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Excellent preservation and new structural details can be demonstrated in rust-infected leaf tissue after high pressure freezing 
and freeze-fracturing. A tubular-vesicular complex was the most remarkable cytoplasmic structure obsetved in cells 
of tile bean rust fungus Uromyces appendiculatus var. appendiculatus during its establishment in its host Phaseolus vulgaris. 
In fungal ceUs undergoing intensive synthesis of wall material, this membranous system extended throughout the cYtoplasm; 
in addition, vesicles were accumulated adjacent to the plasma membrane. Here, membrane-associated configurations 
were observed which seem to be involved in exo- and/or endocytotic processes. It is assumed that the tubular-vesicular 
complex belongs to the endomembraneous system of the bean rust fungus and that it is involved in the synthesis and 
secretion of wall material. 
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INTRODUCTION critical freezing rate is reduced and specimens up to 
600 f.lm thick can be frozen.The use of HPF leads to an 

In order to understand the interaction of rust fungi with excellent preservation of both infected plant and fungal 
their host plants it is very important to preserve the tissue, as is demonstrated with the bean rust fungus in this 
ultrastructure in its native state. This can be better achieved paper. Furthermore, we were able to describe fungal 
by the use of cryofixation methods than by chemical fix­ plasma membrane-associated structures which may be 
ation. Improved ultrastructural preservation after rapid involved in exo- and endocytotic processes. 
freezing was demonstrated both with fungal mycelium 
grown in vitro [4, 5, 7-12] and fungal-infected plant tissue 
[2, 6]. Fungi such as Venturia inaequalis and Erysiphe 
graminis f. sp. hordei colonize the epidermal cells of their 
host, and can be effectively preserved with rapid freezing MATERIALS AND METHODS 
methods [2, 6]. In contrast, rust fungi colonize the 

Bean plants (Phaseo/us vulgaris cv. Fori) were grown in stan­mesophyll, which makes it difficult to preserve them ade­
dard soil under a light-dark period of 16 hr/8 hr (8000 lux) and quately. Many of the published freezing procedures are 
corresponding temperatures of 20°C/18°C. Fourteen-day old not applicable to rust infected plant tissue because of the primary leaves were inoculated with fresWy collected uredospores low freezing rates achieved in whole plant tissue. Well fix­ of Uromyces appendicu/atus (pers.) Unger var. appendicu/atus,

ed plant tissue can be obtained by combining chemical fix­ isolate SWBR. Eight days after inoculation leaf samples were 
ation with cryofixation methods, but fixatives and fixed by high pressure freezing. Prior to freezing, leaf segments 
cryoprotectants introduce many artifacts [30]. They are were vacuum infiltrated with tap water of room temperature to 
known, for instance, to alter the morphological and remove the air from the intercellular space. Samples (1 mm') were 
physical properties of membranes. sandwiched with a drop of tap water between 2 gold-support 

platelets (3 mm diam.) (Balzers, Lichtenstein). The upper platelet High pressure freezing (HPF) [20-22, 25] overcomes 
was covered with egg lecithin to ensure that it could be removed these problems. By the application of a hydrostatic 
without destroying the sample. Freezing was carried out withpressure of approximately 2100 bar to the sample, the 
Balzer's HPM 010 [20, 22]. The pressure and temperature course 
was recorred for each experiment to control the freezing condi­
tions. Frozen samples were stored in liquid nitrogen until the 
freeze-fracturing step. 

Fracturing and replication was carried out with a Balzer's BAF 
300 freeze-etch device following standard procedures. Etching 

Abbreviations: EF =exoplasmic face; HPF =high pressure freez­ was performed at - 110°C for approximately 1 min. Replicas 
ing; IMP = intramembrane particle; PF = protoplasmic face; were cleaned at room temperature in 12070 alcoholic KOH for 
TVC = tubular-vesicular complex. 4 hr, 70% sulfuric acid for at least 24 hr and 0.25 M chromic 
• Correspondence and reprints acid for 1 hr [23]. The replicas were mounted on pioloform­
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coated copper grids (50 mesh) and examined with a Zeiss EM 
10 e electron microscope at 80 kV. The terminology according 
to Branton et al. [Il was used. The shadowing direction is in­
dicated by an arrowhead on each micrograph. 

RESULTS 

Eight days after inoculation, infected tissue contained 
every developmental stage of the fungus from young in­
tercellular hyphae spreading into uninfected host tissue to 
sporogenous tissue producing mature uredospores. 

After freeze-fracturing, the cytoplasm of the fungal cells 
had a very smooth surface and the organelles could be easi­
ly distinguished. In addition to other organelles, a 
membrane-bound tubular-vesicular complex (TVC) was 
clearly visible in every type of fungal cell. We found TVCs 
which were either composed of only a few tubules (Fig. la) 
or which were formed by large and densely coiled com­
plexes of tubules or cisternae (Fig. Ib). It could not be 
determined whether the TVCs were spherical or more flat­
tened organelles. Associations of TVCs with any other 
organelles were not obvious. They were randomly 
distributed and, depending on the plane of fracture, they 
were found adjacent to nuclei, endoplasmic reticulum or 
mitochondria. 

Only a few groups of small TVCs were distributed in 
non-vacuolated intercellular hyphae (Fig. 2). The extent 
of the TVCs found in the sporogenous tissue depended 
on the stage of development. Similar to the intercellular 
hyphae, only small groups of the TVCs existed in the basal 
cells and uredospore initial cells. The sporophores and 
especially the developing uredospores, both of which arise 
from the division of the uredospore initial cells, had ex­
tensive TVCs throughout the cytoplasm (Fig. 3). After the 
formation of the prominent wall by the immature 
uredospores, the spore spines were deposited between the 
plasmalemma and the wall (Fig. 4). At this stage of 
development the extent of TVCs decreased and a greater 

number of lipid bodies was found in the fungal cells. No 
TVCs were observed in the mature uredospores, which 
were densely packed with both small and large lipid bodies 
(Fig. 5). In contrast to the large spherical lipid bodies, the 
small ones had an irregular fracture pattern. 

The fungal plasma membrane fracture faces, EF and 
PF, showed the typical distribution of intramembrane par­
ticles (IMPs), i.e. fewer particles on the EF and many even­
ly distributed particles on the PF. Various membrane­
associated structures were observed at the plasmalemma 
of the fungal cells which had TVCs aggregated beneath 
the plasma membrane and vesicles in close contact with 
the membranes (Fig. 6a). Canal-like structures similar to 
that of Fig. 6b were found on the PF. The PF frequently 
displayed depressions which exhibited IMPs, but at a lower 
density than the bulk of the plasma membrane (Fig. 6c). 
The EF showed bulges corresponding to the depressions 
on the PF (Fig. 6d). Some of the larger bulges were cross­
fractured and seemed to be filled with an amorphous 
material. Both elevations and invagination" varied in 
diameter and depth or height. In addition, IMP-free bulges 
of various size occurred on the PF of the sporogenous 
tissue (Fig. 7a). IMPs surrounded such blisters either 
regularly (Fig. 7b) or irregularly (Fig. 7c). When the mem­
branes were locally disrupted, vesicle-like structures which 
resembled the smooth bulges were seen in the openings 
(Fig. 7d). The same cells contained irregularly shaped 
elevations at the PF, which were IMP-free. 

DISCUSSION 

We suggest that the described tubular-vesicular structures 
belong to the endomembrane system of the rust fungus. 
There is a correlation between the degree of thickening 
of the fungal cell wall and the extent of the tubular­
vesicular complexes (TVCs). The intercellular hyphae were 
characterized by a relatively Iow number of TVCs. The 

FIGURE 1. - The TVe may be composed of only a few tubules (a); x 69,000; or they may extend to densely coiled tubules; M: 
mitochondrion (b) x 30,000; bars = 0.33 ,um. 
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FIGURE 2. - The intercellular hyphae show only a few tubular-vesicular complexes (TVC). FPM: fungal plasma membrane; IS: 
intercellular space; M: mitochondria; X 19,000; bar = I f.£m. 

FIGURE 3. - Sporogenous hyphae exhibit a dense network of TVCs (a); X 44,000; bar =0.5 f.£m. The EP and pp of the TVCs have 
a different IMP distribution (b); X 80,000; bar =0.25 f.£m. 
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FIGURE 4. - Immature uredospores exhibit, beside mitochondria (M), lipid bodies (LB) and nuclei (N) single TVCs. FCW: fungal 
cell wall; SP: spore spines; x 26,000; bar = 1 !-tm. 

FIGURE 5. - The mature uredospores do not exhibit any TVC. The cytoplasm is comprised mainly of lipid bodies (LB) which differ 
in their fracture pattern. The plasma membrane (FPM) is not undulated and it is closely pressed to the thick fungal wall (FCW); 
x 15,000; bar = I !-tm. 
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FIGURE 6. - Membranes (FPM) and vesicles (Ve) seem to be connected. Tu: tubule (a); x 100,000. Canal-like holes (open arrow) 
and elevations which exhibit IMP are rarely found at the PF (b); x 101,000. Depressions of various depth appear at the PF. They 
showed a few IMPs. Note the tubule (Tu) lying beneath the plasma membrane (FPM) (c); x 51,000. Elevations of various height 
arise at the EF. In a cross-fracture an amorphous substance appears inside (d); x 54,000; bars =0.2 ,urn. 
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situation was very different in the reproductive phase of 
the fungus. TVCs and individual vesicles were abundant 
and a dense network of tubular or cisternal structures was 
produced. Furthermore, membrane-associated structures 
which could be involved in exocytotic processes [15, 24, 
26] were demonstrated at the plasma membranes of the 
fungal cells. TVCs in the intercellular hyphae may not only 
be involved in synthesis and secretion of wall material re­
quired for the hyphal elongation previously or for the for­
mation of the septae, but they may also serve for the 

synthesis and secretion of molecules which take part in 
recognition processes between host and parasite [19]. 
Sporogenous cells, on the other hand, provide material 
for the very thick spore walls. This requires considerable 
synthetic and secretory activity and would explain the ex­
tensive TVCs found in these cells. 

Similar structures in rust fungi cultivated in vivo have 
not been described after conventional freeze-fracturing 
techniques [3,16]. Inadequate fixation methods probably 
caused the deformation of such membranous systems. 

FIGURE 7. - Fungal plasma membranes (FPM) exhibit various membrane structures. Beside small bulges irregularly shaped eleva­
tions and depressions appear which are IMP-free (a); x 40,000; bar = 0,5 ?Lm. Around the bulges the IMP are either regularly (b) 
or randomly arranged (c). If the membrane is burst similar structures appear in the opening (d); x 101,000; bars=0.2 ?Lm. 



369 Secretion in a rust fungus 

Structures resembling the TVCs were also not observed 
in cryofixed germlings of the bean rust fungus grown in 
vitro [lO]. Although this absence of TVCs could be due 
to the different preparation techniques, it is more likely 
that the TVCs are structures specific to the biotrophic 
phase of the fungus. Up to now, the position of the TVCs 
in the endomembrane system cannot be determined 
precisely. Various presumed Golgi systems have been 
described for fungi [2, 5-12], but TVCs are much more 
complex and larger than the short segments of cisternae 
or tubules described in those studies. TVCs could repre­
sent structures similar to the "grey staining areas" in 
Erysiphe graminis [2]. It cannot be excluded that the TVC 
is an aggregation of modified membranes of the en­
doplasmic reticulum [29]. However, TVC and endoplasmic 
reticulum could easily be differentiated in our replicas. The 
latter looked similar to what has been described in other 
rust fungi after conventional fixation [17]. 

We suggest that the various membrane-associated struc­
tures represent more or less specific intermediate stages 
of exocytotic processes of the rust fungus. Secretory ac­
tivity is indicated by a large amount of TVCs. Vesicles con­
nected to the plasma membrane seemed to release their 
contents out of the protoplast. According to schemes for 
exocytosis [15,24,26] the canal-like hole of Fig. 6b may 
represent an exocytotic canal. It is assumed that exocytotic 
vesicles give rise to depressions at the PF and correspond­
ing elevations at the EF, which exhibit IMPs. However, 
it cannot be excluded that the observed membrane­
integrated structures are also involved in endocytotic 
processes, although such processes seem to be unlikely 
in sporogenous cells. Such membrane-associated struc­
tures have never been described in rust fungi. Although 
the above-described structures may not represent the 
whole exocytotic process, they should be regarded as 
a basis for further studies of secretion processes in rust 
fungi. As a next step we will characterize the content' of 
these vesicles. 

We suggest that the structures of Fig. 7 represent mem­
brane regions where vesicular or tubular structures are in 
such a close contact with the plasma membrane that they 
cause it to bulge. It cannot be determined whether the 
cytoplasmic structures are forced against the membrane 
because of cell dehydration during freezing or whether 

'-'" these structures are involved in membrane dynamic pro­
cesses. The spore wall is very heterogeneous in composi­
tion (chitin, glucans, phenolic compounds) [13, 27, 28] and 
it is still unknown whether these various substances are 
secreted in the same way. Also, it is assumed that material 
for the spore spines must be secreted and after the spines 
are formed they must be pushed into the spore wall. We 
know nothing about the dynamics of these events and fur­
ther studies are needed to elucidate this question. Further­
more, these structures may be related to specific membrane 
recycling processes as they are discussed by Staehelin and 
Chapman [26]. 

The replacement of chemical pretreatments (which in­
troduce many artifacts) by HPF is a good basis for validity 
of results. However, care must be taken in the interpreta­
tion of the unconventional structures, as there is little in­
formation available concerning HPF artifacts. It cannot 
be excluded that the freezing rate achieved by HPF in 
deeper regions of the 500-flm thick uredium is insufficient 
to stabilize membrane dynamic events [20]. The lower 
freezing rate may also induce phase separation at the 
plasma membranes, which in turn may induce IMP 
redistribution [14]. Moreover, pressure-induced alterations 

may occur at the membranes before they freeze [18, 20]. 
Further work is needed to clarify these aspects, as in 
systems such as rust-infected plant tissue, high pressure 
freezing is the only available cryofixation method, and it 
opens up a wide field for further research. 
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