabilizing soluble components and sensitive antigenic 
sites. The majority of studies fall into the first category, 
i.e., improved visualization of the fine structure includ
ing the detection of novel features of cellular organiza
tion (Hippe-Sanwald, 1993). 

In plant pathology as well as in mycology, LT-prep
aration techniques are regarded as important tools in sta
bilizing the dynamic ultrastructure of the host-(plant)
pathogen (fungi) interaction as it exists under physiologi
cal conditions (Hippe-Sanwald, 1993; Read, 1991). In 
particular, LT-preparation prevents major conformation
al changes of proteins, leading to better retention of pro
tein antigenicity. Presumably, the hydration shells of 
proteins are better preserved at low temperatures; this 
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Abbreviations 

b blebbing 

C chloroplast 

CW cell wall 

CY cytoplasm 

EC epidermal cell 

em extrahaustorial membrane 

ema extrahaustorial matrix 

er endoplasmic reticulum 

ERL vinyl cyclohexene dioxide 

FS freeze substitution 

g glycogen 

go Golgi-body 

h Haustorium 

hew haustorial cell wall 

HP- High Pressure-

IC intercellular space 

ihy intercellular hyphae 

LV- Low Viscosity-

LT- Low Temperature-

M mitochondrion 

MC mesophyll cell 

MT microtubules 

N nucleus 

V vacuole 

-------------------------

enhances the accessibility of antigenic sites (Bendayan, 
1984; Kellenberger et al., 1987; Monaghan and Robert
son, 1990). A combined cell biological and molecular 
analysis of the mechanisms of host-pathogen relationship 
is now available . Consequently, an increasing number 
of investigations are dealing with the immunocyto
chemical characterization of fungal antigenic sites. 

Two important criteria are prerequisites for opti
mum LT-preparation. First, the biological tissue has to 
be cryofixed to maintain the complex integrity of the 
cell, trapping all the solutes, macromolecules and mem
branes without segregation effects and damage caused by 
ice-crystallization. Second, the sensitive biological sys
tem has to be prepared for a fine structural and molecu
lar analysis. This can be done in the frozen-hydrated 
state involving cryosectioning and freeze-fracture tech
niques or in the resin embedded state involving conven
tional thin sectioning . For the latter procedure, freeze 
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substitution (FS) or freeze drying of the frozen material 
and embedding preferentially under low temperature 
conditions is necessary. 

One of the main goals in modem plant pathology is 
to analyse the nature and dynamics of the host-parasite 
interface in the native state (in situ). The understanding 
of the recognition between host and pathogen, the nature 
of pathogenesis, and the genetics of host pathogen inter
actions are of particular interest. The introduction of 
"Low temperature techniques as a tool in cellular plant 
pathology" opened new perspectives for an answer of 
many fundamental questions. The integration of im
proved fine structural preservation with a molecular 
analysis of the infected host cell is achieved by the appli
cation of secondary probing techniques, i.e., immuno
cytochemistry. 

In this short review on low temperature techniques 
in the study of fungi and fungus-piant interactions, a 
broad survey on ultrastructural aspects of freeze substitu
ted plant pathogenic fungi and other pathogens like bac
teria and viruses is not provided. The paper is focussed 
on certain foliar pathogens and a brief survey of the 
main literature is given. Examples of excellent visuali
zation of the ultrastructure of extracellular material, 
small organi sms (fungi) and large biological samples, 
such as, plant tissue as well as the plant-pathogen (fun
gus) interface are presented. Recent data on the molecu
lar characterization of rust or powdery mildew infected 
plant tissue are exemplified with special emphasis on the 
subcellular detection of elicitor glycoproteins known to 
induce cell death . Even though it is not known how cell 
death is induced, the process is related to the hypersen
sitive resistance response against stem rust in wheat 
lines. 

Materials and Methods 

Plant materials 

The near-isogenic barley (Hordeum vulgare L.) 
lines, CI-16137 (AlgR), with the Ml-al powdery mildew 
resistance allele, and Cl-16138 (AlgS), with the ml-a 
allele for susceptibility, were used. Barley seeds were 
surface disinfected with bleach and then allowed to ger
minate on Petri plates of potato dextrose agar (Klecan et 
al., 1990). Seeds of near-isogenic wheat (Triticum 
aestivum L.) lines, Prelude-Sr5, carrying the Sr5 allele 
for the stem rust resistance, and Prelude-sr5, with the 
sr5 allele for susceptibility, were used. For comparison, 
healthy seedlings of Arabidopsis thaliana were grown 
using aseptic techniques (Fig. 1). The conditions for 
growing and maintaining the plant cultures are described 
in the literature (Hippe-Sanwald et al., 1992, 1994; 
Klecan et al., 1990). 
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METHODS 

Plant material 

• High pressure freezing 

N
2 

-196°C/2100 bar 

• Freeze substitution 

-85 ° --> -35 °C; 3 days 

• Low temperature embedding 

-35° --> 3 days 

• Thin sectioning 

• lmmunocytochemistry 

• TEM 

MATERIALS 

Barley AlgS/AlgR/EGH 
Wheat Sr5/sr5/PGT and sr5/PR 

Arabidopsis etc . 

HP-Machine Balzers, Liechtenstein 
liquid nitrogen; high pressure device 

CS-Auto freeze substitution apparatus 
Reichert Jung-Leica GmbH, Germany 

acetone + 0. 5% Uac 

CS-Auto freeze substitution apparatus 
Reichert Jung-Leica GmbH, Germany 

Lowicryl HM20 

Ultracut E 
Reichert Jung-Leica GmbH, Germany 

lmmunogold-probes 

CM 10 Transmission Electron Microscope 
Philips, Netherlands 

Figure 1. Schematic overview of the low temperature methods and the materials used. 
---------------------------------------------------------------

Fungal material and inoculation 
Uredospores of the wheat stem rust pathogen, Puc

cinia graminis f.sp. tritici Eriks. and E. Henn., race 32, 
which contain, among other genes for avirulence, the PS 
avirulence allele, were collected from adult, greenhouse-

883 

grown plants of the wheat cultivar, Little Club. Erysi
phe graminis DC.: Fr. f.sp. hordei Em Marchal [ = Blu
meria graminis (DC.) E.O. Speer f.sp. hordei Marchal], 
race CR3, was maintained under sterile conditions on 
leaf segments of AlgS or Manchuria (Cl-2330) in Petri 
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dishes (Klecan et al., 1990). The inoculation of the 
wheat and barley plants with uredospore suspensions or 
conidia powder using a settling tower were identical to 
methods already documented (Hippe-Sanwald et al. , 
1992, 1994; Klecan et al., 1990). 

Cryofixation 

The most crucial step of any cryotechnique IS a 
good cryofixation by rapid freezing. High pressure 
freezing offers the option of freezing even large plant 
samples of 50 to 200 µm near vitrification. Stem rust
and leaf rust-infected wheat leaves and healthy Arabi
dopsis leaf material were frozen under high pressure us
ing an HPM 010 device [(Fig. 1) (BAL-TEC GmbH, 
Balzers, Liechtenstein)]. 

For the cryofixation procedure , infection sites on 
wheat leaves were screened under a stereo microscope 
at 5-6 days after inoculation. Small plant tissue pieces, 
each containing a rust colony , were removed with a hole 
punch (1.5 mm in diameter), transferred into 1-hexa
decane and evacuated for 5-10 minutes to fill intercel
lular gas spaces. The shock freezing procedure of the 
specimens including Arabidopsis leaf material under 
liquid nitrogen at -196 °C at a hydrostatic high pressure 
of 2.5 x 108 Pa (2500 bar) was according to Hippe
Sanwald (1993) and Hippe-Sanwald et al. (1994) . After 
freezing , the sample was immediately transferred to 
liquid nitrogen for storage. 

The powdery mildew disease is particularly suited 
to low temperature methods because the infection sites 
are confined to one cell layer . For rapid freezing of 
infection areas of powdery mildew on barley coleoptiles 
with the Gilkey-Staehelin Propane-Jet Ultra-Rapid 
Freezer (Research & Manufacturing Co., RMC, Tucson, 
AZ, USA; Gilkey and Staehelin, 1986), the fungus was 
identified with a stereo microscope at 3 days post
inoculation and excised to give an epidermal sample that 
was one cell layer thick (Hippe, 1985; Hippe-Sanwald, 
et al. , 1992). 

Free:re substitution 

Biological molecules (nucleic acids, proteins etc.) 
are surrounded by hydration shells of pure water on the 
surface of the molecules. During freeze substitution, a 
preservation of the surface-bound water on the molecules 
occurs (Hippe-Sanwald, 1993). Freeze substitution and 
LT-embedding of the HP-frozen samples were carried 
out in a commercial automatic CS Auto apparatus 
(Reichert Jung, CS Auto; Leica GmbH, Hamburg, Ger
many). The frozen specimen sandwiches were opened 
under liquid nitrogen, transferred to the CS Auto while 
attached to one of the platelets, and substituted with 
0.5 % uranyl acetate and 0.5 % glutaraldehyde in anhy
drous acetone over 3 days (Fig. 1). Freeze substitution 
was performed as described previously (Hippe-Sanwald 
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Figure 2. Cross-sectioned germ tube of Puccinia 
graminis f.sp . tritici processed according to low temper
ature preparation using HP-freezing, freeze substitution 
and Lowicryl HM20 embedding (Hippe-Sanwald, 1993). 
The germ tube contains dense cytoplasm. Numerous 
ribosomes, small mitochondria and vacuoles are visual
ized. Superior retention of a non-collapsed coat of 
extracellular matrix (arrows) attached to the cell wall 
(cw). Bar = 0.5 µm. 

Figure 3. Overview of the fine structure of freeze sub
stituted hypha of powdery mildew, Erysiphe graminis 
f.sp. hordei, grown on the surface of barley leaf; low 
temperature preparation according to Hippe (1985). 
Homogeneously preserved cytoplasm composed of 
smooth cytoplasmic matrix, the nucleus (n), a high 
amount of ribosomes, peripherally arranged mitochon
dria (m), endoplasmic reticulum (er), and vacuoles (v). 
Small ring-like or rod-like Golgi-bodies (arrow) and 
mitochondria (m) are smoothly contoured. Bar = 
0.5 µm. 

Figure 4. Conidium of powdery mildew, Erysiphe gra
minis f.sp. hordei, processed according to Hippe (1985). 
Numerous glycogen particles (g) a few vacuoles (v) are 
seen. The periphery of the conidium exhibits a small 
area of cytoplasm. Bar = 1 µm. 

----- --------------------------------

et al. , 1994). Freeze substitution of the powdery mil
dew infected barley samples was done according to 
Hippe-Sanwald et al., (1992). 

Embedding 

Following the freeze substitution, the objects were 
embedded at low temperatures using Lowicryl resin em
bedding kits. Lowicryl embedding permits lowering the 
temperatures considerably during the infiltration and 
polymerization processes (Fig. 1). Since Lowicryl res
ins are compatible with water the hydration shells on the 
surface on the molecules are preserved (Hippe-Sanwald, 
1993). The low temperature-embedding was carried out 
in three stages, with a progressively increasing ratio of 
resin to acetone. At the end of the infiltration process 
the specimens were transferred into flat embedding 
molds and polymerized by diffuse UV irradiation 
(Hippe-Sanwald et al. , 1992, 1994). 

Thin sectioning 

Thin sections from various blocks were cut with a 
DIA TOME diamond knife at a thickness of about 60 nm 
on a Reichert-Jung Ultracut E Ultramicrotome (Fig. 1). 
The sections were mounted on pioloform and carbon
coated (Auto 306 Turbo Coating Device, Edwards High 
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Vacuum, Marburg, Germany) nickel grids, stained with 
8 % aqueous uranium acetate and alkaline lead citrate for 
10 minutes each and examined either with an EM 10 
electron microscope (Zeiss, Oberkochen, Germany) op
erating at 60 kV (Hippe-Sanwald et al. , 1992) or with a 
Philips CMlO Electron Microscope (Philips, Eindhoven, 
The Netherlands) operating at 80 kV (Hippe-Sanwald et 
al., 1994). 

Immunocytochemistry 

Because low temperature preparation achieves a 
superior localiz.ation of fixation-sensitive antigenic sites 
and minimizes the molecular distortion and movement of 
molecules, the biological tissue can be evaluated by 
im.munocytochemistry. For the immunocytochemical 
detection of the PGT (Puccinia graminis f.sp. tritici) 
elicitor in the haustorial complexes of the stem rust and 
powdery mildew diseases, a monoclonal mouse anti
elicitor (MAB-El4e; MAB-El0e) antibody was applied 
(Tiburzy et al. , 1991). Immunostaining was performed 
according to previously described methods (Hippe et al., 
1989; Hippe-Sanwald et al., 1994). 

Results and Discussion 

Theoretical considerations and experimental results 
obtained with low temperature preparation techniques in 
biological electron microscopy support the view that 
these techniques are a prerequisite for maintaining native 
cell and tissue properties (Gilkey and Staehelin, 1986; 
Hippe-Sanwald, 1993; Humbel and Muller , 1986; 
Robards and Sleytr, 1985). Ultrastructural features have 
become increasingly important for the analysis of host
pathogen relationships. In this context, freeze substitu
tion techniques may provide new insight into ultrastruc
tural characteristics. 

Macromolecules and extracellular material in plant 
pathogenic fungi 

Studies on the preservation of the fine structure of 
freeze substituted macromolecules, such as heterogene
ous chromatin, bundles of microfilaments and micro
tubules as well as extracellular material of plant and fun
gal cells are available in the literature (Aist and Bayles, 
1991a, 1991b; Bourett and Howard, 1992; Carlemalm et 
al. , 1986; Ding et al. , 1991; Hippe and Hermanns, 
1986; Horowitz et al., 1990; Jensen et al., 1991; 
O'Donnell, 1992; Roberson, 1992; Studer et al., 1989). 

The fungal chromatin of the sporidia of the smut 
fungi Ustilago avenae is coarse when prepared conven
tionally at room temperature (Hippe, 1984) but less 
coarse when ultrarapidly frozen and cryosubstituted at 
193K (Hippe and Hermanns, 1986). In the latter case, 
the DNA of Ustilago avenae sporidia and the nuclear 
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Figures 5 and 6. Low temperature processed leaf tissue 
of Arabidopsis thaliana according to Hippe-Sanwald 
(1993) and Hippe-Sanwald et al. (1994). Bars = 5 µm. 

Figure 5. Homogenously structured mesophyll tissue of 
Arabidopsis thaliana . Large areas of intercellular space 
are seen between the mesophyll cells (MC). The dis
tinctly structured mesophyll cytoplasm containing large 
chloroplasts and small, darkly stained mitochondria are 
arranged at the periphery of the cell. A large electron 
transparent vacuole is situated in the centre of each cell. 

Figure 6. Section of epidermal tissue of Arabidopsis 
thaliana exhibiting an excellently preserved stomata sur
rounded by epidermal cells (EC). Chloroplasts , nuclei 
and vacuoles are seen in the cytoplasm of the stomata 
cells. A thin layer of cytoplasm is closely attached to 
the cell walls of the epidermal cells. 

---------------------
structures of basidia of Ustilago maydis are homogene
ously distributed in a distinctly structured fungal cyto
plasm containing numerous ribosomes (Hippe and 
Hermanns, 1986; O'Donnell, 1992). 

Complex fungal extracellular material including 
characteristic fimbriae, fibrillar coating of appressoria, 
as well as the fungal extrahaustorial matrix that are usu
ally collapsed and washed out after conventional prepa
ration are well preserved by the LT method (Clement et 
al., 1993b; Hippe et al., 1989; Knauf et al ., 1989; 
Kwon et al . , 1991; van Dyke and Mims , 1991). Evi
dence has been given for an involvement of the extra
cellular matrix of various plant pathogenic fungi in 
non-specific attachment to the host surface, which is 
regarded as a prerequisite for successful infection 
(Clement et al., 1993b; Hamer et al., 1988). It is sug
gested that the extracellular matrix associated with rust 
germlings is also involved in signal transduction (Epstein 
etal . , 1985, 1987). However, thecompositionofextra
cellular matrix from only a few fungi has so far been ex
amined (Bergstrom and Nicholson, 1981; Epstein et al., 
1985; Kunoh et al . , 1990; Pringle, 1981; Tunlid et al., 
1991). The release of extracellular matrix during the 
pre-invasion phase on the host plant has been observed 
during the germination of urediospores of Uromyces ap
pendiculatus and Uromyces viciae-fabae clearly visual
ized by LT-preparation (Clement et al., 1993a; Kwon et 
al., 1991). The outer cell wall of cross-sectioned germ 
tubes of Puccinia graminis f.sp. tritici is also 
characterized by a distinctly resolved extracellular matrix 
(Fig. 2). Novel features of the immunogold labeling of 
the fungal haustorial cell wall and extrahaustorial matrix 
of biotrophic rust parasites and powdery mildew are dis
cussed below. 
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Yeast-mycelium dimorphism 

The yeast-mycelium dimorphism is exhibited by a 
variety of plant pathogenic fungal species. Ustilago 
maydis and Ustilago avenae, which cause the smut dis
ease on maize and oat, respectively, represent two ex
amples of dimorphic fungi extensively examined by elec
tron microscopy (Hippe, 1984; Hippe and Hermanns, 
1986; O'Donnell, 1992; Snetselaar and Mims, 1994). 
The transformation of the haploid, yeast-like sporidial 
phase to the dikaryotic, mycelial stage that is obligately 
parasitic on the host plant is basically a matter of morph
ogenesis which involves changes of cell shape, cell wall 
structure and fine structural features. Early infection 
processes of Ustilago maydis on maize have recently 
been examined using high pressure freezing followed by 
freeze substitution and conventional embedding (Snet
selaar and Mims, 1994). Conventional electron micros
copy on the smut fungi (Ustiiaginales) has been a prob
lem in the past because thick cell wall layers prevent 
penetration of fixatives into the cells. Low temperature 
preparation now has been proved as the method of 
choice for an improved elucidation of the fine structure 
of yeast cells including smut fungi (Baba and Osumi, 
1987; Hippe and Hermanns, 1986; O'Donnell, 1992). 
Thus , on the basis of this methodological progress, a re
vised meiotic spindle pole body cycle for Ustilago 
basidia has been reported (O'Donnell, 1992). 

Fungal hyphae 

The process ofhyphal elongation in filamentous fun
gi is of basic importance for vegetative cell growth that 
involves many cytoplasmic activities (Wessels, 1990, 
1993). Thus , cytological research is particularly focus
sed on the cellular organization of the hyphal tip. Dur
ing the past 15 years, insights into the fine structure of 
the hyphal apex advanced with the application of cryo
techniques in specimen preparation (Heath et al . , 1985; 
Hoch and Howard, 1980; Howard, 1981; Howard and 
Aist, 1979; Hoch and Staples, 1983; Newhouse et al. , 
1983; Roberson, 1992; Roberson and Fuller , 1988; 
Vargas et al., 1993). So far, three types of cytoplasmic 
organizations of secretory vesicles have been identified 
by conventional fixation in the apical hyphal region 
(Grove and Bracker, 1970). In the Oomycetes, no par
ticular apical organization of secretory vesicles has been 
found, whereas a crescent-shaped accumulation of vesi
cles near the periphery of the apical zone is typical in 
the Zygomycetes . Fungi with septated hyphae (Ascomy
cetes, Basidiomycetes, Deuteromycetes) contain an apical 
body called Spitzenk6rper. Freeze substituted Spitzen
korper are now described as apical, cytoplasmic regions 
containing dense aggregation of apical vesicles, 
microvesicles and filasomes, surrounded by a vesicle
free zone in hyphal tip cells of various fungi (Howard, 
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Figure 7. Scanning electron micrograph demonstrating 
hyphal growth and conidia formation of powdery mil
dew, Erysiphe graminis f.sp. hordei, on the surface bar
ley primary leaves. The preparation for low tempera
ture scanning electron microscopy is according to Klecan 
et al. (1990). Bar = 100 µm. 

Figure 8. Ultrastructure of a longitudinally sectioned, 
finger-like haustorium of Erysiphe graminis f.sp . hordei 
preserved by freeze substitution (Hippe, 1985). The 
haustorium is surrounded by extrahaustorial matrix 
(ema) and an extrahaustorial membrane (em). The dark
ly stained haustorium is located in a barley epidermal 
cell (EC). The sharply contoured extrahaustorial mem
brane (em) separates the slightly stained host cytoplasm 
from the fungal extrahaustorial matrix (ema). The ma
terial forming the extrahaustorial matrix appears homo
geneously structured , closely attached to the haustorial 
cell wall (hew). According to the low magnification, 
only mitochondria (m), ribosomes and the darkly stained 
haustorial cell wall (hew) are visible. Bar = 1 µm. 

----- ----------------------
1981). The process of apical growth in fungi involves 
the migration of cytoplasmic, secretory vesicles trans
porting materials for cell growth from Golgi-equivalents 
to the hyphal tip (Heath et al. , 1985). The actin cyto
skeleton visualized by ul trastructural immunocytochemis
try of freeze substituted hyphal tips of the basidiomyce
tous, plant pathogenic fungus Sclerotium rolfsii, is sug
gested to be involved in the coordinated movement of 
vesicles (Roberson , 1992). In this system, the coat of 
filasomes contains actin. The data indicate the filasomes 
represent the ultrastructural equivalent of actin plaques 
identified by light microscopy using immunofluorescence 
techniques and are principally localized in the first 10 to 
12 µm of the hyphal tip (Roberson, 1992). 

The superior visualization of labile cytoskeletal ele
ments is particularly advantageous for freeze substitution 
in filamentous hyphae. It enables a better understanding 
of the functional role of microtubules in organelle 
positioning, of the mechanisms of mitosis and of other 
dynamic processes in the cell. Ultrastructural studies on 
mitosis in fungi like Zygorhynchus moelleri (Heath and 
Rethoret, 1982), various Saprolegnia isolates (Heath et 
al . , 1984), and Basidiobolus haptosporus (McKerracher 
and Heath, 1985) are focussed on the arrangement of 
spindle and kinetochore associated microtubules. 

Hyphae of powdery mildew 

Transmission electron microscopy (TEM) was used 
to examine the fine structure of freeze substituted hyphae 
of powdery mildew, Erysiphe graminis f.sp. hordei, 
grown on the leaf surface of barley plants (Fig. 3) 
(Hippe-Sanwald, 1993). The cross-section exhibits 
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typical compartments of a fungal hypha: in a smoothly 
contoured cytoplasm, the well-preserved nucleus, mito
chondria, vacuoles, ribosomes and Golgi-equivalents are 
seen. Golgi bodies only occur in the Oomycota whereas 
single cisternae of Golgi-equivalents are found in other 
fungal divisions. The sensitive detection of Golgi bodies 
as well as Golgi-equivalents in freeze substituted fungal 
cells is regarded as a special advantage of LT-prepara
tion since Golgi bodies are usually poorly preserved with 
conventional procedures (Hoch, 1986). 

Fungal reproductive structures and spores 

As mentioned above, examples of pre-penetration 
events often include adherence of spores and germ tubes 
to leaf surfaces by extracellular matrix and/or fibrillar 
coating (Clement et al., 1993a; Hamer et al., 1988). 
Because spores, germ tubes and appressoria are exposed 
on leaf surfaces, TEM studies are more complicated: 
specimens on leaves are difficult to find and orient for 
sectioning. Recently, promising fine structural results 
have been published on a variety of freeze substituted 
fungal reproductive structures and spores of Phytoph
thora cinnamomi, Ascodemis nigricans, Colletotrichum 
truncatum, Gymnosporangium juniperi-virginianae, 
Uromyces viciae-fabae and Cryphonectria parasitica 
(Clement et al., 1993a; Hyde et al., 1991a, 1991b, 
1993; Mims, 1991; Mims and Richardson, 1990; Mims 
et al . , 1988, 1990; Newhouse et al., 1990; van Dyke 
and Mims, 1991). In all cases, freeze substituted speci
mens yielded information not available in conventionally 
fixed materials regarding extracellular matrix , and nu
clear and cytoplasmic events occurring during early 
stages of sporulation. This includes modifications of the 
plasma membrane and the endomembrane system during 
cell division, as well as multivesicular bodies and 
cytoplasmic and nuclear microtubules and the Golgi 
cisternae. 

Freeze substituted conidia of powdery mildew Erysi
phe graminis f.sp. hordei appear to be organized differ
ently in comparison to the fine structure of spores of 
other fungi (Mims et al., 1990; Clement et al., 1993a). 
Conidia shortly separated from the fungal mycelium on 
the plant leaf surface contain a large amount of storage 
material (glycogen) and ribosomes (Fig. 4). Only small 
amounts of cytoplasm and a few mitochondria are found 
in the periphery of the conidia . Bundles of microfila
ments are commonly preserved just beneath the plasma 
membrane and the cell wall. The thick cell wall is char
acterized by an electron-dense outer layer and a trans
lucent inner layer (Fig. 2). 

Plant-Fungi Interactions 

The sequence of events occurring after spore germi
nation depends strongly upon the type of nutritional 
relationship the plant-pathogenic fungus exhibits. Many 
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Figures 9 and 10. Details of the fine structure of a 
young haustorium of Erysiphe graminis f.sp. hordei in 
a barley epidermal cell. The low temperature prepara
tion is according to Hippe-Sanwald et al. (1992). Bars 
= 0.5 µm 

Figure 9. The tip of a haustorial finger illustrating 
blebbing (b) of the endoplasmic reticulum (er). Golgi
like structures (go) and a superior preservation of the 
cytoplasm, including microtubules and a fibrillar matrix 
around the ribosomes, is also seen in this area. 

Figure 10. Another example of a freeze substituted fine 
structure of a young haustorium of powdery mildew un
der higher magnification. Mitochondria (m) are charac
terized by smooth cristae in a dense matrix. Extended 
areas of the endoplasmic reticulum and microtubules 
(MT) are seen at the periphery of the haustorium. 

---- --------------------------------

plant-pathogenic fungi produce specialized infection 
structures termed appressoria . Appressoria are examples 
of a pre-penetration process on the leaf surface and have 
been the subject of a considerable amount of research 
based on conventional as well as on LT-preparation 
(Bourett et al., 1987; Bourett and Howard, 1990; Clay 
et al., 1994; Hoch, 1986; Hoch and Staples, 1991; 
Mims and Richardson, 1989; Swann and Mims, 1991; 
van Dyke and Mims, 1991). After penetration into the 
host tissue, biotrophic fungi develop a sequence of spe
cialized infection structures. Haustoria are specialized 
feeding structures that occur only in living host cells . 
These structures are surrounded by an extrahaustorial 
matrix forming the host-parasite interface and enclosed 
by a specialized extension of the host plasma membrane, 
the extrahaustorial membrane. 

Freeze substitution data so far available in the litera
ture are mostly focussed on the compatible host-patho
gen interaction. An ultrastructural comparison of in
compatible and compatible interactions in the barley 
powdery mildew disease based on low temperature prep
aration has been published recently (Hippe-Sanwald et 
al., 1992). Fine structural studies have been performed 
on fungal haustoria of various species: of the apple scab 
fungus Venturia inaequalis on apple leaves (Dahmen and 
Robot, 1986; Studer et al., 1988, 1989), of the bean 
rust Uromyces appendiculatus on beans (Knauf et al., 
1989; Mendgen et al., 1991; Welter et al., 1988), of the 
stem rust Puccinia graminis f.sp. tritici and leaf rust 
Puccinia recondita on wheat (Hippe-Sanwald, 1993; 
Hippe-Sanwald et al., 1994; Marticke, 1994) and of the 
powdery mildew Erysiphe graminis f.sp. hordei on bar
ley (Hippe, 1985; Hippe-Sanwald et al., 1992; Hippe
Sanwald et al., 1994). The progress obtained by the 
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application of freeze substitution in preserving the 
cellular fine structure and the antigenicity of proteins of 
the host-pathogen interface including the extrahaustorial 
membrane and the extrahaustorial matrix of biotrophic, 
foliar pathogens such as powdery mildew and stem rust 
fungi is discussed in the following paragraph. 

In many cases of specimen preparation, the preser
vation of the plant host tissue appears as a particular 
challenge. The majority of investigations on the fine 
structure of large plant tissue samples are mostly done 
with high pressure frozen material. Even though barley, 
wheat, Arabidopsis and tobacco leaf tissue are difficult 
to preserve, good results are now available in the litera
ture (Ding et al., 1991; Hippe et al., 1989; Hippe
Sanwald, 1993, 1994; Kiss et al., 1990; Staehelin et al., 
1990; Studer et al., 1989). As an example, some as
pects of the fine structure of freeze-substituted leaf tissue 
of Arabidopsis thaliana are shown in Figures 5 and 6. 
The well-preserved mesophyll tissue is characterized by 
large vacuoles and a high number of chloroplasts em
bedded in a smoothly contoured cytoplasm (Fig. 5). 
The stomata! cells of Arabidopsis epidermal tissue con
tain homogenous cytoplasm, small chloroplasts and vac
uoles, a nucleus in each cell and mitochondria (Fig. 6). 

Fine structure of haustoria of powdery mildew 

Powdery mildews are world-wide plant diseases af
fecting all kinds of plants: cereals, vegetables, grasses, 
fruit trees and many other plant species. The cytology 
of the infection stages of the Erysiphales in general, and 
of the host-parasite interaction of Erysiphe graminis on 
cereals in particular, has been investigated extensively 
(Carver, 1988; Kunoh, 1982). The fungus is character
ized by the appearance of patches of a white powder on 
the plant surface . By cryogenic scanning electron mi
croscopy, the fungus can be excellently identified as a 
network of hyphae from which conidia are produced in 
long chains (Fig. 7). Conidia germinate directly on the 
plant surface, forming short germ tubes and appressoria 
prior to penetration into the epidermal plant cell. Inside 
the epidermal cell, the fungus forms haustoria of typical 
finger-like structure (Fig. 8). As the infection takes 
place only in the epidermis, superior preservation of the 
haustorial fine structure following low temperature meth
ods of sample preparation is possible (Figs. 4, 6 and 7) 
(Hippe, 1985; Dahmen and Robot, 1986; Hippe-Sanwald 
etal., 1992). 

The extrahaustorial matrix contains smooth, fibrillar 
material accumulated around the haustorium (Fig. 8). It 
is thought that the extrahaustorial matrix contains 
nutrients in transit from the host plant to the pathogen 
(Harder, 1978; Knauf et al., 1989). The identification 
of the biochemical nature of interfacial components in 
the extrahaustorial matrix of obligate, biotrophic 
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Figure 11. Infection site containing a haustorium (h) of 
stem rust (Puccinia graminis f.sp. tritici) and cross
sectioned intercellular hyphae (ihy) located outside of the 
mesophyll cell (MC) of the incompatible wheat line 
Prelude-Sr5. No hypersensitive host cell response is 
apparent in this case. The fine structural preservation is 
according to Hippe-Sanwald et al. (1994). The 
haustorium is enclosed by smooth host cytoplasm (CY). 
A round-shaped haustorium (h) occurs inside the 
mesophyll cell. The haustorial cell wall and the 
extrahaustorial matrix are darkly stained. In the vicinity 
of the fungal haustorium, a large host nucleus (N), 
vacuoles (V), chloroplasts (C), small mitochondria (M) 
and a Golgi-body (go) are seen. Bar = 3 µm. 

Figure 12. Plant-pathogen interface of Puccinia grami
nis f.sp. tritici haustoria (h) on compatible wheat culti
var, Little Club, processed by high pressure freezing, 
freeze substitution and subsequent Lowicryl HM20 em
bedding according to Hippe-Sanwald et al. (1994). The 
host cytoplasm of the mesophyll cell (MC) is separated 
from the biotrophic pathogen by the extrahaustorial ma
trix (ema) and the distinctly resolved extrahaustorial 
membrane (em). The extrahaustorial matrix (ema) is 
closely attached to the haustorial cell wall (hew). The 
haustorial cell wall is composed of two layers, an inner 
electron translucent layer and an outer electron dense 
layer. The fungal plasma membrane as well as a mito
chondrion (m) are distinctly resolved. Bar = 0.25 µm. 

-----------------------------------

pathogens by immunocytochemistry is discussed below. 
The haustorial cytoplasm appears well-defined and 

smoothly contoured. Mitochondria appear sharply re
solved and small ring-like or rod-like Golgi-equivalents 
are visible (Figs. 9 and 10). One striking feature of 
young haustoria is the proliferation of vesicular bodies 
primarily in the periphery of the haustorial central body 
and in the tips of the haustorial fingers (Figs. 9 and 10). 
A direct relationship between the vesicles and the endo
plasmic reticulum can be inferred from the close asso
ciation of these two membrane systems (Fig. 9) (Hippe
Sanwald et al., 1992). These vesicular aggregates are 
reminiscent of the tubular-vesicular complexes observed 
in haustoria of the bean rust pathogen following high
pressure freezing and freeze-substitution (Knauf et al., 
1989). 

With the advent of improved, low temperature 
methods of sample preparation, the incompatible inter
action between barley carrying the Ml-a 1 resistance 
gene and Erysiphe graminis hordei was re-evaluated 
(Hippe-Sanwald et al., 1992). A striking degradation of 
haustoria was found in the resistant barley, comprising 
clearing of the matrix and loss of cristae in the 
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haustorial mitochondria, absence of distinct endoplasmic 
reticulum and Golgi-like cistemae , the formation of 
vacuoles, and the occurrence of a distended sheath. As 
a clear result, alterations in the mitochondrial ultrastruc
ture preceded all other signs of degradation in haustoria 
found in the resistant barley line. Possibly, an early 
event in the expression of Ml-a I resistance in barley 
may be a disruption of mitochondrial function leading to 
other degradative, fine structural changes outlined above 
(Hippe-Sanwald et al., 1992). 

In comparison, the haustoria that develop in suscep
tible barley lines appear highly metabolically active. A 
striking electron dense matrix surrounding the cristae 
membranes is a typical feature found in the haustorial 
mitochondria of powdery mildew in the compatible inter
action (Fig. 10) (Hippe-Sanwald et al . , 1992). 

Fine structure of haustoria of rust fungi 

The stem rust fungus Puccinia graminis f.sp. tritici 
(Pgt) attacks all above ground parts of the wheat plant. 
Both incompatible and compatible interactions between 
the stem rust fungus Puccinia graminis f.sp. tritici and 
wheat, as well as compatible interactions between leaf 
rust Puccinia recondita and wheat, have been investi
gated at the electron microscopic level using low temper
ature preparation techniques (Hippe-Sanwald et al. , 
1994; Hippe-Sanwald, 1993; Marticke et al., in prepara
tion). It must be emphasized that for satisfactory preser
vation of fungi such as rust growing deeper in the par
enchymal plant tissue, freeze substitution is only worth
while using high pressure frozen material (Hippe
Sanwald, 1993; Mendgen et al., 1991). 

Results on small areas of adequately preserved fun
gal infection structures of Pgt in parenchymal leaf tissue 
of the resistant Prelude-Sr 5 wheat plant are presented 
(Fig . 11). Occasionally, spaces resulting from a slight 
shrinkage of the plant tissue are observed between the 
plant cell wall and the plasma membrane and should be 
considered as artifactual. The fungus is growing in the 
intercellular space. Cross-sectioned hyphae are visual
ized in the micrograph. The pathogen also penetrates 
into the mesophyll cells and forms haustoria . Haustoria 
found in the incompatible interaction are generally small
er in size and fewer in number than the haustoria that 
develop in the near-isogenic, susceptible wheat plant 
(Hippe-Sanwald et al., 1994). Comprehensive descrip
tions of rust haustoria by Harder and Chong (1991), 
Mendgen et al. (1991) and Marticke (1994) are based on 
LT-preparation. 

In the compatible and incompatible interaction, the 
rust haustoria are surrounded by smooth host cytoplasm 
containing chloroplasts, mitochondria, Golgi-bodies, en
doplasmic reticulum and a large nucleus (Fig. 11). 
Strikingly, the fungal cytoplasm is darker stained than 
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Figures 13 and 14. Evidence for the localization of 
elicitor-active glycoproteins in the outer haustorial cell 
wall layer (hew) of haustoria (h) of Puccinia graminis 
f.sp. tritici in a compatible (Fig. 12) and incompatible 
(Fig . 13) wheat stem rust interaction . In both systems, 
there is also evidence for the release of the elicitor gly
coprotein into the extrahaustorial matrix (ema) never 
passing the extrahaustorial membrane ( em) into the 
mesophyll cell (MC). Bar = 0.25 µm. 

Figure 15. Immunocytochemical localization of stem 
rust elicitor-like epitopes in the outer haustorial cell wall 
layer (hew) of haustoria (h) of Erysiphe graminis f.sp. 
hordei, in a barley epidermal cell. The extension of this 
layer into the extrahaustorial matrix (ema) is demonstrat 
ed. No cross-reaction is found to the haustorial cyto
plasm. The extrahaustorial membrane (em; arrow) sepa
rates the pathogen and the host. Bar = 0.25 µm. 

the plant cytoplasm. The host cytoplasm and the rust 
haustorium are separated by the extrahaustorial mem
brane and the extrahaustorial matrix (Fig. 12). Low 
temperature preparation techniques, including HP-freez
ing, freeze-substitution, and LT-embedding in Lowicryl 
HM20, provide excellent visualization of the host-para
site interface (Fig . 12). The extrahaustorial membrane 
of stem rust is not undulated. The fibrillar extrahausto
rial matrix, which is closely attached to the extrahausto
rial membrane and the haustorial cell wall is composed 
of fibrillar material and is also clearly preserved. Simi
lar to the stem rust and leaf rust system, the extrahausto
rial matrix of bean rust, Uromyces appendiculatus, is 
also characterized by a fibrillous, extrahaustorial matrix, 
and the extrahaustorial membrane is clearly defined after 
freeze-substitution (Hippe-Sanwald et al . , 1994; 
Mendgen et al., 1991). 

Immunocytochemistry 

The extrahaustorial matrix is a highly specialized in
terface, presumably of plant origin, that separates the 
host and the biotrophic fungus. Knowledge of the com
position of the extrahaustorial matrix and of any changes 
during the development of the haustoria is fragmentary. 
The detection of different polysaccharides or glycopro
teins within the matrix of various pathogens visualized 
by cytochemistry or imrnunogold labelling can aid un
derstanding of the structural and physiological meanings 
of interfacial material at the host-parasite interface. 
(Chong et al., 1986; Harder and Chong, 1991; Hippe
Sanwald et al., 1994; Marticke et al., in preparation). 

Imrnunogold electron microscopy has recently been 
used to determine the subcellular distribution of various 
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glycoproteins in the extrahaustorial matrix of rust fungi 
and powdery mildew (Hippe-Sanwald et al., 1994). In 
this context, investigations on the localization of an elici
tor-active glycoprotein have been performed in the com
patible and incompatible interaction . Infection sites of 
stem rust and leaf rust on primary leaves of wheat as 
well as of powdery mildew on barley were probed with 
a monoclonal antibody to the elicitor glycoprotein 
(Marticke et al., in preparation). 

Investigations were performed on various infection 
structures such as the germ tubes, the intercellular myce
lium, the haustorial mother cells and the haustoria to 
elucidate the subcellular localization of elicitor proteins. 
According to immunogold labeling of the haustorial cell 
wall and the extrahaustorial matrix, elicitor glycoproteins 
have been clearly identified as interface components in 
the extrahaustorial matrix of rust fungi on wheat in the 
compatible and incompatible interaction (Hippe-Sanwald, 
1993; Marticke, 1994). 

Details of the haustorial cell wall and the extrahaus
torial matrix of stem rust are shown in Figures 13 and 
14. The haustorial cell wall of stem rust in the compati
ble interaction is primarily electron dense (Fig. 13). In 
a few cases the double-layered structure of the haustorial 
cell wall is observed. The outer layer, which is associ
ated with the extrahaustorial matrix, is darkly stained, 
whereas the inner layer generally failed to stain and ap
pears translucent. In the incompatible interaction, both 
cell wall layers are strikingly thicker but only the outer, 
dark cell wall layer appears immunogold stained (com
pare Figs. 13 and 14). There is also evidence for the 
release of the elicitor glycoprotein into the extrahaustori
al matrix since distinct labeling of the extrahaustorial 
matrix is visible (Figs . 13 and 14). 

A considerable fixation sensitivity has been found in 
studies on the localization of an elicitor-active glycopro
tein in the haustorial cell wall and the extrahaustorial 
matrix of the stem rust Puccinia graminis f.sp. tritici in
fecting wheat leaves . By using the progressive lowering 
temperature (PLT)-technique instead of freeze substitu
tion fewer antigenic sites have been detected. PLT-tech
nique is based on chemical fixation at room temperature 
prior to progressive lowering of the temperature for 
Lowicryl embedding at low temperature conditions. In 
all samples, the density of detectable antigenic sites is 
considerably increased using freeze substitution (Hippe
Sanwald, 1993). 

The results show that molecular components of the 
extrahaustorial matrix originate from the haustorial cell 
walls of the rust fungus (Marticke, 1994). However, 
evidence exists that similar glycoproteins, like the stem 
rust elicitor molecules, may also occur in the cell walls 
of other biotrophic fungal pathogens such as powdery 
mildew on barley. As shown in Figure 15, monoclonal 
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anti-stem rust elicitor antibodies cross-reacted with simi
lar epitopes occurring in the extrahaustorial matrix and 
outer haustorial cell wall layer of powdery mildew on 
barley . Presumably, various biotrophic pathogens share 
common elicitor epitopes which may play an important 
role in the plant pathogen interaction by triggering the 
plant resistance response in a still unknown way. 

Conclusion and Perspectives 

Low temperature preparation techniques can be re
garded as important tools in biological electron micros
copy. In plant pathology, these combined methods of 
ultrarapid freezing, freeze substitution and low tempera
ture embedding offer a deeper insight into the archite.c
ture and the molecular substructure of the host parasite 
interface. On the basis of these methods, new perspe.c
tives are offered for a combined celi biologicai and mo
lecular analysis. The fate of a protein in the cell as well 
as the spatial identification of compounds being possibly 
involved in the cellular signal transduction during a host
parasite interaction, can be analyzed on the subcellular 
level. A deeper understanding of the structure-function 
relationship in biology, and in particular, in plant biol
ogy with regard to the plant parasite interaction, can be 
achieved . 
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