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SUMMARY

The intracellular origins of polarity and branch initiation in fungi centre upon a localization in the
supply of fungal wall constituents to specific regions on the hyphal wall. Polarity is achieved and
maintained by accumulating secretory vesicles, prior to incorporation into the wall, in the form of
an apical body or Spitzenkorper. However, neither the mechanisms leading to this accumulation nor
the initiation of branching, are as yet understood. We propose a mechanism, based on experimental
evidence, which considers the mechanical properties of the cytoskeleton in order to explain these
phenomena. Cytoskeletal viscoelastic forces are hypothesized to be responsible for biasing vesicles in
their motion, and a mathematical model is derived to take these considerations into account. We find
that, as a natural consequence of the assumed interactions between vesicles and cytoskeleton, wall
vesicles aggregate in a localized region close to the tip apex. These results are used to interpret the
origin of the Spitzenkorper. The model also shows that an aggregation peak can collapse and give
rise to two new centres of aggregation coexisting near the tip. We interpret this as a mechanism for
apical branching, in agreement with published observations. We also investigate the consequences
and presumptive role of vesicle—cytoskeleton interactions in the migration of satellite Spitzenkorper.
The results of this work strongly suggest that the formation of the Spitzenkorper and the series of
dynamical events leading to hyphal branching arise as a consequence of the bias in vesicle motion
resulting from interactions with the cytoskeleton.

1. INTRODUCTION

The highly polarized and indeterminate vegetative
growth characteristic of many members of the fun-
gal kingdom have contributed significantly to its
evolutionary success. It provides an essentially non-
motile organism with ‘mobility’, morphological plas-
ticity and the capability to spatially explore the sur-
rounding environment (Andrews 1995; Carlile 1995).
Growth of an eucarpic fungal colony is achieved by

¥
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the elongation and branching of individual hyphae
predominantly at the periphery of the colony (Trinci
1971). Central to the question of generation and
maintenance of polarity and the initiation of branch-
ing is to understand how the shaping of a single hy-
phal tube occurs. Although turgor pressure might be
responsible for expanding the hyphal wall (Money
1990; Kaminskyj et al. 1992; Money & Harold 1992),
it is agreed that, in order to maintain a localized
growth of the hyphal tip, the constitutive wall com-
ponents must be supplied in an appropriate man-
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ner. Thus a fundamental process governing fungal
morphogenesis is the supply and inclusion of mem-
brane, wall precursors and enzymes at the apex of
hyphae. These are thought to originate in the lumen
of the hyphae as vesicles derived from the endoplas-
mic reticulum, which travel towards the apex and ul-
timately fuse with the hyphal wall (figure 1a) (Grove
& Bracker 1970; Howard 1981; Koch 1982). Thus the
growth of a hyphal tube is restricted to the cytosolic
activity of the most apical end of the cell, to a volume
of less than 700 pm3. In contrast, vesicles have a typi-
cal size of 40-70 nm in diameter (microvesicles) up to
90-150 nm in diameter (macrovesicles) (see Vargas et
al. 1993 and the references therein). Given such dif-
ferences in scales, it is estimated, for example, that
a hyphal tube of Neurospora crassa extending at a
characteristic rate of 38 im min~—! and with an ex-
tension zone of 29 pm, would require of the order of
4 x 10* vesicles to fuse per minute with the extend-
ing tip wall, in order to achieve such an elongation
rate (Collinge & Trinci 1974). From these estimates,
it is also evident that the speed of vesicle movement
must be much greater than the rate of hyphal exten-
sion, for the vesicles to fuse with the extending hy-
phal wall. For example, vesicle motility takes place
at about 1-10 um s~ (McKerracher & Heath 1987),
and Howard (1983) reported particle movement at a
rate of 3 pum s~ in hyphal tubes of Gilbertella. Cyto-
plasmic migration (and therefore tip growth) ranges
from 1-10 pm min—! (McKerracher & Heath 1987);
more recently, finer measures of growth rate in differ-
ent species of fungi give values lying between 0.038
and 0.248 um s~! (Lépez-Franco et al. 1994).

Wall vesicles appear concentrated just behind
the apex in the form of an organized apical body
or Spitzenkorper (Brunswik 1924; Lépez-Franco &
Bracker 1996), in the case of septate fungi, or in a
less organized form in Oomycetes and Zygomycetes
(Girbardt 1957, 1969; Grove & Bracker 1970; Grove
1978; Howard 1981; Lépez-Franco & Bracker 1996).
Vesicles may arrive at the Spitzenkorper individ-
ually or in clusters, or ‘satellites’ (Lépez-Franco
et al. 1995). Although central to the understand-
ing of tip morphogenesis, the origin of both the
Spitzenkorper and satellites is as yet unknown. An
accumulation of vesicles associated with growth is
also present in other tip-growing systems such as
pollen tubes (Steer & Steer 1989) and root hairs
(Bonnett & Newcomb 1966). It is considered that
accumulation of vesicles prior to their incorporation
into the wall localizes their supply (and therefore
growth) to the most apical region of the tip. This
phenomenon will maintain polarity, and will prevent
budding, as is typical of yeast-like growth. Differ-
ences in the way material is supplied to the hy-
phal wall may also contribute to mechanisms which
distinguish between apical branching, mycelial and
pseudomycelial growth. Models such as the ‘hyphoid’
model (Bartnicki-Garcia et al. 1989), which simulate
the above phenomena, are based upon the existence
of an ‘organizing or vesicle supply centre (VSC)’.
However, they do not explain how such a VSC is ini-
tiated, nor consider what the mechanisms involved
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Figure 1. (Top) The growth of a hyphal tube takes place
by deposition of secretory vesicles at the hyphal wall.
They originate in Golgi equivalents, travel towards the
apex of the tip and appear accumulated as an apical
body or Spitzenkdrper before fusing with the extending
cell wall. (Bottom) The main hypotheses considered in
the model are depicted here. Forces generated at the cy-
toskeleton orientate cytoskeleton filaments, and therefore
facilitate the motion of vesicles along the axis of deforma-
tion (as opposed to perpendicularly to this axis): biased
diffusion. The deformation of the cytoskeleton by vesicles
generates a propelling force which permits their displace-
ment: filament-based motion

in the organization and dynamics of vesicles and the
VSC are. In the hyphoid model the Spitzenkorper
zone is identified a posteriori with the VSC. Indeed
the Spitzenkorper has long been thought to be re-
sponsible for the vectorial growth of the hyphal tip.
Recent experimental observations of growing hyphal
tips (Bartnicki-Garcia et al. 1989; Lépez-Franco et
al. 1995) strongly support this evidence.

Vesicles have no inherent motility. In order to ex-
plain their motion, extrinsic mechanisms of transport
must be invoked. Little is known about the way wall
vesicles are transported and although several exper-
iments relate the cytoskeleton to the organization of
the Spitzenkorper (Howard & Aist 1980; Borett &
Howard 1991) and the spatial distribution of vesicles
(Howard & Aist 1980; Novick & Bolstein 1985; Hoch
et al. 1987; Heath & Kaminskyj 1989), the direct as-
sociation of vesicles to single cytoskeletal filaments
is far from proven (Howard 1981, 1983; Heath et al.
1985; Heath & Kaminskyj 1989). In this paper we
propose a possible mechanism by which viscoelastic
forces generated by the cytoskeleton are responsible
for orienting vesicles towards the apex. Such a mech-
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anism does not preclude a direct association between
the cytoskeleton filaments and the wall vesicles. How-
ever, it does not depend upon such an association, in
order to explain the involvement of cytoskeleton com-
ponents in the spatial organization of wall vesicles.
A certain degree of cytoskeletal integrity is required,
and therefore vesicle transport will be affected indi-
rectly by any disruption of the cytoskeletal network.

We begin by describing the mechanical properties
of the cytoskeleton in terms of viscoelastic forces
(Murray et al. 1983; Oster et al. 1983; Murray &
Oster 1984a,b). We then review some experimental
observations regarding the possible involvement of
the cytoskeleton in the spatial organization of wall
vesicles. These are then translated into a mathemat-
ical form by means of conservation equations. By
coupling cytoskeletal viscoelastic forces to the vesicle
conservation equation, we characterize the motion of
wall vesicles and discuss the results in terms of the
origin of the Spitzenkérper and apical branch initi-
ation. The hypothesized role of cytoskeletal motors
and their possible involvement in the transport en
masse of wall vesicle clusters, is also investigated. A
mathematical analysis of the model will appear else-
where (Regalado & Sleeman 1997).

2. THE MATHEMATICAL MODEL

(a) Cytoskeleton mechanical equation

The cytoplasm is permeated by an organized fi-
brous network, the cytoskeleton, in which organelles
are embedded and which regulates their movement
(Bray 1992). While this is more or less accepted to be
also the case in fungal cells (see, for example, McKer-
racher & Heath 1986, 1987; Heath 1995 and the ref-
erences therein), the controversy is mainly centred in
the organization, nature and composition of such a
network. Nevertheless, we can imagine the cytoskele-
ton as an interconnected lattice of microtubules,
actin filaments and associated proteins, which can be
characterized as a fluid with viscous and elastic prop-
erties: elastic forces are a consequence of the proteic
nature of individual filaments and their crosslink-
ing; viscous properties arise because of steric imped-
iments to the free diffusion of filaments (Pollard &
Cooper 1986; Janmey et al. 1988, 1991; Luby-Phelps
1994). The cytoskeleton is involved in the motion of
many organelles (McKerracher & Heath 1987; Heath
1995). Consequently, viscous and elastic forces are
likely to affect the transport dynamics within the
hyphal interior. Since vesicles are the most abundant
organelles in the apical tip, it is likely that their mo-
tion is also affected by such forces. Because of its
elastic properties, the cytoskeleton will also respond
to cytoplasmic contractions accordingly (Heath 1995
and the references therein).

The mechanical properties of the cytoskeleton
can be effectively described using elasticity the-
ory (Timoshenko & Goodier 1970). Consider a
one-dimensional cytoskeletal filament (or a one-
dimensional section of the cytoskeleton) of length L
at rest. Under deformation its length is modified to
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L4 and we measure deformation in terms of the non-
dimensional quantity e = (Lq — L)/L, known as the
strain. Hence if Ly = L, then no deformation has
taken place and ¢ = 0; while if ¢ < 0 (¢ > 0) the
filament is under compression (dilation). When deal-
ing with objects of more than one dimension it is
convenient to define the deformation of a point in
the material relative to its position at rest, via the
displacement vector u(r,t). Thus a point initially at
position 7 = w2 + yj + zk is deformed (displaced)
to r + w at time ¢t (with %, j and k being the unit
vectors in the directions z, y and z, respectively).
Accordingly, one can show that the strain will adopt
a tensorial character (denoted by the superscript 7)
and that it can be written in terms of u as

£=3(Vu+Vaul). (1)

In general the strain tensor can be written (Prager
1961)

€rx Exy Exz
€= | Eyx Eyy Eyz | »
€z €2y €22

where €;; (= €4, # j) are the components of strain,
which uniquely define €.

If we assume the different mechanical forces acting
in the cytoskeleton to be in equilibrium (i.e. inertial
forces are negligible), we can write according to New-
ton’s second law

0*u
mﬁ = sum of forces

= viscous + elastic forces = 0. (2)

where m is the cytoskeleton density in a unit volume
and (0%u/0t?) is the acceleration of the network of
filaments. General textbooks on continuum mechan-
ics (Timoshenko & Goodier 1970; Landau & Lifshitz
1986) give the form of the different visco and elas-
tic forces in equation (2). By assuming that the cy-
toskeleton is isotropic (i.e. its physical properties do
not vary with direction) we can write

0=V -{[né + &0, 1]+ E'[¢ + V' 0I]}, (3)
viscous elastic

with

E' =E/1+v), VvV =v/(1-2v).

The constants 1, £ and E, v are, respectively, viscous
and elastic parameters, that is 7 is the shear viscosity,
& the bulk viscosity, £ the Young’s modulus and v
denotes the Poisson ratio. As above, € is the strain
tensor, and §(= V - u) is the dilation; I is the unit
tensor,

~n
Il
O O =
o= O
—_ o O
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(b) Vesicle density conservation equation

We describe changes in the spatio-temporal distri-
bution of vesicles by means of a conservation equa-
tion of the form

0
oc = -V - Jyes = =V - Jairt — V - Jeonvec,

5 in £2,

(4)
where ¢ denotes the number of vesicles per unit vol-
ume (vesicle density). Jaig and Jeonvee represent dif-
ferent contributions (discussed below) to the total
flux of vesicles Jyes, that is the number of vesicles
crossing a unit area per unit time. The divergence,
V-, of this quantity expresses the rate of loss of vesi-
cles per unit volume. {2 is considered to be the spatial
domain bounded by the site where vesicles are orig-
inated, i.e. the endoplasmic reticulum, and the site
of vesicle delivery, i.e. the hyphal wall. Thus stated,
equation (4) sets the rate of increase in vesicle den-
sity at a point, equal to the net flux of vesicles at
that point, under the assumption that there is no
net source of vesicles in (2.

In order to distinguish phenomena due to increases
in the overall vesicle density from those that are in-
herent to the postulated mechanisms, we assume that
(unless otherwise stated) there is no change in the
density of vesicles due to degradation or inclusion
into the wall. More precisely, we consider that the
formation or decay of vesicles is balanced by the num-
ber of vesicles that are accommodated into the wall.
Thus we assume no-flux boundary conditions, i.e.

Jyes - =0, on 92,

where n is the unit vector normal to a surface ele-
ment and the boundary 0f2 is physically placed at
the hyphal wall. Since the hyphal tip is growing, we
in reality have a moving boundary problem, with
the boundary given by some 92(t). However, since
tip growth is accompanied by cytoplasmic migration
(McKerracher & Heath 1987), we may consider the
boundary as being fixed with respect to an origin
placed at the endoplasmic reticulum and hence 9£2(t)
is invariant in time. We may also argue that, since the
velocity of vesicles motion is much greater than the
expansion rate of the tip (see § 1), small variations in
0f2 are negligible, within the time scale considered
here.

(¢) Mechanisms of vesicle motion

(i) Biased random motion (Jqaig)

Heath & Kaminskyj (1989) found that the pre-
ferred longitudinal distribution of vesicles in the sub-
apical peripheral cytoplasm of Saprolegnia ferax was
coincident with the longitudinal alignment of actin
cables in this zone (Heath & Kaminskyj 1989). Hoch
et al. (1987) reported migration of vesicles along lin-
ear tracks in apical regions of Uromyces germlings.
Other authors have also related cytoskeleton com-
ponents to vesicle transport: Howard & Aist (1980)
found that exposure of Fusarium hyphae to an an-
titubulin agent resulted in the disorganization of
the Spitzenkorper (Howard & Aist 1977, 1980) and
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the alteration of the distribution pattern of wall
vesicles (Howard & Aist 1980); Borett & Howard
(1991) found actin filaments associated with the
Spitzenkorper. Howard & Aist (1979) and Howard
(1981) observed longitudinally oriented microtubules
in subapical regions of hyphal tips of Fusarium. Oc-
casionally these were observed in an apparent associ-
ation with cytoplasmic vesicles (Howard 1981). How-
ever, Heath & Kaminskyj (1989) claim that such an
association in Saprolegnia is coincidental and that
the spatial distribution of microtubules within the
hyphal tip and their typical length, tend to dimin-
ish their possible involvement in the transport of or-
ganelles (see also Heath et al. 1985). Finally, muta-
tions in the actin gene of Saccharomyces have been
demonstrated to lead to an abnormal distribution of
actin filaments accompanied by an accumulation of
secretory vesicles in the cytoplasm (Novick & Schek-
man 1979; Novick & Bolstein 1985).

We summarize the above observations in our
model by assuming that vesicles move randomly, em-
bedded in the network of filaments that form the
cytoskeleton. We also assume that vesicle motion is
solely affected by local variations in the surrounding
environment (but for other kinds of dependences, see
Othmer & Stevens 1997; Levine & Sleeman 1997; see
also Cook 1995) and therefore the flux is given by:

Jaig = —VDc,

where D is the diffusivity. If stresses are applied to
the cytoskeleton, these forces will be transmitted to
the vesicles, which will consequently tend to move
down a potential gradient, i.e. move from regions of
high to low stress. This is modelled by assuming that
the diffusion coefficient D is dependent on the elastic
strain tensor £, i.e. Jaig = —V.D(€)c. The form of this
dependence is taken to be (see §4a for other forms
of D(é))

D(é) = Dy|gP
= Dy(e2, + 2592“/ 422+ 28732 + Ezy + sﬁZ)W,
(5)

where €;; are, as above, the components of strain; p is
some positive parameter which determines the shape
of the power-law dependence in (5). D; is a propor-
tionality constant. Equation (5) can be interpreted
as stating that the diffusion of vesicles is facilitated
(biased) according to the magnitude of the different
contributions to the strain tensor by the components
of strain in each direction (g;;). For example, un-
der forces prevailing along the elongation direction
(say the y-axis) filaments would tend to orientate
longitudinally. Vesicle motion would accordingly be
favoured along these lines of force (since according to
(5) the leading contribution to the diffusivity would
therefore come from ¢, ), parallel to the filaments, as
has been observed (Howard 1983; Heath & Kamin-
skyj 1989). Equally, if the cytoskeletal network was
disrupted, such that forces can no longer be trans-
mitted, the above coupling would disappear (p = 0)
and therefore the migration of vesicles along such lin-
ear tracks would be substituted by Brownian motion,
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D(¢) = D;. Herr & Heath (1982) and Hoch et al.
(1987) observed a generalized increase in Brownian
motion in Uromyces germlings treated with different
antimicrotubule agents.

Notice also that from (5), D(0) = 0, which implies
¢t = 0, (see (4)). It is expected that an applied defor-
mation would relax over time. Therefore a stationary
vesicle distribution will be achieved once the applied
deformation has relaxed.

(ii) Motion of vesicles result as a direct interaction with
cytoskeleton filaments (Jconvec)

The above discussed mechanism does not exclude
the possibility of contact between vesicles and fila-
ments. However, in its formulation it is implicit that
such an association is not the ultimate cause for vesi-
cle migration. A direct interaction between vesicles
and cytoskeleton components, acting as (represent-
ing) the motive force for vesicle migration, cannot
in principle be discarded. However, experimental ob-
servations showing the existence of such active trans-
port of vesicles or a close association between vesicles
and cytoskeleton filaments in fungal cells are incon-
clusive (Howard 1981; Heath et al. 1985; Vargas et al.
1993). The low vesicle-microtubule interaction fre-
quencies observed in Saprolegnia (Heath et al. 1985;
Heath & Kaminskyj 1989) may be due to a low affin-
ity binding between vesicles and microtubules. How-
ever, it is difficult to reconcile how a weak inter-
action between both could transmit forces sufficient
for vesicle movement, since the cytoplasmic stream-
ing or simple Brownian motion would tend to dis-
rupt such interactions. Some authors have suggested
that sporadic observations, such as the existence of
lines of vesicles in subapical regions of the cytoplasm
of Neurospora crassa (Trinci & Collinge 1973) and
Volvariella volvacea (Tanaka & Chang 1972), may
be indicative of the existence of an intimate contact
between filaments and vesicles. Additionally, Howard
(1983) found several types of vesicles closely associ-
ated with microtubules arranged in a track-like con-
figuration.

Despite the lack of experimental evidence to sup-
port an active motion of vesicles via interactions with
cytoskeletal components, we explore its relevance in
our model. There is as yet no postulated mechanism
by which fungal cytoskeletal components would me-
diate organelle movement along them. Most of the
related work comes from other organisms, princi-
pally microtubule-mediated vesicle transport in the
axoplasm of the squid giant axon (see, for example,
Weiss 1986). Since the force-generating mechanism
is unknown, we hypothesize a mechanism of mo-
tion based on the following observations (see Weiss
1986 for a review). (i) The attachment and traction
of a vesicle can deform a filament elastically (Vale
et al. 1985; Weiss 1986). (ii) Organelle movement
can take place along single filaments (microtubules)
(Schnapp et al. 1985); thus vesicles may be pulled
forward by the local deformation of the cytoskele-
ton filaments; hence, the velocity of deformation is

Phil. Trans. R. Soc. Lond. B (1997)

Veonvee = Ou(r,t)/0t. Other forms of such advec-
tive velocity can be proposed. Most of the results
obtained here are, however, independent of the de-
tailed form of veonvec- (ill) Experiments with axo-
plasm extruded from squid giant axons show that
the number of particles transported is proportional
to the number in suspension (Vale et al. 1985; Weiss
1986); the number of vesicles transported per unit of
time is therefore proportional to ¢ times such velocity
of deformation, i.e.

B ou(r,t)
Jconvcc - D2C 8t . (6)

(iv) Axoplasmic organelles appear to have multiple
binding sites and when attached to more than one fil-
ament their velocity of movement is diminished (Vale
et al. 1985); we model this by making Jeonvec in-
versely proportional to the filament density m. How-
ever, we assume m(r,t) to be constant and therefore
rescaled to Da. A term of the form of (6) has been
considered by Murray & Oster (1984a) in a model
for cell traction during mesenchymal morphogenesis.

The main hypotheses considered in the model are
schematically depicted in figure 1b. In summary, the
model comprises the following system

¢, = D1V - (V|€]P¢e) — DoV - (uge),

i i (7)
0=V -{[né +€0,1] + F'[¢ + V' 0I]},

together with null boundary conditions

—(D1V|élPc — Daure) - =0, V-£=0, on df2.

(®)

3. RESULTS

We investigate the dynamical behaviour of numer-
ical solutions of system (7), (8), in one and two
space dimensions. An initial deformation is applied
to the cytoskeleton. The spatio-temporal evolution
of an initial distribution of wall vesicles, subjected
to viscoelastic forces, is then followed under two sets
of assumptions: model 1, 3, where vesicles are sim-
ply passively driven by viscoelastic forces (Dy = 0)
and, model 2, where vesicles are also actively dragged
along filaments (D # 0).

(a) Model 1

It is assumed that there are no mechanical trac-
tions between vesicles and cytoskeleton. Vesicles are
simply biased in their motion by cytoskeletal forces
(D2 = 0). One-dimensional model.

Two main types of generic behaviour in the dy-
namics of vesicle motion were observed: either an
initial spatially uniform population of vesicles tran-
siently clustered in a localized region before collaps-
ing to a spatially uniform distribution (e.g. figure 2),
or such an accumulation peak remained stationary
over time (e.g. figure 3). We will refer to the former
as collapse and to the latter as aggregation. Whether
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Figure 2. An example of vesicle collapse in one dimen-
sion from an initially homogeneous vesicle distribution,
co = 1. An initial deformation of the form 2 + coswzx
was applied to the cytoskeleton. The displacement at
both ends of the interval, Golgi side (u(o)) and wall apex
(M), is taken to be of the form: u —u(® = 2. The
parameter values used in the simulation are: p = 4;
fi=(E'(1+v)/n+& =1;Dy =1; Dy =0.

s
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80
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Figure 3. An example of vesicle aggregation in one di-
mension. A deformation of the form 2 + cosmz was ini-
tially applied to the cytoskeleton. The displacement at
both ends of the interval, Golgi side (u”)) and wall apex
(u®), is taken to be of the form: v —u(® = 2¢7¢,
The parameter values used in the simulation are: p = 4;
fp=(E'"1+v)/n+€ =1; D1 =co=1; D2 =0.

vesicles will eventually collapse or aggregate does not
depend upon a particular choice of parameter values
but, upon the form of both the displacement at the
hyphal tip wall and Golgi side (compare figures 2
and 3). Different choices of, e.g. viscous and elastic
parameters, will only affect the shape and position-
ing of the aggregation and collapse peaks (see below),
but do not decide whether one or the other will take
place.

An accumulation of vesicles or Spitzenkdrper, as-
sociated with growth, was described initially by
Brunswik (1924), although its precise mechanism
of formation has since remained unknown. The re-
sults presented here suggest that vesicles accumulate
as a consequence of cytoskeletal forces modulating
their random motion. The capacity for disorganizing
(collapse of) such aggregation centres under certain
circumstances seems also desirable, since structural
changes in the organization of the Spitzenkorper are
directly involved in growth and branching. Exam-
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Figure 4. An example of vesicle aggregation in one di-
mension. The aggregation peak can be moved by chang-
ing the initial deformation, 1+ cos 7x. Compare with fig-
ure 3. The displacement at both ends of the interval,
Golgi side (u”) and wall apex (u'"), is taken to be of
the form: u® — u(® = e~*. The parameter values used
in the simulation are: p=4; i = (E'(1+v")/n+ &) = 1;
D1:CQ:1; D2:O

ples that illustrate this fact are: in hypha that have
stopped growing, the Spitzenkorper appears disorga-
nized; perturbations of a growing hypha, for exam-
ple by mechanical forces, lead to the disappearance
of the Spitzenkorper (Girbardt 1957; Lépez-Franco
1992; Lépez-Franco & Bracker 1996); the dynami-
cal reorganization of the Spitzenkorper in association
with apical branching has recently been described
(Reynaga-Pena et al. 1995; see below). The model
presented here is capable of reproducing conditions
where such collapse may take place.

The position of the Spitzenkorper is responsible
for the shaping of the tip and its vectorial growth
(Bartnicki-Garcia et al. 1989). A mechanism is there-
fore required whereby the position of the aggrega-
tion centre can change. In addition, the morphology
of the Spitzenkorper varies between fungi (see Gow
1995, figure 13.1; Lopez-Franco & Bracker 1996). In
figures 2—4 vesicles are collected further back from
the tip (z = 0 side) and accumulation happens to
be close to the tip apex. However, such accumula-
tion peaks can be moved both in time and space by
changing the form of the initial deformation (com-
pare figures 3 and 4) or the value of p (result not
shown). However, the shape and size of the initial
distribution of vesicles does not modify the final out-
come of the aggregation and collapse dynamics.

To date the only mechanism proposed to explain
the initiation of branching in hyphae relies on an ac-
cumulation of vesicles, due to either the existence
of physical barriers along the hyphal tube (septa),
or an imbalance between the rate of incorporation
of vesicles into the wall and their rate of supply by
Golgi bodies (Trinci 1974, 1978). In order to inves-
tigate the possibility of branching by means of an
increase in the overall number of vesicles, we im-
pose different boundary conditions at both ends of
the interval, such that the vesicle density does not
remain conserved. We therefore consider the influx
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Figure 5. The vesicle population grows unbounded if the
vesicle density is not conserved across the boundary: the
influx at the Golgi side (Jves = 5 at = 0), was consid-
ered to be double the efflux of vesicles at the wall apex
(Jves = —10). The initial deformation applied to the cy-
toskeleton is of the form 1+ cos wx. Other parameter val-
ues are: u) —u® =1, p=4; p=(E'A+)/n+€) =
1; D1:Co:1; D2:0.

of vesicles at one end (endoplasmic side) to be dou-
ble the efflux of vesicles at the other end (wall apex)
(Jyes = =10 at z = 1 and Jys = 5 at z = 0).
Figure 5 shows the predicted outcome under these
circumstances. After an initial transient aggregation
the vesicle density collapses and it is followed by an
unbounded growth, but no breaking of symmetry of
the aggregation peak is observed. This suggests that
the possibility of branching initiation by a differen-
tial flux of vesicles at their site of formation and their
rate of incorporation to the hyphal wall, is not ten-
able.

(b) Model 2

Vesicles are not solely diffusion driven but are
also dragged by the cytoskeleton (D # 0). One-
dimensional model.

We investigate the effect of an assumed dragging
force acting on the vesicle population by increasing
D, (figures 6-8). In the case of positive drift (Ds > 0)
vesicles accumulate from the endoplasmic side (x =0
side) and a backward accumulation of vesicles occurs,
with the aggregation peak moving towards the right
(figures 6 and 7). When the drift is negative (figure 8)
the opposite happens and vesicles accumulate only
from the right-hand side. As the vesicles aggregate
they advance. The aggregation centre then displaces
as a whole towards one of the ends.

Small clusters of vesicles, or satellite Spitzen-
korper, moving as a whole, have recently been re-
ported by Lépez-Franco et al. (1995). After an ini-
tial aggregation phase the satellites migrate along
the periphery of the hypha and coalesce with
the Spitzenkorper (Lépez-Franco et al. 1995). The
Spitzenkorper itself is not static either but can
displace also (Bartnicki-Garcia et al. 1989; Lépez-
Franco et al. 1995). The origin of formation of satel-
lites is conjectured to be similar to that of the
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Figure 6. Convective forces can shift the aggregation peak
as a whole. Same parameter values as in figure 3 with
Dy =5.
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as a whole. Same parameter values as in figure 3 with
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Figure 8. Convective forces can shift the aggregation peak
as a whole. Same parameter values as in figure 3 with
Dy = —2.

Spitzenkorper (Lépez-Franco et al. 1995). The re-
sults presented here favour this last hypothesis: a
diffusion-driven mechanism may lead initially to the
formation of discrete cluster of vesicles (plaque and
growth stages in Lépez-Franco’s terminology). Sub-
sequently, the existence of convective forces pulling
vesicles forward, would favour the migration en
masse of such clusters (migratory stage, according
to Lépez-Franco). Such a mechanism appears to indi-
cate the need for an intimate contact between vesicles
and cytoplasmic filaments. Associations of migrating
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Figure 9. An example of vesicle aggregation in two dimensions, from an initially homogeneous vesicle distribution,
co(x,y) = 1. The parameter values chosen in the simulation are: £ = f—&—%n =10 =(E'(V +1)/§) =100;p= Dy =1;
D> = 0. The displacement normal (perpendicular) to the boundary is of the form w - n = 1. (a) Time, ¢ = 0.000

(arbitrary units); (b) ¢t = 0.002; (¢) t = 0.202; (d) ¢t = 0.402.

satellites with cytoplasmic filaments departing from
the Spitzenkorper were reported by Lépez-Franco et
al. (1995). As the satellite approached the vicinity
of the Spitzenkorper such filaments seem to bend
(Lépez-Franco et al. 1995).

(¢) Model 3

The two-dimensional model and branching.

It is not only desirable to extend the above results
to more than one dimension because of their greater
realism, but because certain phenomena, such as
branching, are more accurately represented in more
than one dimension. Figures 9 and 10 show a time
sequence during an aggregation and collapse event,
respectively. Reynaga-Pena et al. 1995, described the
sequence of events leading to apical branching in a
mutant of Aspergillus niger: after a cytoplasmic con-
traction the Spitzenkorper ‘disappeared’ from view,
accompanied by a reduction in hyphal growth rate
and followed by a period of inactivity, after which the
Spitzenkdrper resumed as two new aggregation cen-
tres. From each of them an apical branch developed
(Reynaga-Pena et al. 1995). Figure 11 shows a time
sequence where, after applying an initial deforma-
tion to the cytoskeleton, an initial single vesicle clus-
ter (figure 11a) collapses (figures 11b, ¢) to form two
distinct aggregation centres (figures 11d, e), suggest-
ing that during the period of low activity described
by Reynaga-Pena et al. (1995), the Spitzenkorper

Phil. Trans. R. Soc. Lond. B (1997)

may have in fact disorganized (collapsed). These re-
sults also contribute to validate the mechanism of
Spitzenkorper organization proposed here, and to
provide an understanding of how apical branch initi-
ation may occur, without resorting to the existence
of physical barriers (septae) (Prosser & Trinci 1979;
Yang et al. 1992), or to an increase in the overall
vesicle density (Trinci 1974, 1978; see above).

4. CONCLUSIONS AND DISCUSSION

Since its first citation by Brunswik in 1924, evi-
dence has accumulated about the involvement of the
Spitzenkorper in the shaping of the hyphal tip, tip
polarization and initiation of branching. All of these
processes are central to fungal morphogenesis, hence
the interest for understanding the origin of formation
of the Spitzenkorper and its dynamics. In addition,
there is experimental evidence involving the hyphal
cytoskeleton in the motion of vesicles and in the orga-
nization of the Spitzenkorper. However, experimental
techniques have so far failed to reveal either a mecha-
nism for wall vesicle motion or Spitzenkérper forma-
tion. In searching for a mechanism for the origin of
the Spitzenkorper, the question arises as to whether
the Spitzenkorper plays an active role in the recruit-
ment of wall vesicles, or whether this appears as a
consequence of the vesicles motion mechanism itself.
The former hypothesis becomes tautological when
one tries to explain the formation of a Spitzenkorper
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Figure 10. An example of vesicle collapse in two dimensions, from an initial vesicle distribution of the form co(z,y) =
(7% cos? mx + 7t sinh? w(1—y) +1)"'/2. (a) Time, t = 0.000 (arbitrary units); (b) t = 0.055; (¢) t = 0.105; (d) t = 0.205.
Parameter values are as in figure 9. with a normal displacement at the boundary of the form w - nn = 1 + 100¢.

where initially there was no such structure; the lat-
ter requires reconciliation of how local events, such
as the motion of single vesicles, can lead to aggrega-
tion, an event which appears to require a long-range
orchestration. How these ‘microscopic’ events (vesic-
ular level) are then translated into ‘macroscopic’ phe-
nomena, such as satellite and Spitzenkorper dynam-
ical organization, then needs explanation. We have
succeeded in providing a mechanism for this to take
place based on first principles, such as Brownian mo-
tion and viscoelastic properties. In fact, both seem
unavoidable, the former because of the microscopic
size of the vesicles, and the latter because of the fila-
mentous nature of the cytoskeleton. We show that a
mechanism of motion solely based on these two prin-
ciples would lead to either aggregation or collapse of
vesicles. In addition, if a certain size of the vesicle
population is assumed to remain attached to the cy-
toskeleton and to use this as a motor mechanism, we
show this may lead to the migration en masse of vesi-
cle clusters or satellite Spitzenkorper. We also find
situations where an established aggregation peak can
collapse to reform as two distinct organizing centres,
in accordance with what has recently been described
as the sequence of events leading to apical branching.
These results reinforce the validity of the mechanism
proposed here; however, only more experimental ev-
idence will decide whether this or other mechanisms
are in fact taking place in the interior of the hypha.
In saying this, data regarding microscopic features
of vesicle motion, such as velocity, turning angle dis-
tributions or characteristics of the path followed by
vesicles, would be beneficial in further discerning the
applicability of the model presented here.

Phil. Trans. R. Soc. Lond. B (1997)

(a) Anisotropy and other forms of the strain-
dependent diffusion coefficient

The form of the diffusion coefficient D(€) in (5) is
only one of a variety of possibilities. D(€) is chosen
to depend on the magnitude of £ and directionality
follows from the gradient of vesicles—which is pro-
portional to the strain tensor, V|¢|c, such that vesicle
motion will be primarily favoured along the direc-
tion of highest strain or axis of deformation. Since it
is predicted that, as a consequence of the deforma-
tion, cytoskeleton filaments will distribute preferably
along such an axis, vesicle motion will also be facili-
tated along that direction. However, filament orienta-
tion is not explicitly described in the model, although
there is evidence to suggest a preferred orientation
of cytoskeleton filaments in hyphal tips. For exam-
ple, microtubules in hyphal tips of Fusarium are ori-
ented longitudinally (see section on biased random
motion). In order to model this phenomena, other
forms of the diffusion tensor may be used. For exam-
ple, when the local filament orientation distribution
is specified, Cook (1995) showed that the diffusion
coefficient D(€) is of the form

2+ €Epp — Eyy

2e 4y
il (9)

~ _ 1
D(g) Dy 2 teyy o enn |

— 4
where €;; are, as before, the strain components in
the corresponding directions. The above form of the
diffusion coefficient predicts that diffusion is pro-
portional to the degree of filament alignment due
to strain, i.e. diffusion is small unless filaments are
aligned and stretched. The diffusion coefficient speci-
fied by (9) is reducible to a class of diffusion matrices
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Figure 11. An initial vesicle cluster (a), collapses (b,c),
before reorganizing as two new aggregation centres (d, e),
when an initial deformation of the form 1(z® + y?) is
applied to the cytoskeleton. The time sequence shown
is as follows: (a) Time, ¢ = 0.000 (arbitrary units); (b)
t = 0.015; (c) t = 0.120; (d) t = 0.240; (e) t = 0.960.
The parameter values chosen in the simulation are: § =
E+3n=11=(E'(W+1)/§) =10;co =p=D1 =1;
D> = 0. The displacement normal (perpendicular) to the
boundary is of the form w - 7fa = 1 + e~ %5,
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of the form (Cook 1995)

D— [fgs) f(i)} 7 (10)

where f(+e) is a measure of the ‘strength’ of diffu-
sion in the z- and y-directions, respectively. € mea-
sures the degree of anisotropy which varies between
+1, complete filament alignment in the y-direction,
and —1, complete alignment in the z-direction (with
e = 0 reflecting isotropy). For example, (9) corre-
sponds to f(e) = 1(1 —¢). The diffusion coefficient
specified by (9), and more generally by (10), would
therefore permit us to include anisotropy and fila-
ment alignment in the equation governing vesicle mo-
tion. These are considerations which deserve further
investigation.
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