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ABSTRACT 

Interpretation of freeze-fracture and thin-section results shows that fusion of the 
peripheral vesicle with the plasmalemma of a Phytophthora palmivora zoospore 
occurs at several discrete sites and results in the formation and expansion of a 
particle-free bilayer membrane diaphragm and in the appearance of a poly- 
morphic network of membrane-bounded tunnels, the lumina of which are continu- 
ous with the cytoplasm. The outer half of the bilayer membrane diaphragm 
appears continuous with the outer half of the plasma membrane; the inner half of 
the bilayer membrane diaphragm with the inner half of the peripheral vesicle 
membrane; and the inner half of the plasmalemma with the outer half of the 
peripheral vesicle membrane. 

Interpretation of our results leads us to formulate a hypothesis for a sequence of 
several intermediate stages involved in membrane fusion. The initial fusion event 
is viewed as a local catastrophe (Thorn, R. 1972. Stabilit6 Structurelle et Morpho- 
gen~se. W. A. Benjamin Inc., Reading, Mass.) involving the sudden reorganiza- 
tion of apposed elements of the inner half of the plasmalemma and the outer half 
of the peripheral vesicle membrane. Fusion of apposed components at the rim of 
the perimeter of fusion results in the formation of a toroid hemi-micelle which 
provides continuity between the inner half of the plasmalemma and the outer half 
of the peripheral vesicle membrane. Simultaneously, apposed components at the 
site of fusion may reorganize into an inverted membrane micelle. A bilayer 
membrane diaphragm is then formed by apposition and flowing of components 
form the outer half of the plasmalemma and the inner (exoplasmic) half of the 
peripheral vesicle membrane. The existence of large areas of membrane contact 
before fusion may lead to several fusion events and the formation of a poly- 
morphic network of membrane-bound tunnels. 

Membrane fusion is a frequent and important 
event in the life of most eukaryotic cells (17, 23, 
29, 30). Among other cellular processes, mere- 

brane fusion mediates secretion as a necessary 
step to the transfer of macromolecules contained 
within cytoplasmic vesicles to the cell periphery or 
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the extracellular space (23). 
The sequence of events during membrane fu- 

sion has been divided into four stages (29): (a) 
close approximation and contact; (b) induction, 
i.e., the establishment of an adequate physical- 
chemical milieu at (or near) the site of fusion; (c) 
fusion proper, i.e., the establishment of inter- 
membrane linkages; and (d) stabilization, i.e., the 
reestablishment of a physical-chemical equilibrium 
within the region of fusion. The third stage of 
fusion must involve considerable rearrangement 
of membrane components within a restricted do- 
main. Palade and Bruns (24) analyzed high resolu- 
tion profiles of plasmalemmal vesicles of vascular 
endothelia and proposed that, after close apposi- 
tion of the membranes (observed as a pentalami- 
nar profile), membrane reorganization led to pro- 
gressive elimination of layers and resulted in the 
appearance of one membrane (observed as a tri- 
laminar profile) common to both the plasma mem- 
brane and the membrane of the fusing vesicle. 
Continuity of spaces (vesicle lumen and extracel- 
lular space) occurred either by destabilization of 
this common membrane (by destruction and/or 
reabsorption) or by its further reorganization into 
a single-layered diaphragm (i.e., not containing a 
bilayer membrane). 

The introduction of freeze-fracture and freeze- 
etch techniques made it possible to overcome in- 
herent limitations of thin-section techniques be- 
cause they provided images that contained infor- 
mation relative to the planar distribution of mem- 
brane components instead of averaged electron 
density profiles of stainable components in cross- 
sectioned membranes. Using these techniques, Sa- 
tir and co-workers (33, 34) observed membrane 
fusion during mucocyst secretion in Tetrahymena 
and proposed a model for membrane reorganiza- 
tion during fusion which is qualitatively different 
from that of Palade and Bruns. Briefly, a rosette 
of membrane particles (thought to represent pro- 
tein-containing intramembrane structures) was 
formed before fusion. Membrane apposition, fu- 
sion, and stabilization did not involve the forma- 
tion of a bilayer membrane diaphragm but, in- 
stead, the brief formation of a system of micelles 
and separated membrane halves leading to incor- 
poration of the vesicle membrane into the plasma- 
lemma and release of secretory product. 

The process of encystment in Phytophthora pal- 
rnivora zoospores (Fig. 1) involves the fusion of 
peripheral vesicles (13, 14) with the plasmalemma 
followed by the release of glycoprotein and, possi- 

bly, other cell wall precursor materials (14, 35, 
footnote 1). This is a secretory process (t4,  23) 
adequate to the study of membrane morphology 
because it is possible, by stirring zoospore suspen- 
sions, to accelerate encystment: the zoospore, a 
natural protoplast (3), becomes a cyst with a com- 
plete cell wall within 2 min (39). In this report, we 
have analyzed the freeze-fracture and thin-section 
morphology of the fusion of peripheral vesicles 
with the plasma membranes of P. palmivora zoo- 
spores during the initial stages of encystment. Our 
results support and extend the observations of 
Palade and Bruns (24) and of Palade (23), and 
demonstrate that the formation of a particle-free 
bilayer membrane diaphragm is a step which fol- 
lows the initial fusion events but which precedes 
release of the vesicle contents to the extracellular 
space. Analysis of our micrographs and of those 
available in other ultrastructural studies of mem- 
brane fusion leads us to propose a hypothesis of 
the sequence of reorganization of membrane com- 
ponents during membrane fusion. 

MATERIALS AND METHODS 

P. palmivora (strain P113, isolated from papaya; earlier 
designated P. parasitica) was grown at 25~ on V-8 juice 
agar plates for 3-4 days in the dark followed by 3-4 days 
of illumination under fluorescent lights (2, 39). Sporu- 
lated cultures were chilled at I~ for 10 rain and the 
plates flooded with 15 ml of distilled water. Numerous 
zoospores were liberated and the suspension was filtered 
through Whatman #41 filter paper (Whatman Inc., Clif- 
ton, N.J.) to remove fragments of mycelium or sporan- 
gia. Encystment was accelerated by vigorous stirring with 
a Vortex mixer (39). Samples were stirred for 0, 45, and 
75 s. Zoospores were fixed in 1% glutaraldehyde in 0.1 
M potassium phosphate buffer, pH 7.2. The samples 
were fixed at room temperature for 30 min, washed with 
buffer, resuspended in buffer, and stored in the refriger- 
ator. After fixation, part of the zoospores was resus- 
pended in about 1 ml of buffer. 14 ml of a 25% glycerol 
solution in phosphate buffer was added dropwise at 
room temperature over a period of 10 min to the resus- 
pended zoospores. The suspension was centrifuged at 
1,000 g for 10 min, the supernate was removed, and 
fresh 25 % glycerol solution was added. The material was 
then incubated for 30 rain at 37~ and for 1 h at room 
temperature. The material was frozen in the liquid phase 
of partially solidified Freon 22, freeze-fractured at 
- l l0~  in a Balzers 510 unit (Balzers High Vacuum 
Corp., Santa Ana, Calif.), and immediately shadowed 
with a platinum-carbon electron gun. The micrographs 

i Nogueira, M. L., P. Pinto da Silva, and S. Barmicki- 
Garcia. Submitted for publication. 
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FmURE 1 Phytophthora palmivora zoospore. Peripheral vesicles are seen adjacent to the plasmalemma. 
A layer of "flat vesicles" (4, 15) is also seen in close proximity to the plasmalemma. • 16,500. 

were mounted with the metal shadowing direction from 
bottom to top. Shadows are white. 

Thin-section observations were also made in order to 
confirm the membrane nature of the bilayer membrane 
diaphragm as indicated by interpretation of freeze-frac- 
ture results. For thin section, zoospores were fixed in 2% 
glutaraldehyde in 0.1 M Na-cacodylate buffer, pH 7.2, 
for 2 h at room temperature, post-fixed in 1% OsO4 in 
the same buffer for 1 h, dehydrated, embedded in Epon, 
and sectioned with a diamond knife. 

RESULTS 

Freeze-fracture 
Freeze-fracture splits biological membranes (5, 

25). Consequently, (a) the particle-free regions of 
face A originate from membrane domains with 
bilayer organization and provide views of the 
outer face of the inner half of these membrane 
regions; (b) the particles seen on face A represent 
intercalated sites where the bilayer organization is 
interrupted and provide views of protrusions origi- 
nally embedded in the outer membrane half; and 
(c) the smooth regions of face B represent the 
inner face of the outer membrane half interrupted 
by a smaller number of particles that represent 
protrusions originally embedded in the inner half 
of the membrane. The nomenclature of fracture 
faces follows the diagram in Fig. 16b which sum- 
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marizes the interpretation of the results as given in 
sections (a) and (b) of the first part of the Discus- 
sion section .2 Although much of the figure legend 
text describes the results, their meaning is more 
completely understood accompanying the discus- 
sion. 

Observation of the fracture faces of plasma 
membranes fixed after 0-45 s of stirring fre- 
quently showed circumscribed areas where the 
fracture plane of the plasma membrane was substi- 
tuted by a polymorphic network of fracture faces 
(Figs. 2, 4-11). In these areas, fracture face A of 
the plasmalemma (prna) and a convex network 
(UtA) delimited smooth areas (dB") where particles 
were rarely observed (Figs. 2, 6, and 7). In other 
instances, the network was seen as concave parti- 
cle-poor regions (lt~ Figs. 7 and 8). Convex (uta) 
and concave (ItB) elements frequently coexisted 
on the same circumscribed network (Fig. 7). In all 
cases, convex regions of the network (uta) were 
elevated relative to the smooth regions (dB v) (Figs. 
2, 6, and 7), whereas the concave regions of the 
network (ltn) were at a lower level relative to the 
smooth regions (Figs. 7 and 8). The convex re- 
gions of the membrane network could be seen to 
be continuous with fracture face A of the plasma 
membrane (Figs. 2, 6, and 7). Conversely, frac- 
ture face A of the plasma membrane could be seen 
to be contiguous but not continuous with the con- 
cave, particle-poor areas of the network (Fig. 8, 
curved white arrows). 

Examination of regions of close membrane ap- 

2 A recently proposed nomenclature of fracture faces (6) 
has not been used. We agree that the use of P (proto- 
plasmic face) for the A face and E (exterior, exoplasmic 
face) for the B face provides a mnemonic which facili- 
tates identification. However, the membrane particles 
observed on the P (or A) face correspond to portions of 
structures which, although probably intercalated across 
the entire apolar matrix of the membrane regions with 
bilayer organization, are embedded into the external 
(exoplasmic) half of the membrane. In the case of the 
erythrocyte ghost membrane, the particles represent in- 
tercalations which reach the external surface where they 
bear a variety of antigens, lectin-binding sites, anionic 
groups and influenza virus receptors (18). As a conse- 
quence, the term "protoplasmic" seems inadequate to 
define a membrane face in which the most significant 
features represent intercalations into the external half of 
the membrane. The use of a neutral nomenclature (A 
and B faces) lacking connotations seems, at present, 
preferable, 

position as seen from the cell interior revealed 
aspects complementary to those described above 
(Figs. 9-11). It was possible to ascribe these as- 
pects to regions where peripheral vesicles (VA) 
were in close contact with the plasma membrane 
(Fig. 9). Fracture face B of the plasma membrane 
(pmB) was interrupted by a complex system con- 
sisting of a network of particle-containing fracture 
faces (h A and utB) interspersed with smooth re- 
gions (dB p'~) that were virtually free of particles 
(Figs. 9-11). Raised, convex areas of the network 
(ltA) were particle-rich (Figs. 9-11), whereas con- 
cave areas of the membrane network (utB) were 
particle-poor (Figs. 9-11). In these fracture faces 
the concave aspects of the network (utB) could be 
seen to be continuous with fracture face B of the 
plasma membrane (Figs. 10 and 11). Occasion- 
ally, face B of the plasmalemma could be seen to 
be contiguous but not continuous with the convex, 
particle-rich network (Fig. 9, curved white arrow 
and Fig. 11, hollow white arrows). In these cases, 
the presence of convex regions of the network 
contiguous with concave areas of the plasma- 
lemma indicated the presence of a lumen within 
the network, demonstrating its tunnelqike nature. 
In regions that demonstrated contiguous but not 
continuous aspects of the convex and concave net- 
work (i.e. cross fractures away from the rim of the 
fusion area), it could also be  seen that both frac- 
ture faces represented different views of a single 
tunnel (Fig. 11, opposed arrowheads). 

The smooth areas rift' and dB v'~ were frequently 
slightly convex (Fig. 2) or concave (Figs. 9 and 
10). The smooth regions could be easily distin- 
guished from fractured ice because of the granular 
appearance of the latter (Fig. 3,i). Occasionally, 
large rounded particles (Fig. 5 and Fig. 10, aster- 
isk) or depressions (Fig. 8, arrowheads) could be 
observed on the otherwise smooth fracture faces. 
In some cells the smooth areas were very small 
(Fig. 4, hollow arrowheads) and coexisted with 
even smaller spot-like depressions (Fig. 4, solid 
white arrowheads). 

Freeze-fracture of preparations of zoospores 
stirred for 75 s revealed also aspects after fusion, 
showing complete incorporation of the peripheral 
vesicle membrane into the plasmalemma (Fig. 3), 
which were not evident in unstirred preparations 
or in preparations stirred for 45 s. Freeze-fracture 
and freeze-etch aspects of vesicle discharge and 
cell wall formation are reported elsewhere (foot- 
note 1). 
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FtGtIRE 2 Fracture face A of P. palmivora zoospore. Network of particle containing membrane (uG) is 
continuous with the fracture face of the plasma membrane (pmA) and delimits particle-free areas repre- 
senting the fractured bilayer membrane diaphragm (d8 ~) (compare with Fig. 16a). • 70,000. 

FmORE 3 Fracture face A of P. palmivora zoospore (pmA) illustrates completion of the process of fusion 
of peripheral vesicles and release of vesicular contents. Fracture through ice (i) shows granular eutectics 
which differentiate it from smooth faces produced by fracture of particle-free diaphragm (Fig. 2, dB~). x 
30,000. 



FIGURE 4 Fracture face A (pmA) of the plasma membrane. Very small bilayer membrane diaphragms 
(hollow arrowheads) coexist with smaller areas which reveal a central rounded depression (solid arrow- 
heads). Both aspects are thought to represent initial stages of fusion (see Discussion, II (b),  1 and Fig. 
I7A) .  • 135,000. 

FmURE 5 Fracture face A (pro a) and a bilayer membrane diaphragm (ds~). The diaphragm is thought of 
as expanding and to represent a stage following that shown in preceding micrograph. Note presence of 
single particle in center of otherwise particle-free diaphragm (see Discussion, II (b) ,  2 and Fig. 17 B and 
C). • 135,000. 



FIGURE 6 Fracture face A of plasmalemma (pma) is interrupted by several fields of bilayer memlarane 
diaphragms (dB ~) which delimit a particle-rich membrane network (utA) continuous with the plasma 
membrane. This micrograph is thought to reveal several stages of fusion, early (white arrowheads, center) 
to relatively advanced (lower right corner). • 60,000. 
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FmURE 7 Fracture face A of zoospore plasma membrane (pmA) shows smooth bilayer membrane 
diaphragm (dn~'), particle-rich convex network (utA) and smaller portions of a particle-poor concave 
network (ltR), including several areas which represent insular remnants of tubular network (black/white 
arrowheads). • 80,000. 

F1GUJtE 8 Fracture face A of zoospore plasmalemma (pmA) and bilayer membrane diaphragm (dB ~') 
delimit concave, particle-poor network (ltB). The network is continuous with the fracture face of the 
peripheral vesicle membrane (vR) but discontinuous with the fracture face of the plasma membrane (white 
arrow). Four large, rounded depressions (black/white arrowheads) are seen on the diaphragm. • 80,000. 



FIGURE 9 Peripheral vesicles (va) are seen inside the cell adjoining the plasmalemma (pms). Bilayer 
membrane diaphragm (ds m) coexists with convex particle-rich (ltA) or concave, particle-poor (utB) 
network. It A is contiguous but not continuous with pmB and illustrates tunnel-like nature of network (white 
arrow), x 50,000. 

Thin Section 

Observation of thin sections of unstirred prepa- 
rations of P. palmivora zoospores revealed the 
existence of membrane areas common to both the 
plasma membrane and the membrane of the pe- 
ripheral vesicle (Figs. 12-14). The trilaminar pro- 

file of this membrane (here called bilayer mem- 
brane diaphragm) seemed continuous with both 
the trilaminar profile of the plasma membrane and 
that of the peripheral vesicle. This is illustrated in 
Fig. 14 (opposed arrowheads) where: (a) the 
outer dense line of the diaphragm appears contin- 
uous with the outer dense line of the plasma mem- 
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FmURE 10 Fracture face of plasma membrane (pmB) is interrupted by several smooth, slightly concave 
bilayer membrane diaphragms (dBP'~), particle-rich convex network (/ta) and particle-poor concave 
network (ut~). Concave network is continuous with fractured plasma membrane. • 75,000. 
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Fmul~ 11 High magnification view reveals face B of plasma membrane (pms), bilayer membrane 
diaphragm (ds~'), concave particle-poor network (utB), and convex particle-rich network (ltA). utB is 
continuous with pm~; lta is not and points of contiguity with plasma membrane (arrows) illustrate tunnel- 
like nature of network (see Discussion II, 3). This is also illustrated at points of contiguity of convex (lt~) 
and concave (utB) networks (opposed arrowheads), x 140,000. 

brane; (b)  the inner dense line of the bilayer 
membrane diaphragm appears continuous with 
the inner dense line of the peripheral vesicle mem- 
brane; and (c) the outer dense line of the periph- 

eral vesicle membrane appears continuous with 
the inner dense line of the plasmalemma. Fre- 
quently, the regions adjoining the bilayer mem- 
brane diaphragm were electron dense (Figs. 12 
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FIGURE 12 Thin section of peripheral vesicle fused with plasmalemma.  Vesicle lumen is separated from 
external medium by a bilayer membrane  diaphragm (d,  seen here as a trilaminar profile). Electron-dense 
regions are seen close to the diaphragm. • 140,000. 

FIGURE 13 Area of fusion of peripheral vesicle with plasmalemma. Bilayer membrane diaphragms (d) are 
interrupted by tunnels with an electron-dense lumen. These tunnels seem delimited on both sides by mem- 
branes (see inset), x 125,000; inset • 240,000. 



and 14). Regions with similar electron density 
could also be seen interrupting the bilayer mem- 
brane diaphragm (Fig. 13). These regions ap- 
peared delimited on both sides by a membrane 
(Fig. 13, inset), although this was difficult to es- 
tablish because the high electron density of the 
lumina generally obscured the thin-section profile 
of the delimiting membrane. Occasionally, trilam- 
inar membrane profiles were also observed be- 
tween two adjacent, fused peripheral vesicles (Fig. 
15). Again, electron-dense regions were observed 
adjoining the areas of fusion although the dia- 
phragm was not interrupted by membrane-delim- 
ited dense areas. 

DISCUSSION 

I Interpretation o f  Results 

(a)  FREEZE'FRACTURE 

The interpretation of our freeze-fracture obser- 
vations is diagrammatically presented in Fig. 16. 
We think that all our observations can be ac- 
counted for if the complex of fracture faces is 
viewed to represent stages intermediary between 
the initial event of fusion and the release of the 
peripheral vesicle contents to the extracellular 
space. The smooth fracture faces (dB pm and dB ~') 
are interpreted as representing particle-free dia- 
phragms with bilayer membrane organization. 
The diaphragms coexist and delimit a polymorphic 
network of tunnels. Tunnels and diaphragms are 
continuous with both the surrounding plasma 
membrane and the vesicle membrane. 

To assess our interpretation, we have used a 
schematic membrane system to predict the types 
of fracture faces that could coexist on any given 
fracture alternative as shown in Fig. 16b. The 
solid line depicts the course of the fracture face, 
generally following the plasma membrane rather 
than the peripheral vesicle membrane (dotted 
line). The latter alternative, although possible is 
much less probable due to its unfavorable geome- 
try (fracture tends to follow the easiest course); as 
a consequence, simultaneous views ofpmB and VA 
(Fig. 9) or of pma and vB (Fig. 8) are rare. The 
membrane tunnels have been arbitrarily divided 
into "upper tunnel" (ut) and "lower tunnel" (It) 
denoting, respectively, regions of the tunnel con- 
vex to the exterior or to the interior of the cell. 

The general fracture scheme predicts two sets of 
coexisting fracture faces (Fig. 16b, I and II): 
[pma-dBr-uG-ltn-(v~)]; and [pmn-dnPm-utB-ltA - 

(VA)]. We assume that regions of the upper tunnel 
represent membrane originally belonging to the 
plasma membrane; and the lower tunnel mem- 
brane originally part of the peripheral vesicle. 
Consequently, according to our interpretations: 
(a) UtA should be particle-rich and convex; (b) utn, 
particle-poor and concave; (c) ltB, particle-poor 
and concave; and (d) lta, particle-rich and convex. 
This is schematically presented in Fig. 16b. Using 
this scheme, we analyzed all the profiles of fusion 
in order to ascertain whether or not our interpre- 
tation was consistent with the experimental re- 
sults. In no case did we find a fracture face which 
was not consistent with the predictions of our 
interpretation. This is illustrated in the labels and 
legends of Figs. 2-11. 

(b)  THIN SECTION 

Our thin-section observations are consistent 
with the interpretation illustrated in Fig. 16 and 
confirm the presence of a bilayer membrane dia- 
phragm seen as a trilaminar profile which appears 
common to both the plasmalemma and the periph- 
eral vesicle (Figs. 12-14). As described, the 
plasma membrane seems to join the vesicle mem- 
brane in a "Y" profile (Fig. 14, opposed arrows) 
in which the inner dense line of the plasmalemma 
is continuous with the outer dense line of the 
vesicle membrane and forms a "hinge," whereas 
the outer dense line of the plasmalemma joins the 
inner dense line of the peripheral vesicle mem- 
brane to form the trilaminar profile of the dia- 
phragm. 

H Membrane Fusion: A Hypothesis 

( a )  INTRODUCTION 

Membrane fusion, in order to occur, requires 
the fulfillment of two crucial events (29): (a) ap- 
proximation and contact, and (b) induction of 
fusion. It is clear that our morphological observa- 
tions cannot directly illustrate the second, very 
important step. Consequently, we will limit our 
hypothesis to the sequence of events that follow 
the induction of fusion. Our hypothesis will have 
to: (a) explain the existence of a particle-free or 
particle poor bilayer membrane diaphragm; (b) 
account for the formation of a polymorphic net- 
work of tunnels; (c) propose continuity between 
the bilayer membrane diaphragm and the mem- 
branes which form the tunnels with the plasma 
membrane and the peripheral vesicle membrane; 
(d) explain the occasional presence of large, 
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FIGU~ 14 Peripheral vesicle fused with plasmalemma. Trilaminar profile of the bilayer membrane 
diaphragm is clear. Double arrows indicate region where the outer dense line of diaphragm appears 
continuous with the outer dense line of peripheral vesicle membrane and the inner dense line of diaphragm 
appears continuous with the inner dense line of the peripheral vesicle membrane. Continuity between the 
inner dense line of the plasma membrane and the outer dense line of the peripheral vesicle membrane is 
suggested. • 140,000. 

FIGURE 15 Two mutually fused peripheral vesicles share a common membrane, x 90,000. 



rounded particles on the fracture faces of the bi- 
layer membrane diaphragm; (e) provide reasons 
which may account for the release of the vesicular 
contents to the extracellular space; and (3') be 
consistent with the action of known inducers of 
membrane fusion. 

(b)  STETS DURING FOSION 

We propose the following hypothesis. 
1 F U S I O N  OF C O N T A C T I N G  M E M B R A N E  

MONOLAYERS: At present, we cannot hypothe- 
size the molecular mechanisms responsible for the 
induction of fusion. They are known to vary be- 
cause different agents can induce membrane fu- 
sion (17, 29, 30), although the possibility exists of 
a common subterminal mechanism (e.g., induced 
by an increase in the cytoplasmic free Ca ++ con- 
centration). It is clear, however, that fusion repre- 
sents a transition between two noncontinuous 
states, involving profound, probably sudden reor- 
ganization of membrane components. In Thorn's 
sense (38), it probably represents a localized ca- 
tastrophe. 

We propose that the initial fusion event results 
in structural continuity of the apposed monolayers 
of the fusing membranes (in our case, the inner 
half of the plasmalemma and the outer half of the 
peripheral vesicle) along the perimeter of the site 
of fusion, i.e., the formation of a single membrane 
monolayer (Fig. 17A).  Due to the geometry of 
the system, this originates a ring-like hinge around 
the site of fusion which we consider a toroid hemi- 
miceUe (Fig. 17, dotted wedges). Depending on 
the extension of the site of fusion, membrane 
components from the apposing monolayers may 
remain trapped within the perimeter of fusion 
which may (or may not) reorganize into an 
inverted membrane micelle sequestered within a 
hydrophobic milieu (Fig. 17 A,  dotted circle). In 
principle, the molecular components of either the 
toroid hemi-micelle or the inverted membrane mi- 
celle may include not only membrane lipids but 
also membrane proteins. 

2 F O R M A T I O N  OF B I L A Y E R  M E M B R A N E  

DIAI'nRAGMS: Fusion of the apposing, proxi- 
mal (relative to the plane of apposition) mem- 
brane monolayers causes approximation of lipid 
components from the nonapposed, distal mem- 
brane monolayers (l~lg. 17 A and B). In a secre- 
tory process, this will involve the outer half of the 
plasma membrane and the inner (exoplasmic) half 
of the secretory vesicle membrane. Approxima- 
tion of the distal membrane monolayers is likely 
due to the presence of excess membrane compo- 

nents in these monolayers relative to the proximal 
monolayers, as components of the latter will have 
been used in the formation of the toroid hemi- 
micelle and, if this be the case, the inverted mem- 
brane micelle. Thermodynamically, this interac- 
tion is a favored event because it will involve the 
establishment of van der Waals contacts between 
apolar lipid chains of the distal membrane mono- 
layers. This apposition will result in the formation 
of a small bilayer membrane diaphragm (Fig. 
17B). 

Radial expansion of the bilayer membrane dia- 
phragm will be possible through centrifugal expan- 
sion of the perimeter of the toroid hemi-micelle 
through insertion of additional components from 
the proximal membrane monolayers. Expansion 
of the bilayer membrane diaphragm will depend 
on the position of equilibrium between the forces 
stabilizing the bilayer membrane diaphragm as it is 
formed and those which arise during compression 
of membrane components in the proximal mem- 
brane monolayers caused by the centrifugal ex- 
pansion of the toroid hemi-micelle. The extent of 
the expansion of the bilayer membrane diaphragm 
will also depend on the geometry of the system, 
mainly the radius of curvature of the fusing mem- 
branes and whether or not one membrane is, 
topogically, internal to the other. 

The mechanism of bilayer membrane dia- 
phragm formation outlined above accounts for the 
absence or rarity of particles on the fracture face 
of the diaphragm. The membrane particles proba- 
bly represent protein-containing structures inter- 
calated across membrane domains with bilayer 
organization (8, 12, 16, 19, 26-28). Conse- 
quently, although lipids and peripheral membrane 
proteins (and also putative integral membrane 
proteins associated only with one membrane half) 
can, in principle, flow from the outer half of the 
plasma membrane or from the inner half of the 
peripheral vesicle membrane into the diaphragm, 
this is not possible for structures intercalated 
across both halves of the membrane (Fig. 17).:3 

a Passage of such a structure (Fig. 17) from the mem- 
brane into the diaphragm bilayer membrane is thermo- 
dynamically unfavorable because it will involve passage 
of polar portions of the intercalation across the apolar 
matrix of the inner membrane half and insertion of those 
hydrophilic regions across the inner half of the dia- 
phragm bilayer membrane in order to reexpose them to 
the aqueous environment of the vesicle lumen. Passage 
into the diaphragm would be possible in cases where the 
protein spans only one half of the membrane or in the 
case of hypothetical components, totally sequestered 
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FIGUR~ 16 
vesicle during fusion. 

3 F O R M A T I O N  OF A N E T W O R K  OF T U N -  

N E L S  C O N T I N U O U S  W I T H  T H E  P L A S M A -  

a Proposed three-dimensional representation of P. palmivora plasmalemma and peripheral 

within the hydrophobic matrix of the membrane (Fig. 
17). Inverted membrane micelles produced during fusion 
could, in principle, cross beyond the toroid hemi-micelle 
into the plasma membrane or the vesicle membrane 
because they are sequestered within the apolar matrix of 
the bilayer membrane diaphragm (Fig. 17). Intercalated 
particles may, due to their incapacity to penetrate into 
the diaphragm, accumulate at the edge of the toroid 
hemi-micelle. However, due to planar diffusion gra- 
dients, these particles may also be removed from the 
edge. 

LEMMA AND THE VESICLE MEMBRANE: If, as 
in P. palmivora zoospores,  the area of close ap- 
proximation and contact  is sufficiently large, sev- 
eral fusion events may occur along the contact 
zone. Bilayer membrane  diaphragm formation and 
expansion at these points will result in the forma- 
tion of a polymorphic  system of membrane-de l im-  
ited tunnels  through restriction of the area of un- 
fused plasma m e m b r a n e  and vesicular m e m b r a n e .  
The lumen of the tunnels  will be cont inuous  with 
the cytoplasm but  separate  from the extracellular 
space or the vesicular lumen (Fig. 1 6 a ) .  It is clear 
that  the tunnels  will not be formed if the contact  
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FIGURE 16 b Schematic representation of faces produced by freeze-fracture. Freeze-fracture produces 
two sets of fracture faces; I and II. Fracture of peripheral vesicle membrane, less frequent, exposes v,t (see 
Fig. 9) and vB (see Fig. 8). pro, plasma membrane; d, particle-free bilayer membrane diaphragm; ut, upper 
region of membrane tunnel; lt, lower region of membrane tunnel; v, peripheral vesicle membrane; + +, 
particle-rich; +, particle-poor; 0, no particles or isolated large particles (micelles); cyt, cytoplasm. 

area for fusion is small, leading to a single event 
of fusion and, consequently, a single bilayer mem- 
brane diaphragm. 

4 RELEASE OF VESICULAR CONTENTS" The 
events described result in the formation of a new 
membrane with new characteristics-a bilayer 
membrane diaphragm-which separates the lu- 
men of the vesicle from the cell exterior. As dis- 
cussed above, the bilayer membrane diaphragm 
originates at the outer half, from a selection of 
components from the outer half of the plasma 
membrane and, at the inner half, from a selec- 
tion of components from the inner (exoplasmic) 
half of the peripheral vesicle membrane. There- 
fore, the bilayer membrane diaphragm can be 
considered as a modified hybrid of two half mem- 
branes with separate origin. We face also an im- 
portant modification of the topological relation- 
ships of the spaces delimited by the membrane 
system, from two concentric, closed surfaces to a 
hybrid system in which the environment surround- 

ing the vesicle is, simultaneously, cytoplasm and 
outside medium (Figs. 12 and 14). Either of these 
changes (and, more so, their joint presence) is 
likely to alter the balance (ionic, osmotic) of the 
vesicle relative to its environment. This is a meta- 
stable situation which may lead, directly or indi- 
rectly, to rupture of the diaphragm, release of the 
secretory products, and incorporation of the pe- 
ripheral vesicle membrane into the plasmalemma. 
Although the bilayer membrane diaphragm seems 
to be under tension, its frequent observation in 
our system makes it likely that, in P. palmivora, it 
persists for a relatively long period (i.e., over at 
least a few seconds) before it ruptures. 

I I I  Congruence o f  Hypothesis  with 

Experimental  Observations 

An essential feature of our hypothesis of mem- 
brane fusion is the formation of a bilayer mem- 
brane diaphragm. Our experiments demonstrate 
that a diaphragm with bilayer membrane organiza- 
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FIGURE 17 Diagram represents steps during membrane fusion leading to formation of bilayer membrane 
diaphragm. Dotted line follows hydrophobic juncture which is split during freeze-fracture. Heavily dotted 
areas represent postulated inverted membrane micelle (circular) and toroid hemi-micelle (wedges). Lipids, 
as well as peripheral membrane proteins (and also, putative integral membrane proteins associated with 
one membrane half) may flow from either the outer half of the plasma membrane or the inner (exoplasmic) 
half of the vesicle membrane into the bilayer membrane diaphragm. Membrane particles (squares) are 
thought to represent protein-containing intercalations, and cannot penetrate into the bilayer membrane 
diaphragm. 
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tion is formed during fusion of peripheral vesicles 
with the plasma membrane of P. palmivora zoo- 
spores. As shown, freeze-fracture of fusing mem- 
branes demonstrates a smooth face almost devoid 
of particles (the bilayer membrane diaphragm). 
This structure is clearly distinguishable from that 
which is produced by ice (i.e., should an aqueous 
continuity exist between the lumen of the fused 
membrane and the extracellular space). Thin sec- 
tions also demonstrate the presence of a bilayer 
membrane diaphragm (seen as a trilaminar pro- 
file) which appears continuous with the outer half 
of the plasma membrane and the inner (exo- 
plasmic) half of the peripheral vesicle membrane. 

Occasionally, examination of the fracture faces 
of bilayer membrane diaphragms reveals the pres- 
ence of large, rounded particles (Fig. 5; Fig. 10, 
asterisk) and depressions (Fig. 8, arrowheads). 
Fig. 4 shows that the rounded depressions (solid 
arrowheads) coexist with very small diaphragms 
(hollow arrowheads), These probably represent 
an initial stage of fusion. Although we realize that 
our evidence is circumstantial, it is possible that 
the isolated, rounded particles and depressions 
observed on the fracture faces of bilayer mem- 
brane diaphragms represent inverted membrane 
micelles which may be formed during the initial 
stages of the fusion process (Fig. 17). As dis- 
cussed, these structures are thought to be totally 
sequestered within the hydrophobic environment 
of the bilayer membrane diaphragm. The depres- 
sions left by these structures on the apposed frac- 
ture face are very clear (Fig. 8, arrowheads) in 
contrast to those left by plasma membrane parti- 
cles which are generally difficult to resolve. 

Examination of the results of previous ultra- 
structural investigations of membrane fusion also 
reveals the presence of bilayer membrane dia- 
phragms as intermediary stages during membrane 
fusion. In a study of'the fusion of vesicles with the 
distal membrane of endothelial blood capillaries, 
Palade and Bruns (24) first reported the presence 
of bilayer membrane diaphragms and proposed 
that similar structures might be formed during 
formation of endothelial fenestrae. This seems to 
be illustrated in a freeze-fracture study which 
shows smooth fenestrae with a fracture plane 
which is continuous with that of the plasmalemma 
(11). 4 Most of these fenestrae contain a knob 

4 Freeze-fracture of capillary fenestrae generally reveals 
a granular and irregular appearance (32) due to the 
absence of a cleavage plane in the single-layered fenes- 

(diameter ~11 nm) that is easily distinguished 
from the membrane particles by its size, irregular 
shape, and smooth contour. Significantly, the po- 
sition of the knob on the diaphragm is variable: 
frequently central, in other instances close to the 
edge or even straddling (as if migrating) across the 
edge of the diaphragm (reference 11, Fig. 1). The 
diaphragm fracture face is observed to be continu- 
ous with the fracture faces of proximal and distal 
endothelial plasma membranes. 

The formation of bilayer membrane diaphragms 
during fusion can be found in micrographs in- 
cluded in the freeze-fracture study of membrane 
fusion during mucocyst secretion (33, 34)? Here, 
a rosette of particles (diameter - 6 0  nm) appears 
on the region of the plasma membrane which is 
fusing with the secretory vesicle. The area delim- 
ited by the rosette is smooth, with the exception of 
a central particle. Satir and co-workers report that 
continuation of the process of fusion results in 
circular expansion of the area delimited by the 
rosette and disappearance of the central particle .6 
The circular area is smooth and reaches a maxi- 
mum diameter of about 210 nm, representing an 
expansion in area of about twelve times (reference 
33, Fig. 19). We believe that this particle-free area 
represents a bilayer membrane diaphragm be- 
cause it is smooth and because it is not etchable 

trae. Note the close similarity of capillary fenestrae and 
nuclear pores in both thin section and freeze-fracture (9, 
10, 20, 21, 31). 
s Small, particle-free diaphragms may also be observed 
in other freeze-fracture studies (reference 22, Fig. 1 c,a~" 
reference 36, Fig. la,b). However, these are small and 
could be interpreted as vitreous ice. 
6 It is possible that the particle seen at the center of the 
rosette represents the inverted membrane micelle that 
may be at the origin of the actual fusion event. Signifi- 
cantly, it is reported that the central particle of the 
rosette adheres with fracture faces A and B with similar 
frequency (0.5 and 0.4, respectively (34). This contrasts 
with the particles of the rosette which show, as do other 
membrane particles, a much higher frequency on frac- 
ture face A. Equal frequency of association could be 
expected if the central particle represented a membrane 
micelle sequestered within the hydrophobic interior of 
the diaphragm because the micelle should not have, in 
principle, preferential association with any membrane 
half. It is also interesting to note that while the dia- 
phragm remains free of particles, particles can be seen 
accumulated at the edge of the expanded diaphragm. 
Disappearance of the central particle during expansion 
of the diaphragm is also consistent with our hypothesis as 
discussed in footnote 3. 
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(i.e., sublimable). Satir and co-workers view the 
region comprised within the rim of fusion as com- 
posed of two separate membrane halves. Accord- 
ing to this interpretation, the nonetchable face 
produced at the opening represents contact with 
the hydrophobic side of a membrane monolayer 
(reference 3, Fig, 1 c). This interpretation seems 
unlikely because the existence of a separate mem- 
brane half immersed on both sides in an aqueous 
environment  is thermodynamically unfavorable. 

Recently,  bilayer membrane diaphragms were 
also reported during fusion of mucous droplets 
with the luminal plasma membrane in acinar cells 
(37), and lipid bilayer diaphragms during the for- 
mation of a stable doublet by apposing phospho- 
lipid spherical membranes (7). It has also been 
proposed that membrane apposition of particle- 
free areas may be a condition necessary to fusion 
(1). In such areas the membrane lipids would be 
perturbed,  possibly assuming a semimicellar con- 
figuration which could allow intermembrane hy- 
drophobic interactions (7). Our hypothesis is com- 
patible with these concepts although it does not, in 
principle, rule out the participation of noninterca- 
lated membrane proteins from initial fusion 
events. 

We believe that, in membrane systems, analysis 
of topological relationships and of their thermo- 
dynamic consequences precedes and helps to 
define domains where structural solutions are to 
be found. In this paper we have reported the 
freeze-fracture and thin-section morphology of the 
plasmalemma and peripheral vesicles during the 
initial stages of encystment of P. palmivora zoo- 
spores and attempted to define a sequence of 
events during membrane fusion with particular 
emphasis on changes in topological relationships. 
We believe that this sequence is compatible with 
our experimental  results and with those which we 
could analyze from the literature. 

At present we do not know the mechanisms 
which lead to the initiation of fusion or  to the 
rupture of  the bilayer membrane diaphragm and 
release of secretory product. 
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