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The vesicle supply centre (VSC) model (Bartnicki-Garcia et al., 1989} for hyphal tip growth is powerful because it can
model diverse developmental morphologies and predicts cellular organization based in current cell biology. It predicts
that tip growth results from the random distribution of cell surface synthesizing vesicles from a point in the tip, the VSC,
which determines their pattern of impact and fusion at the plasma membrane. We derive equations for tip-high
gradients of vesicle fusions, generated by mechanisms not related to a supply centre, which create typical hyphal mor-
phologies. These equations direct the conceptual basis for tip growth to vesicle fusion gradients, presumably mediated
by a putative membrane skeleton associated with the plasma membrane. We also show that the organization and be-
haviour of motile organelles in growing hyphal tips of the oomycete, Saprolegnia ferax, argue against the presence of an
apparatus capable of generating the distribution of vesicles postulated by the VSC model. We conclude that the VSC
model is unlikely to describe the mechanistic basis of tip growth in S. ferax, and therefore, at best, it is not universally

applicable.
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Tip growth is a very widespread process among plant and
fungal cells, and is the hallmark of the fungal kingdom
(Heath, 1990). It is a complex process because it in-
volves the highly localized synthesis and expansion of
cell wall and plasma membrane, diverse aspects of in-
tracellular movements, turgor control and the extraor-
dinarily fine regulation of the interaction of all these
processes in order to generate the characteristically
uniform-diameter tube-shape of most hyphae. Perhaps
the most critical aspect of the system is the regulation of
the extensibility of the cell surface, so that the shape of
the hypha can be generated. There are two main cellular
components which have been implicated in this regula-
tion, the cell wall (e.g. Wessels, 1990; Bartnicki-Garcia,
1990; Gooday, 1995) and elements of the cytoskeleton
associated with the plasma membrane (the membrane
skeleton) (Heath, 1995). The relative contribution of
either component is an open question which is not central
to this paper, which only aims to test a model of the
process centred upon vesicles which contribute to both
the cell wall and the plasma membrane, and probably also
the membrane skeleton.

Because the dynamic complexity of tip growth
makes it difficult to formulate experiments to unambigu-
ously determine which factors dominate the morphogen-
ic process, there have been many attempts to develop
models which will predict and explain the process. One
of the most attractive of these is the vesicle supply cen-
tre (VSC) model (Bartnicki-Garcia et al., 1989), because
it makes specific predictions about well known aspects
of cell organization. It is based on the established
premise that major components of the cell surface (both

wall and membrane) are delivered by exocytosis of vesi-
cles (wall vesicles) derived from Golgi bodies (or their
functional equivalents). The contents of the vesicles are
not critical to the model, only the very likely assumption
that each vesicle contributes a “unit” to the synthesis
and expansion of the cell surface is postulated.

The key feature of the model is that it predicts the
existence of a specific region in the cell (the VSC) which
acts both as the focal point for receipt of vesicles from
their sub-apical source and their subsequent random radi-
al distribution to the cell surface. Critical to the model is
the implication that the site of exocytosis is determined
by the site of impact of the vesicles at the end of their
trajectories from the VSC. The strengths of the model
are that a) computer simulations show that it can gener-
ate most of the diverse growth forms encountered in the
fungi (Bartnicki-Garcia, 1990}, b) it makes specific
predictions about the movement of vesicles in the tip of a
growing hypha, c) it can generate an equation, the
“hyphoid equation,” which accurately generates the out-
line of at least some hyphal tips and d} it can be universal-
ly applied to all tip-growing celis. Critical to the model
are the demonstration of a structure with the properties
of the VSC and the postulated behaviour of the vesicles
in growing tips. In many fungi, the predicted position of
the VSC is coincident with a structure known as the Spit-
zenkérper (Bartnicki-Garcia et al., 1989), but this struc-
ture has not been shown to have the postulated func-
tions in vesicle distribution (its functions are unknown)
and Spitzenkérpers are not seen in many tip-growing
cells. Furthermore, there are no published descriptions
of the behaviour of the wall vesicles in living, growing
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hyphal tips.

Hyphal tips of Saprolegnia ferax (Gruith.) Thuret, a
representative of the oomycetes, a group to which the
VSC model is said to apply (Bartnicki-Garcia et al., 1989;
Bartnicki-Garcia, 1990), provide two opportunities to
test predictions of the VSC model. Firstly, many of their
wall vesicles are tubular, rather than spherical, thus their
direction of travel is likely to be parallel to their long axes,
the direction of least resistance. Thus the orientation of
wall vesicles in hyphal tips which have been freeze sub-
stituted to preserve the vesicles in the distribution pat-
terns characteristic of living hyphae should indicate their
direction of migration at the instant of freezing. Second-
ly, it is possible to see the organization and movements
of large organelles such as mitochondria and unidentified
spherical vesicles in growing tips. The organization, be-
haviour and effects of movements of these organelles
should be compatible with the predictions of the VSC
model. This report describes the results of such tests of
the VSC hypothesis, and indicates that the key predic-
tions of the model are not met. Conversely, it is mathe-
matically shown that plausible gradients of vesicle fu-
sions with the plasma membrane, not dependent on any

postulated supply behaviour, can generate diverse tip

shapes which match the diversity of known hyphal tip
forms more accurately than the single “hyphoid” shape
generated by the VSC model.

Materials and Methods

Hyphae of Saprolegnia ferax (ATCC 36051) were grown
on dialysis membrane and freeze substituted, or in liquid
medium for observations of growing tips, as previously
described {Heath and Kaminskyj, 1989; Heath, 1987).
Electron micrographs of near-median longitudinal sec-
tions of hyphal tips were reproduced at magnifications
from 20,700x to 45,700x and the distributions and
shapes of the characteristic wall vesicles were traced
onto acetate sheets and brought to the same final mag-
nifications by differential reduction on a photocopier.
The approximate positions of the VSCs were determined
by formula 4 in Bartnicki-Garcia (1990), using the largest
diameter on each tracing as the maximum diameter of
that hypha.

Video recordings of growing hyphae were made with
Nomarski differential interference contrast {DIC) optics
using a 100x, 1.32 NA objective and final magnifications
of 6350x on the screen and 3000x and 4200x on a video
printer. Movements of organelles were analyzed with
the “trace” mode of a Hamamatsu DVS 3000 image en-
hancement and analysis system. In this mode, the time
of analysis is set and any object which moves during that
time appears as a white line (e.g. Figs. 7, 8}, the shape
and length of which indicate the path and velocity of the
object.

Results

Mathematical modelling The basic feature of the VSC
model is that vesicles arrive at the plasma membrane in a

pattern determined by their export from the VSC.
However, implicit in the model is that they also fuse with
the plasma membrane at their points of impact. It is this
gradient of vesicle fusion which uniquely determines the
shape and growth rate of the hypha. The shape of the
gradient of vesicle fusions predicted by the VSC model
can be calculated as follows, using the equations from
Bartnicki-Garcia et al. {(1989). We assume, as did Bar-
tnicki-Garcia et al. (1989}, that the hypha is axially sym-
metric, and designate its long axis to be the y-axis of a
Cartesian coordinate system. Because of the axial sym-
metry, rotation of a function y=/#(x) about the y axis can
completely describe the shape of the hypha, thus we can
disregard the third dimension. In the xy-plane, the mem-
brane of the hypha will be described at time t by y=F(x,
t). We assume that the hypha grows with constant
speed V along the y-axis and that the hypha has exactly
the same shape for all times >0, so that y=F(x, t)=f(x,
0)+ Vt describes the shape of the hypha at ali 1>0.
Consider the shape of the hypha at times t and t+At.
The increase in volume of the hypha in the slice between
y and y+Ay is proportional to AW=AyAx, where x is the
change in the radius of the slice in time t. Obviously
Ay=VAt, and if At—0, then

_dfx, 1)

ay dx

Thus (since y=F£lx, t))
_ dy !
AW= VAt-( o ) Ay

Dividing by AtAy, gives the rate of change in volume per
unit distance at y. If this rate of change is due to the
number of vesicles absorbed between y and y+Ay, then
taking the limits Az—0 and Ay—0 gives the rate of vesicle
absorption as
dax

Rlx, t)y= V‘a—y—
where y=flx, t) is the shape of the hypha at time ¢t. Im-
plicitly, R(x, t} is a function of y, the distance from the tip
of the hypha.
In developing the VSC model, Bartnicki-Garcia et al.
(1989) generated a model of hyphal growth which can be
used to solve for hyphal shape and thus also for the
above equation. Suppose that in polar coordinates x=
(B, t) sin (B) and y=p(B, t) cos (B} defines the curve
y="f(x, t), where 8 is the angle measured from the y-axis.
The assumption that y=f(x, t)=F(x, 0)+ Vt can be used
to show that p must satisfy the following equation

pp=p 2L = v% (o sin (8)
which is a non-linear first order partial differential equa-
tion. There are infinite families of functions which satis-
fy this equation; to select those families which cor-
respond to physical solutions one must make an assump-
tion about the mechanism of hyphal growth. If AU is the
change in volume of the hypha in an angle A8 and time At,
then Bartnicki-Garcia et al. (1989) showed that
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pet=Ilim lim _AU .
At>0 A0 Aﬂ At

In other words, ppt can be interpreted as the rate of vesi-
cle absorption per unit angle in the hyphal membrane at
time t and position (in polar coordinates) (8.p(8, #})). This
rate was assumed to be constant, leading to the VSC
model. If the VSC moves with speed V along the y-axis,
then this leads to elongation of the hypha. Assume that
the VSC is at the origin, then the shape of the hyphal tip
is given by p=p(8, O} in polar coordinates. Assume that
the rate of vesicle production at the VSC is 4z/, then the
absorption rate per unit time per unit solid angle is N, and
so ppt=N, and from the equation above we can solve for
the shape of the hyphal tip;

aﬂ (p sin (ﬂ))——
giving
N _ B
P 0= SnE

In Cartesian coordinates this is
B Vx
ylx, t}=x cot (————N )+ vt,
where we have added the explicit dependence on time.
The ratio V/N is the distance between the VSC and the tip

of the hypha at time t=0. We can now solve for Rix, 0},
obtaining

Rix, 0)=

cot ( ) ( csc? (~Vi

Note that by inverting y= xcot— to obtain x as a func-
tion of y we can plot R(x, O) as a function of y. This dis-
tribution of vesicle fusions along the length of the hypha,
corresponding to the hypothesized moving point source
of vesicles and the “hyphoid equation” for the shape of
the tip (Bartnicki-Garcia et al., 1989), is illustrated in Fig.
1.

Interestingly, this pattern of vesicle fusion from a
moving point source, depending as it does on the as-
sumed random and uniform emission of vesicles in all
directions, is essential to the generation of a hyphal tip,
other patterns of vesicle emission will not generate a tip.
For example, suppose that p pt=Nh(p sin ( 8))=Nhix),
where A is some function which we shall study to leading
order. In this case, the vesicles are not necessarily mov-
ing in a uniformly random direction from the VSC, for a
given h(x). Generally we can integrate the partial
differential equation above to obtain the integral equa-
tion:

dig, 0 sin (8) N
hip(B, 0) sin (g)) v £ 1Co

where Cj is an integration constant. In all of the cases
which we shall examine, Co=0, otherwise we shall ob-
tain unphysical singularities in our solutions. We can
now examine the solutions of the differential equation for

o

A B
’

Fig. 1. Hyphal shapes (B} and vesicle fusion gradients (A)
generated by the “hyphoid equation” (h) and the equations
for a hemisphere atop a cylinder (a} and a more tapered tip
(b). The vesicle fusion profiles are normalized such that the
same number of vesicles are produced in each curve. Or-
dinate is distance from the tip and abscissa is the number of
vesicles fusing with the wall.

various choices of A(x). These correspond to different
distributions of vesicles hitting the membrane after being
released from the VSC (as a function of x, the distance
from the axis of the hypha). In each of the following
cases we assume that h(x) is a function which to leading
order has the assumed behaviour:

hix)=Nx?, where p>>1: Then direct integration gives:

_ V x'—p

y=x cot N p—1

which oscillates between — oo and o as x—>0, and so is
unphysical.

h{x}=Nx: then

y=x cot (% log | x \)

which oscillates as x—0, and so is unphysical.
hix)=Nx?, where 0<p<1: Then

y=x cot [ 5 =2
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and if p#0, then y>0 if x==*¢, where ¢ is small, but
y=0if x=0. That is, the tip of the hypha has a dimple,
which is not observed, and can thus be ruled out. If
p=0, then we obtain the solution of the VSC model
above described by Bartnicki-Garcia et al. (1989}.
hix})=Nx?, where p<0: Then

V x'—p

y=x cot *‘,7 p—1

which is infinite if x=0, and so is unphysical.

We conclude that in the VSC model, the assumption
that pp,=N to leading order in the vicinity of the hyphal
tip is essential to give any physical solution: any other
distribution gives an unphysical shape to the hypha.

However, if the VSC model is not operating and we
look for other possible vesicle fusion profiles which can

Fig. 2. Tracings of four median longitudinal sections of freeze
substituted hyphal tips (A-D), showing the patterns of the
wall vesicles and the predicted location of the VSCs
{squares). Alternative predicted patterns of wall vesicle
distributions, assuming either a single central (E) or
peripheral {F) supply of elongated vesicles to the VSC are
shown for comparison. Scale=1 gm.

generate hyphal tip shapes which are close approxima-
tions of real tips, a variety of other candidates exist. A
simple example, which appears to fit some hyphae (e.g.
McKerracher and Heath, 1987), is a hemisphere atop a
cylinder. Assume that the rate of vesicie absorption per
unit angle per unit time is:

{N cos (8), if —E-<p<Z.
pot= 2
0, otherwise,

and this is leading order N as 8—0. Then direct integra-
tion gives

H - L3 T
p sin (ﬂ):{N S BV Cor T 7y <B=T

1 otherwise,

where Cy and C, are integration constants. Since p is

Fig. 3. Median optical sections of a growing hyphal tip show-
ing an abundance of elongated mitochondria filling the tip,
and oriented parallel to it’s long axis. Nuclei {n) do not oc-
cur in the tip. Note that the organisations of the tip did not
change as it slowed down and ceased to extend. Growth
rates for the intervals between images (lower right, in
zm/min) and total elapsed time (lower left, in sec) are indi-
cated on each print. Scale=1 gm.
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Fig. 4. Median optical sections of a growing hyphal tip containing elongated mitochondria focussed on the tip. In this hypha, the tip
stopped growing transiently, and the mitochondria moved back (1:26), then they reformed and focussed to the right of centre as
growth resumed to the right (4:59-5:59) and refocussed to the left prior to growth turning left (6:29-6.54). They remained
focussed to the centre during straight growth {8:31-9:05} until growth began to slow and stop as the organisation of the tip
changed (44:17). Note the changes in shape of the tip during the sequence, from very tapered at 9:05 to almost hemispherical at
44:17. Growth rates for the intervals between images (top left, in gm/min) and total elapsed time (top right, in min:sec) are indi-
cated on each print. Scale=1 gm.

. T T
L - T T . X2+Y2‘ if —5<f<—
finite in the interval [-—, ~] Co=0, and since the solu- { ( ) 2 A
. . L 272 T X=- otherwise.
tions must join continuous at 8= 1——2—, c, =V In Car- V'
tesian coordinates, the solution is then The rate of vesicle absorption can be computed as above

to be
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Fig. 5. Median optical sections of a growing hyphal tip in
which the apical cytoplasm is primarily devoid of mitochon-
dria. Note the difference in organisation between 4 and
56 sec, when the growth rates are similar. Growth rates
for the intervals between images (lower right, in #zm/min)
and total elapsed time (lower left, in sec) are indicated on
each print. Scale=1 gm.

Rix, 0)= X /

which is very different from the VSC model given above,
and is plotted in Fig. 1.

Other more or less tapered shapes can be produced by
simply assuming that

y=x cot (%) —gx2

where ¢ is a third parameter in the model. This solution
corresponds to a choice
csc?{B)

e—i—% csc? (% o sin (,8))

PpP:=

in the VSC model. By tuning ¢ it is possible to produce
hyphae with a more or less tapered tip. The rate of vesi-
cle absorption can be computed as

1

Rix, 0)= .
! Nx
2 [

csc V) 2ex

Nx Nx
cot | v |- v

Positive values of ¢ give a more tapered hypha,
whereas negative values give less tapered hyphae. An
example of a tapered hyphal outline obtained by this equ-
ation is shown in Fig. 1. Hyphal tips with a more tapered
shape than indicated by the “hyphoid equation” (Bar-
tnicki-Garcia et al., 1989) are found (e.g. McKerracher
and Heath, 1987). In contrast to the VSC model, the
formulae for the gradients generating the tapered shapes
lack a simple prediction about the mechanism of genera-
tion of the gradient. However, given the large number of
factors which are likely to influence the rate of vesicle fu-
sion with the plasma membrane, a simple element capa-
ble of describing the gradient is indeed unlikely.

Freeze substituted hyphae The VSC hypothesis
predicts that wall vesicles should be transported from
sub-apical Golgi bodies into the VSC, and then radially in
all directions from the VSC to the apical plasma mem-
brane. Itis not specified whether the inward transport is
via a single central “track” or multiple convergent
“tracks.” Tracings of the wall vesicles in four represen-
tative hyphae are shown in Fig. 2, together with the loca-
tions of the VSCs predicted from their hyphal diameters.
Because the maximum diameters of the hyphae were not
reached in the restricted regions shown in the micro-
graphs, the locations of the VSCs are an underestimate
of their true positions. However, even if the maximum
diameters were double those achieved in the micro-
graphs, the VSCs would only be double the indicated dis-
tances from the tips, well within the regions shown.

In none of the hyphae examined were there any indi-
cations of either a single “track,” or multiple “tracks,”
focussed on the positions of the VSCs from the subapical
regions of the hyphae (Fig. 2). Furthermore, neither the
elongated wall vesicle profiles nor the circular profiles (in-
dicative of either spherical vesicles or cross sections of
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tubular profiles) showed any indication of a radial arran-
gement emanating from the VSCs towards the walls.
Fortuitously, there was considerable variation in the
abundance of wall vesicles between the four hyphae,
presumably indicative of variations in growth rate at the
instant of freezing, yet there was no evidence for any
pattern in any of the hyphae, indicating that the absence
of pattern cannot be attributed to density dependent fac-
tors {e.g. in a saturating density of spherical vesicles, it
would be impossible to detect any distribution pattern).
The only consistent “pattern” in the distributions was an
abundance of elongated profiles close to, and parallel
with, the plasma membrane, especially in the sub-apical
regions.

Living hyphae In living, growing, hyphae, it was not
possible to resolve the populations of wall vesicles, even
though the longer ones may reach more than 1 #m long
(Heath et al., 1985). However, the tips do clearly con-
tain elongated mitochondria and spherical, retractile vesi-
cles of unknown function and composition. Both of
these structures are more abundant in sub-apical regions
of the hyphae, but do enter the typically organelie deplet-
ed zone in which the VSC is predicted to lie. Their or-
ganisations and movements in the tips offer interesting
indications of the properties of the tips which are relevant
to the VSC hypothesis.

In terms of organisations, the patterns of the larger
organelles can be very variable, yet the rates of growth
and shapes of the tips {and thus presumed fusion pat-
terns of the wall vesicles) are not dramatically altered
(Figs. 3-7). The elongated mitochondria may (Figs. 3,
4), or may not (Figs. 5-7), be focused toward the ex-
treme apex, but are typically oriented parallel to the long
axis of the tips (Figs. 3, 4). They do not show a radial
arrangement as might be expected if there were a vesicle
transporting system radiating from a VSC. When
present, these mitochondria are indicators of the organi-
zation of a system related to the direction of growth, be-
cause they change their focal point prior to changes in
direction of growth {Fig. 4). They are also indicators of
the presence of some form of cytoskeletal system, the
pattern of which does not seem to mirror that predicted
by the vesicle distribution system postulated by the VSC
model. These observations indicate independence be-
tween the pattern of organelles in the apical central
cytoplasm and the extensible behaviour of the hyphal
apex.

The dynamic behaviour of the larger organelles in the
central apical cytoplasm also indicates its lack of involve-

Fig. 6. Median optical sections of a growing hyphal tip in
which the apical cytoplasm is primarily devoid of mitochon-
dria. Growth rate for the duration of the sequence was
consistent at 5.5 #zm/min, but large spherical vesicles en-
tered and left the tip (0-82) and a mitochondrion moved
around in the tip (82-91). Total elapsed time (sec) is indi-
cated on each print. The images are in precise register at
the bottom, thus extension can be determined from the
lengths of the tips. Scale=1 ¢m.



78 I. B. Heath and E. J. Janse van Rensburg

Fig. 7. Median optical sections of a growing (at a rate of
9.4 ym/min} hyphal tip in which the apical cytoplasm is
primarily devoid of mitochondria, but in which a large spher-
ical vesicle moved through the region corresponding to the
postulated VSC at a rate of about 54 ym/sec. The vesicle
can be traced in the first four pictures (arrows), which cover
5 sec, and its path is shown as a white line between the ar-
rows in the 5 sec “trace” print. Scale=1 gm.

ment in the properties of the hyphal tip surface. As
shown in Figs. 3-8, both the mitochondria and spherical
vesicles enter the apices and show extensive, often
rapid, migrations within the region (Figs. 6-8). These
movements of the larger organelles through the apical
cytoplasm of growing hyphae produce no detectable

Fig. 8. Median optical sections of a growing hyphal tip (A} and
a 30sec “trace” image (B) showing the white paths of
several moving organelles. This is one of the images from
which the data on organelle motility in Fig. 9 were gathered.
The trace of the organelle in the extreme tip was not includ-
ed in the analysis because the position of the tip is not ac-
curately indicated since it was extending during the record-
ing of the “trace” image. Scale=1 gm.

effects on the growth or shape of the hyphal tips. The
migrations also show no detected pattern, nor do they in-
dicate any areas which are inaccessible to the organelles,
nor do they show regions of reduced motility (i.e. regions
which the organelles enter and then slow down or stop).
Perhaps most importantly, they can move rapidly right
through the region of cytoplasm predicted to be occupied
by the VSC (Fig. 7).

The motile behaviour of organelles in median optical
sections of the tips of two growing hyphae was analyzed
with the “trace” mode of the DVS 3000 system set for
30 s. All organelles which moved during this period ap-
peared as white lines (Fig. 9), thus the region of
cytoplasm in which these movements occurred could be
determined by measuring the distance between the lines
and their closest approach to the cell wall. These move-
ments conspicuously did not occur in the most peripheral
cytoplasm, within about 0.5 pm from the wall (Fig. 9},
but were otherwise dispersed throughout the central
cytoplasm. This peripheral layer of cytoplasm could also
be subjectively detected by simple observation of the
video sequences of median optical sections of growing
tips, it appeared as a layer in which little movement could
be detected and appeared to be about 0.4 #m thick.
This layer is coincident with the approximate thickness
{0.25 pm) of the peripheral layer of actin detected by
rhodamine-phalloidin staining of hyphae (Heath, 1987)
and is the primary location of the wall vesicles in slightly
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Fig. 9. Histograms showing the percentage of wall vesicles in
the different regions of the cytoplasm in Fig. 1A from Heath
and Kaminskyj (1989) (A) and the minimum distance be-
tween the cell wall and organelle movement traces in two
hyphal tips (B). In A, the distance between the centre of
each vesicle profile (average diameter -0.07 #m) and the
plasma membrane was measured. The section was taken
at about 14 x#m behind the tip. In B, the tips were growing
at a rate of -5 gm/min and all traces were within the most
apical 16 #m of the tip and were printed at a magnification
of 4200x. Also indicated are the approximate thickness of
the peripheral actin network determined from Heath (1987)
{solid star) and the thickness of the outer layer of cytoplasm
{open star) which was subjectively judged to show little or-
ganelle motility in median optical video images of growing
tips viewed at 6350x on the screen. Abscissa is the dis-
tance from the plasma membrane.

subapical regions (Fig. 9).
Discussion

As indicated in the introduction, the VSC hypothesis is
unique among hypotheses designed to explain tip growth
in that it can explain and predict numerous facets of the
process and makes testable predictions about the in-
tracellular behaviour of the wall vesicles. The ideal test
of the model would involve the description of the move-
ments of the wall vesicles themselves, but such has not
yet been published for any tip growing system. Thus the
present indirect tests of correlates of the hypothesis are
all that is currently possible.

Mathematically, we have shown that if one assumes
a point source for the origin of vesicles (the VSC), then
the postulated uniform distribution of vesicles per unit
angle from the VSC per unit time is the only one which
will give a physical shape to the hypha, other patterns
give unphysical shapes. A mechanism to achieve such
uniformity remains undescribed, and may be hard to
achieve in biological systems noted for variability. We
have also shown that, as is implicit in the VSC model, a
specific gradient of vesicle fusions, however achieved,
generates a “hyphoid” shape. More importantly, varia-
tions of such a gradient can also generate physical

shapes for hyphae. These variations can generate an
infinite diversity of shapes, from the simple hemisphere
atop a cylinder to a range of tapered tips. In reality, the
shape of hyphal tips is more varied than the uniformity
predicted by the “hyphoid equation,” as illustrated in Fig.
4 and McKerracher and Heath (1987). The formulae for
the diverse gradients lack the simple elegance and predic-
tion of a singular structure of the VSC model but may be
expected to more closely match reality in the complexity
which characterizes the biological realm!

We have also been able to experimentally test predic-
tions of the VSC model. These tests show that:- a) the
predicted patterns of vesicles entering or leaving the
region of cytoplasm predicted to be the VSC do not oc-
cur, b} the site of the predicted VSC does not exist in
terms of presenting any detectable impediment to the
movement of large organelles, c} the movement of large
organelles through the region in which the critical
uniform radial distribution of wall vesicles is predicted to
occur had no detectable effect on the distribution of vesi-
cles, as witnessed by the absence of change in the shape
or growth rate of the hyphal tip, d) variations in the pat-
tern and degree of occupation of the apical cytoplasm
(through which the postulated uniform distribution of
wall vesicles must occur) by large organelles had no de-
tectable effect on tip shape or growth rate. Collectively,
these observations, which are contrary to predictions of
the VSC model, indicate that the model does not apply to
hyphae of Saprolegnia ferax. Bartnicki-Garcia (1990}
has indicated that the hypothesis fits the growth of
oomycete hyphae as well as any other fungi, this ex-
trapolating of the present negative results to other spe-
cies is reasonable. At the least, the present observa-
tions show that the hypothesis, as stated, cannot be
universal for tip growing cells.

While the present results question the universality of
the fundamental feature of the VSC hypothesis, the VSC
itself, they do not in any way negate a corollary feature of
the model, that tip morphogenesis is the result of an ap-
propriate gradient of vesicle fusions with the plasma
membrane. A gradient in fusion of wall vesicles with the
plasma membrane, however it may be achieved, will also
fit the computer simulations upon which the VSC model
is based. Thus, the ability of the model to explain the
diversity of morphogenic forms encountered in the fungi,
and other tip growing cells, can be taken as support for a
vesicle fusion gradient (VFG) model as well as the VSC
model.

A VFG model for tip growth is conceptually more
compatible with our general understanding of cell biology
than the VSC model. There are no other systems
described which show the existence of such a precise
vesicle directing structure as postulated by the VSC.
Certainly cells have the ability to direct vesicles to differ-
ent parts of a cell, but not with the level of precision im-
plied by the VSC. Perhaps the closest equivalent is the
cytocentre of epidermal melanophores and erythro-
phores, but they are very much larger, equivalent to the
size of the entire hyphal tip (e.g. Bray, 1992). In con-
trast, mechanisms for determining the sites of vesicle fu-
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sions can be very fine. For example, in the endomem-
brane system, vesicles are directed to individual cister-
nae of Golgi bodies and during exocytosis at the plasma
membrane of structures such as synapses, targeting is
precise, to the #m level (e.g. Lodish et al., 1995). The
factors responsible for the regulation of the postulated
VFG in hyphal tips remain unknown, but presumably in-
volve the postulated membrane skeleton of the plasma
membrane (Heath, 1995). Evidence for the existence of
a membrane skeleton is presented in this paper in the
form of the peripheral region in which organelle move-
ments are lacking. This is the same region occupied by
the peripheral actin arrays shown in previous work
(Heath, 1987). That it has a role in the transport and
possible fusion of the wall vesicles is shown by the con-
centration of these vesicles in this region in freeze sub-
stituted hyphal tips (Heath and Kaminskyj, 1989).

Acknowledgements——This work was supported by grants
from the Natural Sciences and Engineering Research Council of
Canada. We thank N. Madras for helpful discussions.

Literature cited

Bartnicki-Garcia, S. 1990. Role of vesicles in apical growth and
a new mathematical model of hyphal morphogenesis. In:
Tip growth in plant and fungal cells, (ed. by Heath, |. B.),
pp- 211-232. Academic Press, San Diego.

Bartnicki-Garcia, S., Hergert, F. and Gierz, G. 1989. Computer

simulation of fungal morphogenesis and the mathematical
basis for hyphal (tip) growth. Protoplasma 153: 46-57.

Bray, D. 1992. Cell Movements. Garland Publishing, Inc., New
York.

Gooday, G.W. 1995. The dynamics of hyphal growth.
Mycol. Res. 99: 385-394,

Heath, I. B. 1987. Preservation of a labile cortical array of actin
filaments in growing hyphal tips of the fungus Saprolegnia
ferax. Eur. J. Cell Biol. 44: 10-16.

Heath, |. B., Rethoret, K., Arsenault, A.L. and Ottensmeyer,
F.P. 1985. Improved preservation of the form and con-
tents of wall vesicles and the Golgi apparatus in freeze sub-
stituted hyphae of Saprolegnia. Protoplasma 128: 81-93.

Heath, I. B. and Kaminskyj, S. G. W. 1989. The organization of
tip-growth related organelles and microtubules revealed by
quantitative analysis of freeze-substituted oomycete hyph-
ae. J.Cell Sci. 93: 41-52.

Heath, I.B. 1990. The roles of actin in tip growth of fungi.
Intl. Rev. Cytol. 123: 95-127.

Heath, I.B. 1995. Integration and regulation of hyphal tip
growth. Can. J. Bot. 73 (Suppl. 1): S131-5139.

Lodish, H., Baltimore, D., Berk, A., Zipursky, S. L., Matsudaira,
P. and Darnell, J. 1995. Molecular Cell Biology, 3rd ed.
Scientific American Books Inc., New York.

McKerracher, L. J. and Heath, |. B. 1987. Cytoplasmic migra-
tion and intracellular organelle movements during tip growth
of fungal hyphae. Expl. Mycol. 11: 79-100.

Wessels, J. G. H. 1990. Role of cell wall architecture in fungal
tip growth generation. In: Tip growth in plant and fungal
cells, (ed. by Heath, I. B.), pp. 1-29. Academic Press, San
Diego.



