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Abstract: The septal pore apparatus in intercellular 
hyphae of Ustacystis waldsteiniae was analyzed by serial
section electron microscopy using chemically fixed and 
high pressure frozen/freeze substituted samples. Sep
ta have a central "simple" pore with rounded, non
swollen margins. However, the pore apparatus is a 
highly complex structure, differing significantly from 
that found in "simple"- and complex-septate basidi
omycetes. Three features are typical: 1) the pore canal 
is traversed by two symmetrically arranged bands, 2) 
a dome shaped membranous cap, intimately attached 
to the plasma membrane, encloses the pore on both 
sides, and 3) a thin electron transparent layer and a 
layer of medium electron density cover the cytoplasmic 
side of the membranous cap. From our observations 
of septal pore morphology we suggest a general ab
sence of transport of organelles including ribosomes 
through the pore. 

Key Words: freeze substitution, septal pores, smuts, 
Ustacystis waldsteiniae 

INTRODUCTION 

Evolutionary trends within the smuts and between the 
smuts and other heterobasidiomycetous groups are 
only poorly understood (Oberwinkler, 1985; Vinky, 
1987). Therefore, for the last 8 yr we have examined 
numerous smuts and presumed relatives by light and 
electron microscopy. 

Part 97 of the series "Studies in Heterobasidiomycetes." 
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Septal pore morphology studied in many basidio
mycetes (see Oberwinkler, 1985 and the references 
therein) continues to play an important role in the 
arrangement of these taxa (Wells, 1994). These studies 
indicate that characteristics of septal pore apparatus 
are conserved and indicative for natural relationships. 
Perhaps because many smuts are difficult to collect in 
a serviceable condition for electron microscopy and/ 
or difficult to fix, few studies of their septal pore char
acteristics are available (Oberwinkler, 1985; Bauer et 
al., 1989). Here, we describe septal pore architecture 
of Ustacystis waldsteiniae (Peck) Zundel based on de
tailed observations mainly of samples prepared by use 
of high pressure freezing and freeze substitution. 

MATERIALS AND METHODS 

Materia~ lL5ed.-Leaves of Waldsteinia geoides Willd. 
with young sori of Ustacystis waldsteiniae were collected 
in a natural area of the Botanical Garden of the Univ
ersitat Tiibingen (Tiibingen, Baden-Wiirttemberg, 
Germany, 14 April 1992, designated R. Bauer 1056) 
where no fungicides are used. 

Conventional chemicalfixation. -Infected areas of leaves 
were fixed in 2% glutaraldehyde in 0.1 M sodium cac
odylate buffer (pH 7.2) at room temperature over
night. Following six transfers in 0.1 M sodium caco
dylate buffer, samples were postfixed in 1% osmium 
tetroxide in the same buffer for 2 h in the dark, washed 
in distilled water, and stained in 1% aqueous uranyl 
acetate for 1 h in the dark. After five washes in distilled 
water, samples were dehydrated in acetone, using 10 
min changes at 25%, 50%, 70%, 95%, and 3 times in 
100% acetone. Samples were embedded in Spurr's 
plastic (Spurr, 1969). . 

Serial sections (65-75 nm) were cut on a Reichert
Jung Ultracut E (Leica, NuBloch) with a diamond knife. 
Sections were mounted on formvar-coated, single-slot 
copper grids, stained with lead citrate (Reynolds, 1963) 
at room temperature for 3-5 min, and washed again 
with distilled water. They were examined with a trans
mission electron microscope EM 109 (Zeiss, Ober
kochen) at 80 kV. 

High pressure freezing and freeze substitution.-Infected 
areas of leaves were removed with a 2-mm cork borer. 
In order to remove air from intercellular spaces, sam
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pies were infiltrated with distilled water containing 6% 
(vjv)(2.5 M) methanol for approximately 5 min at room 
temperature. Single samples were placed in an alu
minum holder (one halfwith a hollow of 0.3-mm depth 
for the sample and the other a flat top) and frozen 
immediately in the high pressure freezer HPM 010 
(Balzers Union, Lichtenstein) as described in detail by 
Mendgen et al. (1991). 

Substitution medium (1.5 ml per specimen) con
sisted of 2% osmium tetroxide in acetone which had 
been dried over calcium chloride. Freeze substitution 
was performed at -90 C, -60 C, and -30 C, 8 h for 
each step, using a Balzers freeze substitution appa
ratus FSU 010. The temperature was then raised to 
approximately 0 C over a 30-min period and samples 
were washed in dry acetone for another 30 min. In
filtration with an EponjAraldite mixture (Welter et 
al., 1988) was performed stepwise: 30% resin in ace
tone at 4 C for 7 h, 70% and 100% resin at 8 C for 
20 h each and 100% resin at 18 C for approximately 
12 h. Samples were then transferred to fresh medium 
and polymerized at 60 C for 10 h. 

Samples were then processed as for chemically fixed 
samples described above except that the sections were 
additionally stained with 1% aqueous uranyl acetate 
for 1 h. 

Septal pores investigated.-Data for this report were 
obtained from 45 septal pores prepared by high pres
sure freezing and freeze substitution, and 28 prepared 
by chemical fixation. Septal pores were investigated 
from hyphae located in peripheral and central parts 
of the sori. 

RESULTS 

Examples of septal pores prepared by high pressure 
freezing followed by freeze substitution or conven- , 
tional chemical fixation are shown in FIGS. 1-4 and 
FIGS. 5, 6, respectively. By both fixation techniques 
the general septal pore architecture was recognizable. 
In high pressure frozen hyphae, however, septal pore 
morphology had a more regular appearance and was 
more distinct than after conventional fixation (com
pare FIGS, 1, 2 with FIGS. 5, 6). Thus, in high pressure 
frozen hyphae plasma membrane followed the contour 
of the septum closely (FIGS. 1-4), whereas in conven
tionally fixed hyphae plasma membrane was often ir
regularly folded (FIGS. 5, 6). In addition, plasma mem
brane of a high pressure frozen cell appeared different 
from that after conventional fixation. In convention
ally fixed cells (FIGS. 5, 6), the two electron dense 
layers of the tripartite plasma membrane were more 
or less equal in thickness. In high pressure frozen cells, 
however (FIGS. 1-4), the exoplasmic electron dense 

layer of plasma membrane appeared thinner than the 
other. Septal walls were usually of greater electron 
density after high pressure freezing than after con
ventional fixation. Moreover, the trilamellate nature 
of septa appeared clearer after high pressure freezing 
than after conventional fixation (compare FIG. 4 with 
FIG. 5), and the septal wall often appeared irregularly 
swollen after conventional fixation (FIGS. 5, 6). Each 
septum had a central "simple" pore with nonswollen 
margin. The pore lip after high pressure freezing, but 
not after conventional fixation, was generally rounded 
(compare FIGS. 1-4 with FIGS. 5, 6). Plasma membrane 
was continuous through the pore and the diameter of 
the intermembrane space within the pore was 0.06
0.07 ~m. 

The pore apparatus was a highly complex structure. 
The pore canal was traversed by two symmetrically 
arranged electron dense bands (labelled in FIG. 1). 
Sometimes, these bands showed a partial fibrillar sub
structure after high pressure freezing (FIG. 2). They 
contacted plasma membrane in the pore. In three pores 
with extremely thin cross walls these bands were absent 
(not illustrated), apparently reflecting different de
velopmental stages. Outside these bands towards the 
cytoplasm a dome shaped cap limited the orifice area 
of the pore at either side (labelled in FIG. 1). In both 
high pressure frozen (FIGS. 1-4) and conventionally 
fixed (FIGS. 5, 6) septa, the membranous nature of 
these caps was apparent: two electron dense layers 
were separated by a thin electron transparent layer. 
The two electron dense layers were equal in thickness 
(FIGS. 1-6). Layering of the cap was similar to that of 
plasma membrane after conventional fixation (FIGS. 
5,6), whereas after high pressure freezing the electron 
dense layer of plasma membrane at the exoplasmic 
face appeared thinner than each of the electron dense 
layers of the cap (FIGS. 1-4). In high pressure frozen 
hyphae, however, layering of caps was basically similar 
to that of vacuole membranes (FIG. 4). The cap was 
unfenestrated. It terminated directly next to the ad
jacent electron dense band in the protoplasmic elec
tron dense layer of plasma membrane and was never 
observed extending into the exoplasmic electron dense 
layer of plasma membrane (FIGS. 1-4). Under optimal 
sectioning conditions it appeared that at the contact 
area the protoplasmic electron dense layer of plasma 
membrane was continuous with the two electron dense 
layers of the cap, extending at a right-angle to the cap 
(FIG. 3). Occasionally, small lines of medium electron 
density extended between the two caps of a pore tra
versing the inner bands (FIG. 2). A thin electron trans
parent layer and a more or less diffuse layer of medium 

/ electron density followed the contour of the cap at 
the cytoplasmic side (labelled in FIG. 1). Cisternae of 
endoplasmic reticulum were often associated with the 
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la\er of medium electron density (FIGS. 1, 2). They 
"ere of poor contrast after high pressure freezing and 
conventional fixation. No ribosomes or other organ
elles were observed in the pore domain enclosed by 
caps. 

Lsually the two caps of a pore were smooth and 
symmetrically arranged. In seven high pressure frozen 
pores, however, one or several bulges were present 
ei~her at one cap or at both (FIG. 3), extending from 
the cap into the cytoplasm. In addition, in six high 
pressure frozen pores one cap was extremely expand
ed in a sac-like fashion thus giving the impression of 
a vacuole (FIG. 4). In these cases the layer of medium 
electron density surrounded only the basal part of the 
cap adjacent to the septal wall and the membranous 
nature of the cap appeared clearly. Such modifications 
of the caps were not observed in conventionally fixed 
samples. 

DISCUSSION 

Septal pore fine structure of U. waldsteiniae after high 
pressure freezing is very similar to that after conven
tional fixation. The differences between the high pres
sure frozen and conventionally fixed septal pores ob
served in this study reflect only the general differences 
between freeze substitution and chemical fixation, as 
described and illustrated by many authors (e.g., Hoch 
and Howard, 1980, 1981; Hoch and Staples, 1983; Hoch, 
1986; Berbee and Wells, 1988; Mims et al., 1988; Welter 
et al., 1988; Berbee et aI., 1991; Lii and JV!:cLaughlin, 
1991). Thus, the comparison of high pressure frozen 
and conventionally fixed septal pores indicate that use 
of 6% methanol as a cryoprotectant did not influence 
septal pore fine structure. 

Panulox of the "membrane" cap.-The different bio
membranes observed in this study including the caps 
share a common substructure. In addition, differences 
observed in layering among the biomembranes are 

similar to those between caps on the one hand and 
biomembranes on the other. For example, differences 
in layering between plasma membrane and the vacuole 
membrane are comparable to those between the cap 
and vacuole membrane. These data suggest that the 
caps enclosing pores are composed of single bio
membranes. This situation is extremely unusual and 
presents somewhat of a paradox. Biomembranes are 
endless, being in section always arranged in rings. This 
dogma (Kleinig and Sitte, 1992) supports our obser
vation that caps are continuous with the protoplasmic 
layer of plasma membrane. However, another dogma 
says that single biomembranes are unbranched (Klei
nig and Sitte, 1992). Only if two membranes fuse or 
vice versa (for example secretory vesicle/plasma mem
brane fusion or vesicle production of dictyosomes), 
can a situation develop in which biomembranes are 
branched, similar to that of U. waldstei71iae. But this is 
a dynamic process and is not stable as in the septal 
pores of U. waldsteiniae. For the situation in U. wald
steiniae there are two explanations: 1) the caps are not 
composed of biomembranes, or 2) they are composed 
of biomembranes, in which case the biomembrane is 
unusually branched or two biomembranes are unusu
ally fused. 

Functional aspects.-Septal pores play a dominant role 
in communication between hyphal cells. They allow 
cytoplasmic continuity between cells and control cy
toplasmic streaming (Bracker, 1967). Cytoplasmic 
streaming is regarded by Bracker and Butler (1964) as 
an important mechanism for nutrient transport and 
cytoplasmic translocation. For dolipores with par
enthesomes several authors have suggested that com
munication between hyphal cells is regulated not only 
by the pore itself, but also by the parenthesomes and 
other material in the pore canal, e.g., bands or rings 
(Butler and Bracker, 1970; Thielke, 1972; Lii and 
McLaughlin, 1991). Bracker and Butler (1964) and Tu 
et al. (1977) suggested that organdIes can pass through 

FIGS. 1-6. Septal pore apparatus of Ustacystis waldsteiniae prepared by high pressure freezing and freeze substitution (FIGS. 
1-4), or chemical fixation (FIGS. 5, 6). Bars = 0.1 !Lm. 1. Typical septal pore apparatus after high pressure freezing with 
rounded pore margin, two electron dense bands (small arrowheads) and two tripartite membranous caps (large arrowheads). 
A thin electron transparent layer (small arrows) and a more diffuse layer of medium electron density (large arrows) follow 
contours of the membranous caps at each cytoplasmic side. Cisternae of endoplasmic reticulum (E) contact the layer of 
medium electron density at one side. Note unequal layering of the plasma membrane. 2. One band shows partial fibrillar 
substructure (arrow). Note that thin lines extend between membranous caps (arrowheads). E, associated cisternae of endo
plasmic reticulum. 3. Section showing membranous caps with three bulges (arrows) and unequal layering of plasma membrane. 
The protoplasmic electron dense layer ofplasma membrane (double arrow) appears continuous with two electron dense layers 
of membranous caps, extending at a right-angle (arrowheads). 4. One membranous cap is highly expanded (arrow) and the 
layer of medium electron density (double arrowheads) surrounds only the basal part of this cap adjacent to the septal wall. 
Note that layering of this cap (arrow) is basically similar to that of neighbouring vacuole membrane (arrowhead). 5, 6. Two 
typical septal pore apparatus after conventional fixation showing irregular plasma membrane, but the general septal pore 
architecture is comparable to that after high pressure freezing (labelled in FIG. 1). Note that the membranous nature of caps 
is clearly recognizable. 
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the pores in Rhi:.octonia spp. because of the wide per
forations in parenthesomes and pores. 

It is clear from our study that in U. waldsteiniae 
organelles including ribosomes cannot pass through 
intact septal pores. Two membranous caps and at least 
four additional structures may prevent passage of or
ganelles. This interpretation is supported by the fact 
that the septal pore domain enclosed by caps is wholly 
organelle-free. But nutrient transport through the pore 
must be possible, at least from haustoria to intercel
lular hyphae, and finally to the teliospore initials. The 
six structures observed in septal pores of U. waldstei
niae may also serve as filters to prevent uncontrolled 
transport of substances from cell to cell. It is unclear, 
whether modifications in pore caps observed in this 
study after high pressure freezing represent real trans
fer stages because the possibility of artifacts cannot 
be excluded. Thus, expansion of membranous caps 
apparently involves the rupture of the surrounding 
layer of medium electron density. 

Phylogenetic aspects. -As reviewed by Khan and Kim
brough (1982) and OberwinkJer (1985), basidiomycetes 
possess two main types of septal pore apparatus: "sim
ple" pores and dolipores. Dolipores possess pore 
swellings either without pore caps or with cupulate, 
nonperforate or perforate pore caps. "Simple" pores 
lack the pore swelling and mayor may not be associ- _ 
ated with specialized structures. 

Several distinct types of simple septal pores may be 
distinguished in auricularioid fungi: 1) Cryptomycoco
lax-type in Cryptomycocolacales (OberwinkJer and 
Bauer, 1990): the pore possesses a pulley-wheel pore 
occlusion. An organelle-free zone, delimited by mi
crobodies and Woronin bodies surrounds each side of 
the septal pore. These septal pores closely resemble 
septal pores of Uredinales and of many ascomycetes. 
~) Rust-type in the rusts (Littlefield and Heath, 1979) 
and auricularioid phytoparasites except Kriegeria er
iaphori Bres. (Bourett and McLaughlin, 1986; Boehm 
and McLaughlin, 1989; Bauer and OberwinkJer, 1994): 
septal pores possess characteristic pulley-wheel plugs. 
The septal pore area consists of an organelle free zone 
surrounded by a circular arrangement of microbodies. 
Rust septal pores closely resemble Cryptomycocolax sep
tal pores, but differ in the absence of Woronin bodies. 
:~) Agaricostilbum-type in Agaricostilbales (OberwinkJer 
and Bauer, 1989): septal pores are associated with elec
tron dense nonmembrane-bounded globules. 4) Atrac
lIe{[a-type in Atractiellales sensu Oberwinkler and Bauer 
(1989); pores are associated with globose compart
ments differentiated into electron dense peripheral 
ia\ ers and electron transparent central parts. 5) Stil
;r/i T7i - type inCh ionosphaeraceae and Colacogloea pen
J1,h()'-a~' (Bourd. & Galz.) Oberw. & Bandoni (Ober

winkJer and Bauer, 1989; Oberwinkler et al., 199oa): 
small septal pores are not associated with vesicles or 
vesicle-like structures. 6) Kriegeria-type in Kriegeria 
eriophori (Doubles and McLaughlin, 1991); pore mor
phology is essentially identical to that of the Stilbum
type, but septa are multiperforate. 7) Atractogloea-type 
in Atractogloeaceae (OberwinkJer and Bauer, 1989): a 
swollen septal wall is more or less abruptly flattened 
towards the pore margin. Pores are not associated with 
electron dense vesicles orbodies. 8) Septobasidium-type 
in Septobasidiales and Platygloea disciformis (Fr.) Neu
hoff (OberwinkJer et al., 199oa): pore morphology is 
essentially identical to that of Atractogloea stillata Ob
erw. & Bandoni, but the pores are associated with 
electron dense globules and bandings. 9) Heterogastri
dium-type in Heterogastridiales (OberwinkJer et ai., 
199ob): the periphery of electron dense bodies, adja
cent to the septal pore, is not sharply delimited from 
the cytoplasm. Electron dense bodies then fuse and 
occlude septal pores. Septal pore apparatus of U. wald
steiniae differs significantly from that found in "sim
ple"-septate auricularioid basidiomycetes. Presence of 
two bands and two membranous caps at the pore in 
U. waldsteiniae reflects a fundamental difference from 
"simple"-septate auricularioid basidiomycetes. 

Members of holobasidiate Exobasidiales (Khan et 
al., 1981) and Graphiolales (OberwinkJer et al., 1982) 
also revealed a "simple" septal pore structure with a 
more or less rounded pore margin. Perhaps the mem
branous structures sometimes found enclosing septal 
pores of Exobasidium vaccinii Wor. and E. camelliae 
Shirai at one or both sides (Khan et al., 1981) are 
homologous to membranous caps enclosing septal 
pores of U. waldsteiniae, but additional studies are 
needed to clarify this supposition. 

Septal pores in smuts are still insufficiently exam
ined. Moore (1972), Robb (1972), Deml (1977), Bauer 
et al. (1989) and Boekhout et al. (1992) found no pores 
in many smuts; however, narrow pores with slightly 
inflated pore margins were found in basidial septa of 
Ustilago maydis (De Candolle) Corda (Ramberg and 
McLaughlin, 1980; O'Donnell and McLaughlin, 1984), 
U. tritici (Pers.) Rost., U. avenae (Pers.) Rost. (Bauer 
et al., 1989) and U. esculenta P. Hennings (Nagler et 
al., 1990). Dolipores in hyphae were described and 
illustrated for Entorrhiza casparyana (P. Magnus) Lag
erheim (Deml and OberwinkJer, 1981) and some spe
cies of Tilletia (Deml, 1977; Roberson and Luttrell, 
1989), whereas distinct "simple" pores were described 
for Urocystis spp. (Nagler, 1987). The septal pore ap
paratus of U. waldsteiniae resembles that of species of 
Urocystis. Based on morphological similarities, Ustacys
tis waldsteiniae was originally described as Urocystis 
waldsteiniae Peck. Zundel (1945) transferred the spe
cies to the new genus Ustacystis, based on presence of 
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phragmobasidia. Obviously, within smuts, a mono
phyletic group exists with different basidial types. 
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