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Studies on Saprolegnia ferax suggest the general importance of the
cytoplasm in determining hyphal morphology'
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Abstract: Tip growth of hyphae is the dominant growth
form of the vast majority of fungi, and of their mor-
phological allies, the oomycetes. Tip growth has been
considered to result from the balance between the
extensibility properties of the apical cell wall and the
pressure generated by turgor. This model places reg-
ulation of tip growth in the extracellular domain, out-
side of the direct influence of the normal intracellular
regulatory systems, which is at odds with the extraor-
dinary level of regulatory precision needed to produce
the typically even-diameter tube characteristic of hy-
phae. An alternative model, wherein regulation of tip
extensibility resides in a part of the cytoskeleton linked
to the plasma membrane, places control of hyphal
morphology in the cytoplasm. This review focuses on
the diverse processes of tip growth as they relate to
the latter model, drawing heavily on our results from
of the oomycete, Saprolegnia ferax. The concept of
tensegrity is suggested as a possible integrator of these
processes.
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INTRODUCTION

Tip growth is polarized extension of walled cells, pro-
ducing a tubular cell morphology, examples of which
are found in all kingdoms of walled eukaryotes. Fungi
and oomycetes have tip growing hyphae. Higher plants
have specialized tip-growing cell types, root hairs and
pollen tubes. Lower plant cells such as the protone-
mata and caulonemata of ferns and mosses grow in
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this way, as do algal rhizoids. Non-walled nerve cells
(Heidemann, 1990) have similar mature forms also,
as do some prokaryotes (Prosser, 1990) although these
latter will not be discussed.

Despite their taxonomic diversity, tip-growing cells
share an important characteristic: they are not motile,
suggesting that tip growth is a consistent mechanical/
bioengineering solution for exploring the environ-
ment through directed growth. For this strategy to be
successful, these cells must be able to detect changes
in the physical and chemical nature of their surround-
ings and respond by altering their growth direction or
by differentiating. However, the polyphyletic distri-
bution of tip-growing cells makes it likely that the
details of their tip growth mechanisms will vary.

Tip growth has been studied for over a century,
particularly in heterotrophic tip-growing organisms,
fungi and oomycetes, because they have a strong im-
pact on human life, both beneficial and otherwise.
These organisms secrete diverse substances, some of
which are the foundation of major industries, while
others are essential for nutrient recycling. However,
these organisms can also cause decay and disease. Tip
growth regulation is an important topic if we are to
exploit or control these organisms in more sophisti-
cated ways because, as Gooday and Gow (1990) rightly
observed, “For a fungal hypha, life is at the tip.”” In
this paper we focus primarily on recent advances re-
lating to morphological aspects of tip growth in the
hyphal oomycete, Saprolegnia ferax (Gruith.) Thuret,
where a number of concepts and aspects of tip growth
have been developed and investigated. Our intent is
to introduce some of these ideas, and discuss them in
the context of our current understanding of tip growth
regulation, rather than to provide an encyclopedic
overview of the topic. For this reason, much of the
original literature is referred to only via appropriate
reviews.

CYTOPLASM

General appearance and behavior of cytoplasm in growing
tips.——Hyphae extend at their tips, which contain or-
ganelle-rich cytoplasm. In contrast, the subapical
regions (the majority of hyphal colonies) are typically
highly vacuolate with a thin layer of mostly peripheral
cytoplasm. Both regions have a full range of organelle
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F16. 1. Formaldehyde-fixed Saprolegnia hyphae showing
rhodamine phalloidin stained peripheral filamentous actin
arrays in apical and subapical regions, which are closely as-
sociated with the plasma membrane. The tips have a dense
population of fine longitudinal fibrils which merge with the
sub-apical populations of coarser fibrils and plaques (ar-
rows). This field of view is unusual in that the periphery of
both apical and subapical hyphal regions are in focus. X 2,000.
From Heath, 1987.

F1G. 2. A median optical section of the apex of a living,
growing Saprolegnia hypha stained with rhodamine-labelled
phalloidin, showing the filamentous actin which permeates
the central cytoplasm and is concentrated just behind the
tip. The peripheral arrays shown in Fic. 1 do not stain under
these conditions. The characteristic cleft in the extreme tip
behaves much like a Spitzenkdrper in changing lateral po-
sition before a corresponding change of growth direction.
The staining intensity of this central actin is much lower than
the peripheral arrays in FIG. 1; this image was captured with
an image intensifier and is reproduced on a different inten-
sity scale. x1,900. From Jackson and Heath, 1993b.

F1G8. 3-6. Median optical confocal immunofluorescence
micrographs of formaldehyde-fixed hyphal tips of Saproleg-
nia, using primary antibodies directed against spectrin (F1GS.
3 and 4) and 8,-integrin cytoplasmic domain (¥16s. 5 and
6). In all cases, the stain is primarily concentrated in the
periphery of the hyphae in the form of plaques. In Fics. 4
and 6, the cytoplasm separated from the apical cell wall
(indicated by arrows) during processing, showing that the
spectrin-staining plaques mostly retracted with the cyto-
plasm (FiG. 4), whereas the integrin-staining plaques pri-
marily remained attached to the cell wall (FiG. 6). FIGURES
3 and 4 x2,200, F16. 5 x 1,600, F16. 6 x1,050.

types and subapical regions can generate new growing
tips. The relative abundance of organelles and vacu-
oles varies along the hyphal length and, since this dis-
tribution is maintained as the colony enlarges, the
organelle-rich apical cytoplasm appears to stay with
the hyphal tip as it grows. Therefore, tip growth seems
to be an energetically economical process, in that hy-
phae synthesize mostly wall and membranes as they
grow, but relatively little organelle-rich cytoplasm.

Cytoplasm is permeated by a protein meshwork, the
cytoskeleton, which generates and/or regulates struc-
tural and force-generating cytoplasmic functions. In
hyphae, predominant filamentous components of the
cytoskeleton are microtubules and filamentous actin
(Heath, 1990, 1994), whose organization and func-
tions are determined by microtubule-associated (Olm-
sted, 1986, 1991) and actin-binding proteins (Stossel
et al.,, 1985; Hartwig and Kwiatkowski, 1991; Van-
derkerckhove and Vancompernolle, 1992), respec-
tively.

The apices of tip-growing cells contain abundant
cytoskeletal arrays, including actin (Heath, 1990; F1cs.
1, 2). Saprolegnia hyphae also contain a spectrin ho-
mologue (F1GS. 3, 4) and at least one protein, an in-
tegrin homologue (F1Gs. 5, 6), which are likely to play
arole in linking the cytoskeleton to the cell membrane
and wall (Kaminskyj and Heath, 1995). Aspergillus ni-
dulans hyphae also have an integrin homologue with
a similar cellular distribution (Kaminskyj and Hamer,
1995). The presence of spectrin homologues in fungal
hyphae has not yet been investigated. Likely arrange-
ments of these proteins are summarized for fungal
and oomycete hyphae in Fig. 7.
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Fi16. 7. Diagrammatic interpretation of the construction
of a growing hyphal tip of a Spitzenkérper-containing fungal
species (A) and an oomycete (B). The degree of cross linking,
and thus strength, in the cell wall is indicated by the intensity
of stippling outside the plasma membrane (P). The plasma
membrane is shown as being strengthened by filamentous
actin and spectrin linked to its inner surface and to the
integrin, linked to the cell wall. The strength of the mem-
brane-associated skeleton is indicated by the abundance of
filaments and the number of cross links. The cytoplasm is
permeated by filamentous actin, which is concentrated in
the Spitzenkédrper (8), but which is depleted in the cleft (C).

Saprolegnia hyphae have distinct peripheral (FIG. 1)
and central (FI1G. 2) actin populations, based on rho-
damine phalloidin staining affinity in living vs fixed
cells (Jackson and Heath, 1990b). In contrast, rho-
damine phalloidin staining patterns in living Uromyces
hyphae are similar to those in fixed specimens (Corréa
and Hoch, 1993). In Saprolegnia, the peripheral arrays
appear to be closely associated with the cell membrane,
and are considerably more abundant and variable in
appearance than the central arrays. Both populations
are more concentrated at the tips of growing hyphae,
and both are predominantly arranged parallel to the
hyphal axis (Jackson and Heath, 1990b). Therefore in
Saprolegnia the variability in cytoplasmic organelle
abundance between apical and subapical regions, and
peripheral and central zones, is complemented by their
being associated with distinguishable actin arrays.

In Saprolegnia hyphae the peripheral arrays form

F16. 8. Portion of the peripheral cytoplasm in the sub-
apical region of a freeze substituted hypha of Saprolegnia.
A patch of poorly preserved fibrillar material (indicated by
arrows) adjacent to the plasma membrane (p), from which
ribosomes are excluded, is comparable in size to the sub-
apical actin plaques in F1G. 2. X 66,000.

an apical cap of fine fibrils, which intergrades suba-
pically to coarser fibrils and cables with interspersed
plaques (F1G. 1) (Heath, 1990), the details of which
are preparation dependent (Kaminskyj and Heath,
1994). Although the function of these subapical
plaques remains elusive, they can be immunofluores-
cently localized in freeze-substituted hyphae (Kamin-
skyj and Heath, 1994). Plaque-sized accumulations of
as yet uncharacterized fibrillar material can be found
adjacent to the cell membrane in subapical regions of
Saprolegnia hyphae using freeze-substitution electron
microscopy (FIG. 8).

The central actin arrays in Saprolegnia hyphae are
diffuse, and vary in concentration but not dramatically
in pattern, although in growing hyphae they are more
fibrillar in appearance (Jackson and Heath, 1993c).
Jackson and Heath (1990b) suggest that differences
in appearance and staining affinity of the central and




KAMINSKYT AND HEATH: CYTOPLASMIC CONTROL OF HYPHAL MORPHOLOGY 23

"’ . .I-?'.f- : o 3. : £%>F

FiGs. 9-11.  Portions of freeze substituted budding cells of Saccharomyces cerevisiae showing the peripheral zone of fibrillar
material adjacent to the plasma membrane (arrows). This zone extends across the neck of the bud region (F16. 10) and
envelopes plasma membrane invaginations in the neck and elsewhere (arrows in Fic. 11). These have recently been shown in
chemically fixed specimens to be foci for actin accumulations (Mutholland et al., 1994). These invaginations can be very large
(F1G. 9), and their concentration in growing regions of cells suggests their importance in growth. Their demonstration in
freeze substituted material suggests that they are not an artefact of chemical fixation. FIGURES 9, 10 x 68,000, FiG. 11

x105,600.

the various patterns of peripheral actin in Saprolegnia
hyphae may relate to their actin-binding protein com-
plements, implying that the actin in peripheral and
central zones has different functions.

Saprolegnia actin patterns cannot be generalized to
all tip-growing cells, since fungi have apical actin spots
instead of obvious fibrillar arrays (Heath, 1990). Uro-
myces (Hoch and Staples, 1983; Corréa and Hoch,
1993) and Saccharomyces (Adams and Pringle, 1984)
actin arrays bind phalloidin, suggesting that their api-
cal spots contain actin filaments. Actin has been im-
munolocalized in fungi using electron microscopy. In
Magnaporthe (Bourett and Howard, 1991) and Scle-
rotium (Roberson, 1992) hyphae, actin is found
throughout the cytoplasm, and localizes to filasomes,
fibril-coated vesicles of unknown function. However,
filasomes may not be coincident with all actin spots

and, while there are intriguing similarities (cf. F1G. 8
in Hoch and Staples, 1983), their distributions are
somewhat different. Saccharomyces actin has been im-
munolocalized to apical cell membrane invaginations
in expanding regions, and along subapical cables, us-
ing electron microscopy of chemically-fixed cells (Mul-
holland et al., 1994), consistent with light microscopic
patterns (Adams and Pringle, 1984). These invagina-
tions can also be preserved using freeze-substitution
electron microscopy (F1Gs. 9-11). Since cells with ei-
ther fibrillar or spot-like apical actin arrays can grow
by tip growth, these very different actin patterns may
have some functions in common.

The subapical regions of Saprolegnia hyphae usually
have a thin layer of peripheral cytoplasm, which may
be relatively stable given the continuity of peripheral
actin patterns (Heath, 1990), and which may be de-
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posited there as the cell extends, analogous to the wall.
The central cytoplasm appears instead to be migrating
to keep up with the apex. Along with this seeming
difference in migration behavior during growth, or-
ganelles in Saprolegnia have characteristic radial dis-
tributions in the apical cytoplasm (Heath and Kamin-
skyj, 1989), so that even at the tip the central and
peripheral zones have somewhat different organelle
complements. This suggests that central and periph-
eral cytoplasm may also have different functions.

Apex-directed cytoplasmic migration.—Organelle-rich
cytoplasm appears to stay at hyphal tips as they extend.
The force for this migration may be intrinsic to the
apical cytoplasm, or may be imposed by the subapical
regions. The latter model implies that apical cytoplasm
might be pushed forward by the subapical vacuolate
regions, but this is unlikely. Pushing would require an
internal pressure gradient, which has not been de-
tected by direct pressure probing (Money, 1990).

In many hyphae, large subapical vacuoles form from
smaller ones in the near-apical cytoplasm, so there is
a gradation from organelle- to vacuole-rich cytoplasm
(e.g. Heath and Heath, 1979), although this is not
obvious in all tip-growing cells, e.g. pollen tubes (Pier-
son and Cresti, 1992) and algal rhizoids (Kiss and Stae-
helin, 1993). A pressure gradient remains unlikely in
the latter systems since membranes probably lack the
strength to sustain a pressure differential. Therefore
it seems likely that the apical cytoplasm migrates ac-
tively to maintain its position at the tip as it extends,
and indeed, hyphae have been described as tube-dwell-
ing amoebae (Reinhardt, 1892; Heath, 1990).

Amoeboid cells use actin-myosin based force gen-
erating systems, particularly for extension and/or lo-
comotion. Both actin (Heath, 1990) and myosin (Watts
etal., 1985; van Tuinen et al., 1986; Heslop-Harrison
and Heslop-Harrison, 1989; Tang et al., 1989; John-
ston et al, 1991; Kaminskyj and Heath, 1994b;
McGoldrick et al., 1995) have been reported in tip-
growing cells, consistent with an amoeboid model of
cytoplasmic migration. As with amoeboid cells, spe-
cialized actin patterns are associated with extending
regions of hyphae (Heath, 1990). Furthermore, treat-
ments which damage these actin arrays interfere with
extension (Grove and Sweigard, 1980; Jackson and
Heath, 1990a, 1993b; Levina et al., 1994).

Actin-myosin based motility systems, such as amoe-
boid cells and muscle, are calcium regulated, as are
tip-growing cells (Picton and Steer, 1982). Tip growing
cells have apex-high calcium gradients (Jackson and
Heath, 1993a; Pierson et al., 1994) which are essential
for extension (Garrill et al., 1993; Pierson etal., 1994).
In Basidiobolus and Saprolegnia hyphae, local (Mc-
Kerracher and Heath, 1986; Jackson and Heath, 1992)

and general (Kaminskyj et al., 1992b) treatments that
disturb ion homeostasis induce cytoplasmic contrac-
tions. Similar contractions can be induced by the cal-
cium-selective ionophore, A23187 (Kaminskyj et al.,
1992b). In all these cases, contraction characteristics
can be influenced by changes in exogenous calcium
levels. These contractions are predominantly parallel
to the hyphal axis, i.e. aligned with the actin arrays in
Saprolegnia. Apex-directed cytoplasmic migration may
be supplemented by consistent polarity of actin fila-
ments in the cytoplasm, but this has not been exam-
ined. Cytoplasmic contractions can significantly re-
duce hyphal diameter in Saprolegnia (Kaminskyj et al.,
1992b), implying that the longitudinal cytoskeletal ar-
rays may be interconnected laterally.

Cytoplasmic microtubules appear to be important
in organelle positioning and cytoplasmic cohesion, but
they are not essential for tip extension (Heath, 1990,
1994). Co-distributed microtubules and organelles,
particularly nuclei and mitochondria, have been widely
reported (Heath, 1994). Microtubules may be short
(McKerracher and Heath, 1986, 1987; Heath and Ka-
minskyj, 1989) or extended (McKerracher and Heath,
1987; Meyer et al., 1988; Roberson and Fuller, 1988;
Kaminskyj etal., 1989; Raudaskoskietal., 1991). Short
microtubules are unlikely to be tracks for organelle
motility because they are often shorter than the or-
ganelles with which they associate (Heath and Heath,
1978; McKerracher and Heath, 1986). However, the
alignment of short microtubules in Saprolegnia after
tubulin immunofluorescence (Kaminskyj and Heath,
1994) suggests that apparently separate (in freeze-sub-
stituted electron microscopy; Heath and Kaminskyj,
1989) microtubules may be functionally intercon-
nected, possibly through linkages with actin by diverse
filament binding proteins (Heath, 1994).

Tubulin immunofluorescent arrays are appropriate-
ly arranged to mediate nucleus spacing (Kaminskyj et
al., 1994), and in several species disruption of micro-
tubules by microbeam ablation (McKerracher and
Heath, 1986) or antimicrotubule drugs (Heath, 1982;
Kaminskyj et al., 1989) affects nucleus positioning. In
fungi with extended microtubules, microtubule-based
motor protein homologues have been identified, and
are associated with organelle motility (Meluh and Rose,
1989; Enos and Morris, 1990; Eshel et al., 1993; Xiang
et al.,, 1994).

During induced, general cytoplasmic contractions
in Saprolegnia, the central cytoplasm moves faster, fur-
ther and longer than the peripheral layer (Kaminskyj
et al., 1992b). This is consistent with the inferred pat-
tern of cytoplasmic migration during normal growth,
where the central cytoplasm appears to migrate with
respect to the peripheral layer, suggesting that there
is a shear zone between them. The peripheral cyto-
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plasm seems to be relatively immobile, and is likely to
be anchored to the cell wall to provide a stable base
against which force can be exerted.

Cytoplasmic anchoring.—Amoeboid cells have regulat-
ed anchorage to their extracellular matrix, through
membrane-spanning proteins such as integrins, which
mediate attachment and signalling (Hynes, 1992; Sas-
try and Horwitz, 1993; Williams et al., 1994). If the
apical cytoplasm in Saprolegnia hyphae is migrating
actively, using a mechanism analogous to the apical
contraction model of amoeboid motion (Allen, 1961),
wherein attachments to the substrate underlie directed
cell movement, then hyphal cytoplasm should require
attachments to its substrate, the cell wall, in order to
pull itself forward.

Walled and amoeboid cells have analogous protein
components (Marcantonio and Hynes, 1988; Qua-
trano et al.,, 1991; Sanders et al., 1991; Wagner et al.,
1992; Hostetter et al., 1993; Zhu et al., 1993) and
functional similarities (Schindler et al., 1989; Wayne
et al., 1992) in their cytoskeleton-extracellular matrix
interactions, suggesting that specific cytoplasm-cell wall
interactions are required for normal cellular functions
(Kropf, 1992; Sanders and Lord, 1992; Goodner and
Quatrano, 1993; Wayne et al., 1992; Wyatt and Car-
pita, 1993; Hostetter, 1994). Saprolegnia (F1Gs. 5, 6)
and Aspergillus (Kaminskyj and Hamer, 1995) have
immunoreactive integrin homologues, whose periph-
eral distribution and behavior suggest they are im-
portant for anchoring the cytoplasm to the cell wall
(Kaminskyj and Heath, 1995).

The Saprolegnia integrin homologue is more abun-
dant near hyphal tips than subapically, although it is
found in both regions (Kaminskyj and Heath, 1995).
Differential cytoskeleton-wall anchoring which is
stronger at the tips could contribute to polarized cy-
toplasmic migration. Apical and subapical cytoplasmic
anchoring may also be required for organelle motility,
as has been proposed for nucleus migration in several
systems (Aist and Berns, 1981; McKerracher and
Heath, 1987; Kaminskyj et al., 1989; Aist and Bayles,
1991). This is consistent with the longitudinal distri-
bution of the integrin homologue in Saprolegnia and
Aspergillus. As well, since transverse cytoplasmic con-
tractions that affect hyphal diameter in Saprolegnia
(Kaminskyj et al., 1992b) do not cause cytoplasm-wall
separation, the force of these contractions may be
transmitted to the wall by linkages between wall and
cytoplasm.

Amoeboid cells can move with respect to their ex-
tracellular matrices. In contrast, Saprolegnia hyphae
appear to retain a stable peripheral cytoplasm, dis-
cussed earlier, past which the central cytoplasm seems
to migrate. This suggests that the cell membrane and

wall of these hyphae might not move with respect to
each other except, for example, during zoosporogen-
esis (Heath and Harold, 1992). Cytoskeleton-integrin
homologue interactions in Saprolegnia hyphae may be
organized differently from the potentially reversible
focal contacts of amoeboid cells.

HYPHAL MORPHOLOGY

Roles of the hyphal wall.—The hyphal wall likely has
several functions, of which the most obvious is struc-
tural support for the cell. In subapical regions, the
mature hyphal form is enclosed by a wall which is fully
crosslinked (Wessels, 1990; Gooday, 1994) and largely
inextensible (Robertson and Rizvi, 1968). The wall is
also the ‘skin’ of the cell and, as with our skin, it is
where environmental stimuli are first intercepted. Some
of these must traverse the wall before encountering
membrane-based receptors that can interact with the
cytoplasm (e.g. Madden etal., 1991; Zhou et al., 1991).
Cell wall components sometimes appear to attach hy-
phae to their surroundings (e.g. Epstein et al., 1985,
1987; Terhune and Hoch, 1993; Braun and Howard,
1994a, b) which is important for recognition of phys-
ical features (Terhune and Hoch, 1993). The wall may
also have a regulatory role defined by its chemical
constituents, likely not including structural compo-
nents.

Rust fungus urediospore infection structures have
a succession of habitats: germlings grow on external
plant surfaces, infection hyphae grow intercellularly,
and haustoria penetrate plant cell walls (Littlefield and
Heath, 1979). These stages each have distinct wall
composition (Kaminskyj and Heath, 1983; Freytag and
Mendgen, 1991). Similarly, the aerial hyphae of Schi-
zophyllum fruiting structures have hydrophobic wall
protein components not seen in submerged, vegetative
mycelium (Wessels, 1993). In amoeboid cells, cyto-
skeletal interactions with different substrate compo-
sitions are mediated by different integrins (Hynes,
1992), which is also expected for hyphal cytoplasm
interacting with walls of different composition. Con-
sistent with this, fungal cell differentiation is accom-
panied by laying down a new inner wall layer (e.g.
Littlefield and Heath, 1979).

Wall deposition.—Hyphae grow at their tips, where the
cytoplasm produces and simultaneously occupies a
membrane-wall tube. The tip expands at the apex as
deposition and growth continue, and the final mature
form is attained subapically. Tip-growing cells have
even profiles, so their form appears to develop in a
regulated way. As well, different species and life cycle
stages are distinguishable (e.g. F16. 1 in McKerracher
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and Heath, 1987), so their morphology regulation sys-
tems appear to be precisely controlled.

Wall deposition seems to be coordinated with tip
extension because, typically, the wall is evenly thick.
Normally, the wall is smoothly lined with membrane,
again implying depositional coordination. A mecha-
nism for recycling excess cell membrane and wall ma-
terial has not been described in hyphae (Heath, 1990),
and certain growth disturbances are characterized by
excess material (e.g. lomasomes) being deposited in-
side an otherwise smooth wall (Heath, 1987; Heath
and Greenwood, 1970).

Localized wall deposition involves several processes
which must be individually controlled and coordinat-
ed. The cell wall is composed of a matrix of proteins
and glucans crosslinked to fibrils, which are composed
of chitin or cellulose (Gooday and Gow, 1 990; Wessels,
1990; Gooday, 1994). These wall-building materials
appear to be synthesized in the subapical cytoplasm
(e.g. Heath et al., 1985) and delivered to the tip in
wall-forming vesicles (F1G. 12, 13), where the majority
of exocytosis occurs (Févre and Rougier, 1982). Heath
and Kaminskyj (1989) suggest that, in Saprolegnia hy-
phae, apex-directed wall vesicle transport may depend
on the peripheral actin arrays, since wall vesicle pat-
terns and subapical actin cables are similar. The timing
of vesicle fusion must be controlled also, so that it
does not occur precociously between exocytic vesicles
within the cytoplasm (e.g. Heath, 1987), although this
has not been studied systematically. Interestingly, wall-
forming vesicles in Saprolegnia (F1Gs. 12, 13) and As-
pergillus (F1GS. 14, 15) hyphal tips have sparse, fibrillar
coats (Heath et al., 1985 ; Heath and Kaminskyj, 1989),
which may be involved in controlling fusion (Heath,
1995).

In fungi there appear to be two types of wall-form-
ing vesicles, those which contain matrix materials and
others which contain fibril synthesizing enzymes (Bart-
nicki-Garcia, 1990), although this may not be so in
Saprolegnia (Heath and Kaminskyj, 1989). Fibrils are
produced by enzyme synthetic complexes which are
probably integral proteins in the wall vesicle mem-
brane (Bartnicki-Garcia, 1990). Matrix material is like-
ly to be in the wall vesicle lumen, corresponding to
the localization of secreted materials in other cells.

Hyphae also produce a variety of materials such as
extracellular enzymes (Gooday and Gow, 1990) which
need not directly involved in wall building. Vesicles
apparently destined for exocytosis can have variable
appearance (Bartnicki-Garcia, 1990) and content (e.g.
Hill and Mullins, 1980a, b). Deposition of an even,
membrane-lined wall is likely to be regulated by con-
trolling the proportions of different types of secreted
materials. An appropriate sorting mechanism(s) has
not yet been described in tip growing cells, however,

in animal systems constitutive and regulated secretion
are separately controlled.

The site of wall deposition in the hyphal apex cor-
relates with the direction that the hypha will grow.
Bartnicki-Garcia (1990) proposed that wall-forming
vesicles are marshalled through a vesicle supply centre,
from which they would be directed to the cell mem-
brane. Treating Gilbertella (Grove and Sweigard, 1980)
and Saprolegnia (Jackson and Heath, 1990a) hyphae
with the actin-selective poison, cytochalasin, induced
tip swelling, suggesting that actin might have a role in
this process.

The Spitzenkorper is an aggregation of vesicles in
the tips of growing fungal hyphae (Grove and Bracker,
1970), whose position is coincident with the theoret-
ical position of the vesicle supply centre (Bartnicki-
Garcia, 1990), and the lateral position of the Spitz-
enkdrper correlates with growth direction in living
hyphae (Grove and Bracker, 1970). In fungi, the Spitz-
enkorper is associated with actin (Bourett and How-
ard, 1991) and microtubules (Roberson and Vargas,
1994; Fi1Gs. 16, 17) and suggesting that its position is
likely to be controlled by the cytoskeleton. Saprolegnia,
which lacks a Spitzenkdrper, has an apical cleft in its
central actin arrays (FIG. 2) whose relationship to
growth direction suggests an analogous function (Jack-
son and Heath, 1993c¢).

Control of wall plasticity.—The newly-deposited apical
wall is plastic, i.e. deformable, and this correlates with
the region of the hypha that is extending and ex-
panding to full width. However, wall plasticity is lim-
ited in duration, since subapically the wall is largely
inextensible. If a tip stops growing for more than ~40
s, its form is fixed (Robertson and Rizvi, 1968). New
growth from tips whose growth was interrupted is as-
sociated with near-apical branching, a pattern distinct
from the subapical branching pattern of undisturbed
hyphae (Robertson and Rizvi, 1968) but which is prob-
ably similar mechanistically.

One model for regulating wall plasticity proposes
that the wall is plasticized by “softeners” in the wall-
forming vesicles, so that the relative frequency of ves-
icle insertion determines wall deformability (Bartnicki-
Garcia, 1990). This model describes what appears to
happen at developing branch sites, where the mature
wall must be softened for extension to begin (Mullins,
1973), although these enzymes also seem to be se-
creted by established tips (Gooday, 1994).

Another model, which may apply to extending tips,
proposes that the wall initially is a semi-liquid matrix,
which is rigidified as extension continues (Wessels,
1990). Plasticity of the apical wall is suggested to be
reduced by progressive crosslinking between matrix
components and by crosslinking the matrix with fibrils
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F1G. 12, Portion of a median longitudinal section of a freeze substituted hyphal tip of Saprolegnia, showing the charac-
teristically elongated, darkly stained wall vesicles, some of which are embedded in a peripheral zone of fine fibrillar material
which lies adjacent to the plasma membrane. This diffuse material typically excludes cytoplasmic structures such as ribosomes.
The interface between the peripheral zone and the rest of the cytoplasm is indicated by arrows. The line shows the approximate

level of the transverse section shown in FiG. 13. x68,000.
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Fic. 13. Transverse section through the tip of a freeze substituted hypha of Saprolegnia, ~0.6 um behind the absolute
tip, as indicated by the line on FIG. 12. Here, the plasma membrane is sectioned obliquely, and so is not sharp, but the
peripheral fibrillar zone is obvious (inner boundary indicated by arrows). Many wall vesicles have their outer ends embedded

in this peripheral zone. X 68,000.

produced by enzyme synthesizing complexes. These
complexes are integral in the cell membrane and be-
come active in the nascent wall (Bartnicki-Garcia, 1990;
Wessels, 1990). Subapically, these processes generate
a somewhat flexible, but largely inextensible fabric
This model is supported by detailed biochemical stud:
ies of wall composition in Schizophyllum hyphae (Wes.
sels, 1990). This model also proposes that ‘bulk flow’
of material from the inner to outer wall surface during
wall deposition can transport materials like enzymes
through the wall (Wessels, 1993). These materials are

often considerably larger than the pore size of the
mature wall, and their secretion is difficult to explain
otherwise.

In the hyphal expansion zone, between deposition
of the apical plastic wall and its subapical maturation,
forces acting in this region mold the developing hypha
into its mature morphology. Factors describing hyphal
morphology include diameter, straightness and
branching pattern, and a dynamic component, exten-
sion rate. Branching has been reviewed elsewhere
(Harold, 1990) and will not be discussed here.
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FiG. 14. Portion of a freeze substituted hyphal tip of Aspergillus flavus showing the fibrillar matrix which is adjacent to
the plasma membrane, in which the wall vesicles are enmeshed. x79,200. From Kurtz et al., 1994.

F1G. 15. Portion of the apex of a freeze substituted hypha of Aspergillus flavus, whose growth had been severely inhibited
by a lipopeptide (Kurtz et al., 1994) prior to fixation. The reduced growth rate correlates with fewer wall vesicles, but makes
the peripheral zone of fibrillar material adjacent to the plasma membrane more prominent (arrows). X 51,000.

Hyphal extension rate and control of hyphal morphology.—
The membrane lining the wall tube allows the cyto-
plasm to have a different ionic composition from its
surroundings. Because the cytoplasm of walled cells
typically contains more solute than the environment,
these cells develop an hydrostatic pressure called tur-
gor. The force of turgor is on the cell membrane,
which is supported by the cell cortex. In subapical
regions this force is borne largely by the mature wall
(Robertson and Rizvi, 1968). However, in extending
regions, where the wall is plastic, there may be internal
reinforcement from actin arrays (Grove and Sweigard,
1980; Jackson and Heath, 1990a). Walled cells can use
turgor to provide force for substrate penetration
(Money, 1995), and to support aerial structures, which
can be important for spore dispersal. Turgor is reg-
ulated by membrane permeability (e.g. Clipson and
Jennings, 1990) and metabolic processes (e.g. Luard,
1982).

Since the hyphal tip is deformable, turgor has been
proposed to determine both tip extension rate and
hyphal morphology (Saunders and Trinci, 1979; Koch,
1982; Wessels, 1988). However, these models are not
well supported by experimental evidence. The few
studies on turgor-growth rate correlations in fungi
have given variable results, and similarly contradictory
data have been found in the relation between medium
concentration and growth rate (reviewed in Kaminskyj
et al., 1992a).

The relation between turgor and growth rate has
been studied intensively in oomycetes, whose colonies
are coenocytic, forming single pressure compartments
uncomplicated by the possibility that septal pores might
plug. Oomycetes grow rapidly, so that rate variations
can be measured accurately even over short intervals,
and oomycete hyphae are large enough that turgor
pressures can be measured directly by probing (Mon-
ey, 1990; Money and Harold, 1992, 1993), and can
also be estimated for a colony (Money, 1990; Kamin-
skyj et al., 1992a) as is done for narrow hyphae. In
these studies, only some growth rate variation could
be ascribed to turgor level. When growth rate was
reduced by increasing medium concentration, turgor
levels fell to a plateau wherein there was a two-fold
growth rate variation without a corresponding turgor
variation. When Saprolegnia growth rates were re-
duced by half with a potassium channel blocker, turgor
was unaffected (Kaminskyj et al., 1992a).

Growth rates are also highly variable under condi-
tions where turgor is likely to be constant (Kaminskyj
et al., 1992a; Lopez-Franco et al., 1994, 1995), and
there are regulated differences in growth rate between
hyphae and their branches in most species. Typically,
hyphal branching is subapical (Harold, 1990), but hy-
phal density at the colony margin stays approximately
constant as the colony grows. For this to happen, the
branches must grow faster than hyphae at the colony
margin. Taken together these results suggest that tur-
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F1Gs. 16, 17. Median (Fic. 16) and peripheral (FiG. 17) longitudinal sections from a freeze substituted hyphal tip of
Aspergillus nidulans. The wall vesicles are enmeshed in a diffuse fibrillar matrix which occupies much of the tip, excludes
ribosomes, and extends subapically as a peripheral zone adjacent to the plasma membrane (small arrows in FIG. 16). This
peripheral zone is more extensively seen in FIG. 17, where its inner boundary is indicated by the dashed line. The fibrils are
especially clear where they are aligned predominantly parallel to the microtubules (arrows). In the median section, cytoplasmic
microtubules (large arrows in FIG. 16) appear to be associated with an aggregation of vesicles, the Spitzenkdrper (s). Both
x68,000.

gor does not regulate growth rate under many con-
ditions. Growing Saprolegnia hyphae have peripheral
caps of actin whose length correlates with growth rate
(Jackson and Heath, 1990a), particularly when turgor
level is not growth rate-related (Kaminskyj et al., 1992),
suggesting that cytoskeletal plasticity may be a relevant
factor. Indeed, for hyphae growing with extremely low
turgor, the cytoskeleton may provide the force for tip
extension (Heath, 1995; FiG. 18) comparable to amoe-
boid locomotion.

Turgor level and wall strength must be correlated,

since turgor is balanced by tension in the wall. If a cell
is growing when turgor is known to be low, as for
oomycete hyphae growing in concentrated media (Ka-
minskyj et al., 1992a; Money and Harold, 1992, 1993),
then the apical wall (and subtending actin arrays) must
be soft in order to be deformed by a low internal
pressure. Conversely, if the wall is known to be soft,
as is expected for an Aspergillus mutant with chitin-
poor walls (Katz and Rosenberger, 1970), then turgor
must be low to maintain cellular integrity. In both
cases hyphal morphology was normal, so forces other
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than turgor, probably involving the cytoskeleton, are
likely to be regulating factors.

The cytoplasm’s role in determining hyphal morphology. —
Hyphal morphology appears to be regulated by forces
within the cytoplasm, particularly in cases as above
where the wall is likely to be very soft. Similarities
between amoeboid and tip growing systems, coupled
with the observation that actin is found in the pro-
truding regions of amoeboid cells, led Picton and Steer
(1982) to propose that apical actin arrays should be
found in the extending regions of tip growing cells.
They reasoned that the apical wall alone might lack
the mechanical strength to withstand turgor, and sug-
gested that actin would be well suited for a supportive
role, since both its mechanical properties and the tip
growth process are calcium-regulated. This model has
since been supported by finding actin enriched in the
apices of tip growing cells (FiGs. 1, 2; Heath, 1990,
1994).

Picton and Steer (1982) proposed that these apical
actin arrays should have the appearance of fine fibrils,
since actin polymers are filamentous. Consistent with
this prediction, in Saprolegnia a filamentous actin cap
extends from the apex to the base of the expanding
region of growing hyphae (Jackson and Heath, 1990a).
In fungi, actin immunolocalizes to filamentous struc-
tures (Bourett and Howard, 1991; Roberson, 1992;
Mulholland et al., 1994), even when the details are
not obvious with light microscopy. Consistent with a
supportive role for the apical actin arrays, osmotically
shocked Saprolegnia hyphae did not burst at the apex
(Jackson and Heath, 1990a), which would be expected
if the tip were supported by the wall alone. The burst
point was subapical, in the expansion zone, suggesting
that the tip is supported by additional, presumably
cytoskeletal, factors. A similar pattern of subapical
bursting after osmotic shock has been reported for
Neurospora (Robertson and Rizvi, 1968). Treating Gil-
bertella (Grove and Bracker, 1980) and Saprolegnia
(Jackson and Heath, 1990a) hyphae with cytochalasin
induced localized apical swelling, as if the tip wall were
unable to maintain the hyphal profile without internal
reinforcement.

If peripheral, and particularly apical, actin arrays
are ubiquitous in tip-growing cells, why are they not
routinely identified using electron microscopy? The
reasons likely include the lower absolute levels of actin
in walled cells, which are supported by turgor pressure
and need not employ a robust cytoskeleton to maintain
their shape. These arrays may also be less ordered than
those in muscle or microvilli. Nevertheless, careful
inspection of peripheral hyphal regions (F1Gs. 8-17)
reveals a narrow zone of fibrillar material containing
relatively few organelles. These fibrils may indicate
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F1G. 18. Summary of the forces postulated in the ten-
segrity concept of hyphal tip growth. Springs indicate ten-
sion bearing elements (i.e. pulling on the ends of the springs)
and the two-headed arrows indicate compression-resistant
elements (i.e. pushing in the direction of the arrows). In-
ternally, microtubules (mts) and turgor pressure (tailed ar-
rows) are compression resistant, while the filamentous actin
is tension bearing. Externally, the wall (W) is also under
tension. The plasma membrane (P) associated skeleton (S)
is shown as either compression or tension bearing, depend-
ing on the presence or absence of the major intracellular
compression resistant force, turgor pressure.

poorly preserved or poorly contrasted actin filaments
of a cortical actin cytoskeleton. Actin has not yet been
immunolocalized in these regions using freeze-substi-
tution electron microscopy (Bourett and Howard,
1991; Roberson, 1992), but its immunoreactivity is
affected by diverse factors (Kaminskyj and Heath, 1994;
Mulholland et al., 1994) so negative results are not
compelling.

Apical actin arrays are ideally placed for regulating
tip deformability from within the cell, and actin is
probably also involved in regulating wall vesicle trans-
port and localized wall deposition, as discussed earlier.
Furthermore, cytoskeletal control of tip deformation
is likely to be subtly, rapidly, and locally responsive to
environmental and physiological factors. For actin to
be involved in regulating tip deformability, it should
be attached to the cell membrane and cell wall, either
directly or through intermediate proteins, such as in-
tegrin homologues, discussed above.
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The amount of wall support to the cell membrane
probably depends on wall plasticity, and so the apical
region may also require a membrane-reinforcing skel-
eton (Goodman et al., 1988; Bennett, 1990; Bloch and
Pumplin, 1992; Heath, 1995). Saprolegnia hyphae have
a spectrin homologue which is enriched in hyphal tips
(F1G8. 5, 6; Kaminskyj and Heath, 1995), where it may
be a membrane-reinforcement in extending regions.
Bloch and Pumplin (1992) show that the spectrin tet-
ramers are not always the extended molecules typically
seen in spread erythrocyte membrane preparations,
but rather are compactly folded ‘concertinas’. A tran-
sition from more- to less-folded spectrin may occur in
the expanding apex, consistent with the longitudinal
immunofluorescence distribution of spectrin in Sap-
rolegnia hyphae (Kaminskyj and Heath, 1995).

For actin arrays to be involved in regulating tip
deformability, they should be interlinked, so that they
could not slide freely past each other. Aspergillus hy-
phae have a single-headed myosin which localizes to
hyphal tips (McGoldrick et al., 1995) where it might
interlink actin filaments according to a functional
model for single-headed myosins (Adams and Pollard,
1989). In Dictyostelium amoebae, a single-headed my-
osin is found at the leading edge of pseudopodia, where
it is associated with force-requiring activities (Fukui et
al., 1989; Baines et al., 1992; Jung et al,, 1993) con-
sistent with a recent model for amoeboid crawling
(Stossel, 1998). Saprolegnia also has a filamin homo-
logue, identified by immuno-blotting and-fluores-
cence (Bachewich, Gupta, Kaminskyj, unpublished),
which could regulate actin array extensibility, as well
as contribute to cytoplasmic cohesion.

Hyphal growth responses to environmental stimuli.—1o
this point, we have considered the existence and dis-
cussed the possible roles for actin-cell membrane-wall
linkages in regulating hyphal growth and morphology.
Tip growth appears to be a strategy employed by non-
motile organisms to explore their environment through
directed growth, requiring that they be able to sense
their surroundings through their walls. Environmental
responses may be shown by a change in growth direc-
tion, suggesting that the mechanisms which are in-
volved in straight growth can be modified for steering.
Environmental responses can also trigger differenti-
ation, as has been characterized in mating interactions
(e.g. Madden et al. 1991) and pathogenesis (e.g. Hoch
et al., 1987).

The environmental responsiveness of tip growth has
been refined by the biotrophic rust fungi, whose ure-
diospore germlings are an invasion system, seeking
stomata in the early stages of a quest to parasitize a
host plant. The oriented growth of rust fungus germ-
lings does not depend on resource detection, since it
is directed by physical features of the host surface

(Wynn, 1976). Germling adherence is important for
stimulus detection (Terhune and Hoch, 1993), and
adherence seems to require extracellular glycopro-
teins (Epstein et al, 1985, 1987), some of which have
been partially characterized (Moloshok et al., 1994).
Perceiving these external stimuli through the wall ap-
pears to involve the near-apical region of the germ-
tube tip on the contact surface (Corréa and Hoch,
1995; Kwon and Hoch, 1991), for which the sensor
may be stretch-activated ion channels (Zhou et al,,
1991).

Growth responses vary with species and environ-
mental stimulus. As an example, Saprolegnia hyphae
change from straight to helical growth in response to
the agar substitute, gellan gum (Kaminskyj and Heath,
1992). These tips are responding to diffusible sub-
stances plus the physical barrier of the gel. Although
the identity of the factor(s), and the mechanisms in-
volved in their detection and subsequent events are
not yet determined, they must be detected through
the hyphal wall (Kaminskyj and Heath, 1992). It is
possible that these factors are detected by an integrin-
mediated system interacting with the cytoskeleton
(Williams et al., 1994), which consistent with an in-
tegrin homologue being enriched at hyphal tips (Ka-
minskyj and Heath, 1995).

Unexpectedly, the gellan response differs for two
classes of morphologically indistinguishable tips, those
of established hyphae and their branches. This is a
novel indication of functional differences between ap-
parently similar, physically interconnected, tips. How-
ever, this difference in growth form response is con-
sistent with the regulated difference in growth rates
between hyphae and their subapical branches, dis-
cussed earlier.

INTEGRATION

Tensegrity.—Cytoplasmic structure and function in
amoeboid cells has been proposed to depend on in-
teractions between compression-resistant and tension-
bearing elements (Ingber, 1993; Ingber et al,, 1993),
essentially a system composed of struts linked by elastic
filaments. Structures of this type, including cytoplasm,
maintain their shape because they are under tension,
giving rise to the name, tensegrity systems. Tension in
this sense implies cytoskeletal elasticity, distinct from
the physiological meaning of ‘negative turgor’. In cy-
toplasm, the compression-resistant and tension-bear-
ing elements correspond to microtubules and actin-
filaments, respectively. Stabilized regions between cy-
toskeleton-to-extracellular matrix linkages are also
compression-resistant regions. Hyphal cytoplasm has
similar cytoskeletal elements (FI1G. 18; Heath, 1990,
1994) which appear to be linked to an extracellular
matrix, the cell wall (Kaminskyj and Heath, 1995), that
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is relatively incompressible because it is supported by
turgor.

In neurons, cytoskeletal tension appears to regulate
and promote axonal extension, and experimental ma-
nipulation to reduce tension inhibits extension (Hei-
demann and Buxbaum, 1990). Hyphal cytoplasm seems
to have cytoskeletal tension also, because localized ab-
lation of microtubules (McKerracher and Heath, 1986)
or actin (Jackson and Heath, 1992) induces contrac-
tion away from the irradiation site. General loss of
cytoskeletal tension within the hypha, as caused by
injury or hypertonic stress, also inhibits growth.

Heidemann and Buxbaum (1990) proposed that the
cytoskeletal tension might be a “second messenger”
for growth regulation in neurons, and perhaps tension
in the peripheral actin cytoskeleton of hyphal tips has
an analogous role. In many situations, turgor appears
to be unrelated to growth rate, but it is possible that
changes in turgor level/cytoskeletal tension are signif-
icant. However, as with other systems and second mes-
sengers, hyphae can apparently adapt to and grow with
different levels of turgor (Kaminskyj et al., 1992a;
Money and Harold, 1992, 1993).

A tensegrity-based cytoplasmic model also predicts
that the presence and nature of cytoskeleton-extra-
cellular matrix linkages will have a profound effect on
cell shape and function (Ingber, 1993; Ingber et al.,
1993), which is supported by recent evidence of in-
tegrin-mediated mechanotransduction of external
stimuli (Wang et al., 1993; He and Grinnell, 1994).
The hyphal cytoskeleton and wall may form a similarly
interactive system, because treatments which selec-
tively affect actin (Jackson and Heath, 1990a; Levina
et al., 1994), or the wall (Jackson and Heath, 1990a)
affect growth in Saprolegnia hyphae.

Steering.—Hyphal steering responses to environmen-
tal factors that cause a change in growth direction,
likely involve lateral displacement of the Spitzenkor-
per in fungi or the apical actin cleft in oomycetes.
Since generation of hyphal morphology seems to be
regulated by cytoplasmic factors, the same must be
true of changes in growth direction. If deformability
of the apical actin arrays regulates hyphal morphology,
then differential deformability on opposite sides of
the tip may contribute to steering.

Actin and actin-membrane-wall attachment proteins
are enriched at hyphal apices. Another polarized fea-
ture of tip growing systems is an apex-high calcium
gradient, which is necessary for growth (Jackson and
Heath, 1993a; Garrill et al., 1993; Pierson et al., 1994),
and which is generated by a tip-high distribution of
stretch-activated ion channels in the cell membrane,
Apical actin arrays and stretch-activated channels in
Saprolegnia hyphal tips appear to interact (e.g. Levina
et al., 1994), most likely contributing to the polariza-

tion of the multiple processes involved in tip exten-
sion. In unperturbed conditions at least, the integrin
and spectrin gradients in Saprolegnia hyphae (Kamin-
skyj and Heath, 1995) correlate with that of stretch-
activated calcium channels (Garrill et al., 1992; Levina
et al., 1994), suggesting that they may be interrelated.
This has also been proposed for gravity sensing in algae
(Staves et al., 1992; Wayne et al.,, 1992), and to reg-
ulate environmental responses of plant cells (Pickard,
1994).

In animal systems, spectrins are proposed to isolate
and specialize membrane domains by restricting dif-
fusion of integral membrane proteins (Edidin, 1992).
By analogy, spectrins may play a similar role in con-
tributing to the specialized distribution of enriched
proteins in the hyphal tip. Furthermore, in other sys-
tems, there are spectrin-integrin (Goodman et al.,
1988), and integrin-ion channel associations, which
are implicated in growth regulation (Schwartz et al.,
1991). The specific mechanisms which control steering
are yet to be explored, although there is evidence that
external ion gradients are sufficient to polarize growth
in oomycetes (Harold and Harold, 1986; Hyde and
Heath, 1995).

CONCLUSION

This review has examined structural and functional
features of Saprolegnia hyphae and other tip growing
systems, in the context of the many roles of the cy-
toplasm in the tip growth process. Cytoplasm is spe-
cialized in hyphal tips compared to subapical regions
which form the majority of mycelial colonies, and it
differs in peripheral and central zones of the hyphae.
The central cytoplasm appears to migrate actively to
keep up with the extending tip, and to synthesize and
deposit non-migrating components of the cell. Thus,
the cytoplasm seems to be fundamental to the gen-
eration of hyphal morphology as it molds the hypha
and steers its growth. However, although we now ap-
pear to have identified major components required
for tip growth, our understanding of the interactions
between them is rudimentary. This brings us full circle,
because ‘‘the complex interweaving of interactive
events”’, which has fascinated people for a hundred
years, has now opened onto a new level of molecular
description and dissection. In this we are at a new
beginning.
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