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Hyphal tips of fungi representing OQmycetes, Zygomycetes, Ascomycetes, Basidio-
mycetes, and Deuteromycetes were examined by light and electron microscopy and
compared with respect to their protoplasmic organization. In all fungi studied,
there is a zone at the hyphal apex which is rich irn cytoplasmic vesicles but nearly de-
void of other cell components. Some vesicle profiles are continuous with the plasma
membrane at the apices of these tip-growing cells. The subapical zones of hyphae
contain an endomembrane system which includes smooth-surfaced cisternae
associated with small clusters of vesicles. The findings are consistent with the hy-
pothesis that vesicles produced by the endomembrane system in the subapical region
become concentrated in the apex where they are incorporated at the expanding
surface. Septate fungi (Ascomycetes, Basidiomycetes, and Deuteromycetes) have an

apical body (Spitzenkorper) which is associated with growing hyphal tips. In
electron micrographs of these fungi, an additional specialized region within the
accumulation of apical vesicles is shown for the first time. This region corresponds
on the bases of distribution among fungi, location in hyphae, size, shape and bound-
ary characteristics to the Spitzenkorper seen by light microscopy. This structure is
not universally associated with tip growth, whereas apical vesicles are widespread
among tip-growing systems.

Hyphal tips of fungi are of interest cytologically
because growth is restricted to the rounded por-
tion of the apex, and cell components involved
directly in cell expansion are likely to be concen-

trated in this region. Differences between growing
and nongrowing regions of hyphae are reflected
by internal organization as seen with light and
electron microscopy (3, 5-8, 10-12, 21). In par-

ticular, a small densely staining or refractive
spheroid body called the "Spitzenkorper" has
been observed by light microscopy in living and
fixed hyphal tips of various fungi (5-8, 12).
Brunswik (5) concluded that the Spitzenkorper
was a special structure connected with apical
growth of hyphae. Girbardt (6, 7) noted that in
some Deuteromycetes and Basidiomycetes the
Spitzenkorper disappeared when hyphal extension
ceased and reappeared before tip growth resumed.
He also observed that the position of the Spitzen-
korper in the apex was correlated with the subse-
quent direction of hyphal elongation. McClure,
Park, and Robinson (12) detected the Spitzen-
korper with phase-contrast microscopy in hyphae
of septate fungi (i.e., Ascomycetes, Basidiomy-
cetes, and Deuteromycetes) but not in phycomyce-
tous species (i.e., Oomycetes, Zygomycetes).
Recent electron microscopic studies (3, 8, 10-

12) show that in several fungi the hyphal apex is
filled with cytoplasmic vesicles, to the exclusion of
nearly all other organelles. In contrast, the sub-
apical portions of hyphae are rich in other proto-
plasmic components. In Qomycetes, for example,
dictyosomes which produce the vesicles of the tip
region are located subapically (10). The apical
vesicles are interpreted as being secretory vesicles
involved in wall elaboration and plasma mem-
brane increase at the growing apex (3, 10, 12) or

as vehicles for secretion of enzymes (8). Based
on electron micrographs of Aspergillus niger,
McClure et al. (12) suggested that these apical
accumulations of vesicles are the ultrastructural
equivalent of the Spitzenkorper. Girbardt (8)
likewise correlated the clusters of apical vesicles
with the Spitzenkorper and recognized at least two
types of apical organization based principally on
the morphology of the Spitzenkorper. However,
the observation that hyphae of fungi such as
Pythium ultimum, an oomycete, have no detectable
Spitzenkorper (10, 12) but do have an accumula-
tion of apical vesicles (10) is sufficient reason to
question "whether the Spitzenkirper is in fact the
light microscopic equivalent of the collection of
apical vesicles" (10).

In this report, we illustrate the ultrastructural
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organization of hyphal tips in several taxonomi-
cally diverse fungi and show evidence of subapical
organization that supports a hypothesis for hy-
phal tip growth involving vesicular additions at
the apex. Electron micrographs of fixed hyphae
are correlated with light microscopy of growing
hyphae to interpret the correspondence between
cell components in living and fixed cells. Special
emphasis is placed on cytoplasmic vesicles and on
the Spitzenkorper with respect to the distribution
and morphology of these components in diverse
groups of fungi. We show that concentrations of
vesicles are of general occurrence at sites ofhyphal
growth. Additionally, the septate fungi possess a
specialized region within the apical zone which is
distinct from the cluster of apical vesicles. This
specialized region corresponds to the spherical
Spitzenkorper seen by light microscopy.

MATERIALS AND METHODS
The following fungi were studied: Oomycetes-P.

aphanidermatum (Edson) Fitzpatrick; Zygomycetes-
Gilbertella persicaria (Eddy) Hesseltine; Ascomycetes
-Ascodesmis nigricans van Tieghem, Neurospora
crassa Shear and Dodge; Basidiomycetes-Armillaria
mellea (Vahlex Fries) Quelet, Rhizoctonia solani
Kuehn [imperfect stage of Thanatephorus cucumeris
(Frank) Donk]; Deuteromycetes-Aspergillus niger
van Tieghem, Fusarium oxysporum Schlectendahl f.
sp. lycopersici, Verticillium albo-atrum Reinke and
Berth.

For light microscopy, sterile microscope slide cover
glasses (24 by 50 mm) were prepared with a thin layer
of either Difco potato dextrose agar (PD Agar), or
Difco potato dextrose broth containing 14 to 16%
Difco gelatin (PD Gelatin). These were point-inocu-
lated with hyphae or spores and incubated at room
temperature (ca. 24 C) on moist filter papers in petri
dishes until the hyphae were at least 3 to 4 mm long.
For observation, excess medium and mycelium were
removed from each microscope cover-glass culture
with a razor blade, and a cover glass (22 by 40 mm)
was gently lowered to the surface of the medium so that
numerous air pockets were trapped between the cover
glass and the medium. Air under the cover glass permit-
ted the cultures to remain aerobic and was favorable
for hyphal growth. The hyphae were observed and
photographed as they grew through regions of the
preparation which were free from air pockets. A
Zeiss WL microscope equipped with phase-contrast
and Nomarski interference-contrast optics was used.

For electron microscopy, cultures were incubated at
24 C on PD Agar overlaid with permeable cellophane
(cellulose xanthate, DuPont). To insure that hyphal
tip growth was not interrupted before fixation, the
fixative was flooded directly onto cultures in petri
dishes. Small portions of mycelium from the edge of
the hyphal mats were then transferred to vials and
fixed for 30 min at room temperature (ca. 24 C) with
2% glutaraldehyde or with 1% formaldehyde (pre-
pared from paraformaldehyde) plus 2% glutaralde-

hyde in 0.1 M sodium cacodylate (pH 7.2). This was
followed by postfixation with 1% OS04 in 0.1 M so-
dium cacodylate (pH 7.2) for 2 to 4 hr at room tem-
perature. Hyphae were subsequently washed, and
soaked in 0.5% aqueous uranyl acetate for 2 to 4 hr,
dehydrated in a graded series of increasing ethanol
concentrations followed by anhydrous acetone, and
embedded in Araldite 6005 (CIBA, USA; reference
18). The embedded hyphae were oriented in the micro-
tome parallel to the diamond knife so that serial longi-
tudinal sections through hyphal apices could be ob-
tained. The thin sections were mounted on collodion-
coated grids, stained for 10 min with lead citrate (17),
and examined in a Philips electron microscope (model
200) at 60 kv. A 54,864-line-per-inch diffraction grat-
ing replica (Ladd Research Industries, USA) was
used as the magnification standard.

RESULTS

In the hyphal tips of all the fungi examined,
there is a zone at the apex which is rich in cyto-
plasmic vesicles but nearly devoid of other cell
components (Fig. 1, 6, 16, 22, 28-30, 33, 38-40).
Ribosomes are scarce in the apical cytoplasm
(Fig. 1, 2, 16, 22, 23, 28-30, 33, 38-40) as com-
pared to the subapical zones (Fig. 5, 16, 21, 42).
The wall at the apex of most hyphae usually has a
more uneven profile than the lateral wall (Fig. 1,
38, 40) and may have bumps along the inner
margin (Fig. 2, 7, 39, 40) which are about the
same size as the apical vesicles. Profiles showing
continuity between vesicle membranes and plasma
membrane are seen in hyphal apices (Fig. 2, 8,
38-40) but not in subapical regions of the same
hyphae.
The subapical zone contains representatives of

all protoplasmic components including mitochon-
dria, nuclei, ribosomes, and an endomembrane
system consisting of rough-surfaced endoplasmic
reticulum, smooth-surfaced cisternae, and cyto-
plasmic vesicles (Fig. 5, 16, 21, 28, 30, 38, 42). In
Qomycetes, dictyosomes of the Golgi apparatus
are the endomembrane components which pro-
duce vesicles (Fig. 5; references 9, 10). The non-
oomycetous fungi we studied do not have dictyo-
somes consisting of stacks of cisternae. Instead,
each has a characteristic endomembrane system
in the subapical zone which includes some form of
smooth-surfaced cisternae or tubules which are
associated with elaborations of vesicles (Fig. 16,
21, 42-44). These cisternae and tubules, like dic-
tyosomes, occur in cytoplasmic zones of exclusion
which contain few or no ribosomes and represent
single-cisterna Golgi apparatus. The subapical
vesicles have the same appearance as those con-
centrated in hyphal tips.

In the oomycete and zygomycete species, apical
vesicles are of two general types based on their
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KEY TO LABELING OF FIGURES: CV, coated vesicle; D, dictyosome; ER, endoplasmic reticulum; G, Golgi cis-
terna; M, mitochondrion; MT, microtubule; N, nucleus; PM, plasma membrane; R, ribosome; S, Spitzenkorper;
T, tubule; V, cytoplasmic vesicle; W, hyphal wall.

FIG. 1. Hyphal tip of Pythium aphanidermatum taken from one ofa series of longitudinal sections through the
hypha. The apical region of the cell has few ribosomes (R), and is occupied mainly by vesicles (V) of two general
types. The small vesicles have condensed, densely staining matrix. The larger vesicles have dispersed, lighter-stain-
ing matrix, resembling the hyphal wall (W). Some vesicles are intermediate between the two predominant forms.
Vesicles are distributed more or less uniformly throughout the apical zone, with no evidence of specialized regions
within the cluster of vesicles. Afew mitochondria (M) from the subapical zone intrude into the apical region. Glutar-
aldehyde fixation. Scale line = I pum.

FIG. 2. Enlargement ofpart of the apical region from Fig. 1 showing large vesicles with lightly staining contents
and small vesicles with denser contents. The plasma membrane (PM) is convoluted beside the tip wall (W), and a
fusion profile showing continuity between plasma membrane and vesicle membrane is evident at the arrow where ma-
terial with the same stainability as the contents of small vesicles is confluent with the tip wall. Ribosomes (R) are
scarce in the ground cytoplasm. Glutaraldehydefixation. Scale line = 0.1 pm.

FIG. 3. Phase-contrast micrograph of a growing hyphal tip of P. aphanidermatum. When observed with the mi-
croscope, the light area in the curved apex contains numerous rapidly moving particles that are not resolved in the
micrograph. This region corresponds to the zone of vesicles shown in Fig. 1. The elongated dark structures in the
subapical region are mitochondria (M). During growth the mitochondria move slowly into and out ofthe apical zone
ofparticles. Grown on PD Gelatin. Scale line = I pAm.

FIG. 4. Growing hyphal tip ofP. aphanidermatum observed by Nomarski interference-contrast optics. A zone in
the apex (indicated by brackets) contains very small particles that are not resolved in the micrograph and corre-
sponds to the light zone in Fig. 3. Mitochondria (M) are in the subapical region. Grown on PD Agar. Scale line
I pAm.

(FIG. 1-4 on page 992)

FIG. 5. Longitudinal section showing the subapical region ofthe same hypha as that in Fig. 1. This region is 20 to
30 pm behind the hyphal apex. The part of the micrograph toward the top of the page is closest to the hyphal apex.
Paranuclear stacks ofsmooth-surjfced cisternae are dictyosomes (D) ofthe Golgi apparatus. The dictyosomes, like
the apical vesicles (Fig. 1), are in cytoplasm that contains few ribosomes. Vesicles associated with dictyosomes in
this subapical region appear the same as those concentrated in the apical zone. Endoplasmic reticulum (ER), ribo-
somes (R), and mitochondria (M) are found in the subapical region. Glutaraldehyde fixation. Scale line = 1 um.

(FIG. 5 on page 993)

FiG. 6. Hyphal tip ofGilbertella persicaria taken from one ofa series oflongitudinal sections through the hypha.
As with P. aphanidermatum the apical zone is populated mainly by large and small vesicles that are distributed
throughout the tip region. Large vesicles are concentrated at the apex. Vesicles intermediate in size and staining
characteristics between the large and small ones are also present. Ribosomes (R) and vesicles are mixed throughout
the cytoplasm in the posterior portion ofthe apical zone, but the ribosomes are scarce near the apex where the large
vesicles are concentrated. Formaldehyde-glutaraldehydefixation. Scale line = I pm.

FIG. 7. An apical region in G. persicaria showing the closely packed large vesicles (V) lining the apical wall (W)
in a crescent-shaped cluster. The contents of the large vesicles and the inner layer of the wall have similar staining
characteristics. The smaller vesicles have very dense contents but are nearly excludedfrom the cluster in the apex.
Formaldehyde-glutaraldehydefixation. Scale line = 1 pm.

FIG. 8. Enlargement ofpart ofa hyphal apex of G. persicaria showing several large vesicles (V) near the wall
(W) and two profiles (arrows) that suggest fusion of vesicles with plasma membrane. The vesicle contents and the
inner layer of the wall have similar staining characteristics. Formaldehyde-glutaraldehyde fixation. Scale line =
I pum.

(FIG. 6-8 on page 994)
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size and stainability (Fig. 1, 2, 6-9), but a few
vesicles are intermediate between the two main
forms. In P. aphanidermatum, the vesicles are
distributed rather uniformly throughout the apical
zone (Fig. 1). However, in G. persicaria a band of
closely packed large vesicles is typically associated
with the apical plasma membrane (Fig. 7, 8).
There is an incursion of ribosomes up to this band
of apical vesicles, but few ribosomes are found
between the vesicles at the apex (Fig. 6-8). In P.
aphanidermatum on the other hand, ribosomes are
scarce in the entire apical zone (Fig. 1, 2). Poste-
rior to the apical band of large vesicles in G.
persicaria, the large and small vesicles are uni-
formly distributed in the cytoplasm of the hyphal
tip in a region which may extend basipetally for a
distance equivalent to more than one hyphal
diameter (Fig. 6). Unlike the organization of
hyphal tips in septate fungi, shown subsequently,
we have not detected specialized regions amidst
the accumulations of apical vesicles in P. aphani-
dermatum and G. persicaria, although many hy-
phal apices have been serially sectioned. Addi-
tionally, in thin sections, we did not observe an
"apical corpuscle" such as that described by
Bartnicki-Garcia et al. (1) for Mucor rouxii, an-
other zygomycete.

In living hyphae of P. aphanidermatum and G.
persicaria, observed by light microscopy, the
apices contain a zone of rapidly moving particles
(Fig. 3, 4, 10-14) that correspond to the vesicles
seen in electron micrographs (Fig. 15). In the
large, rapidly growing hyphae of G. persicaria, the
vesicles are easily resolved (Fig. 10-14), and their
motion can be observed. These vesicles exhibit a
swarming motion. Those in the subapical region
migrate along the lateral wall from the subapical
region toward the apex and appear to adhere to
the inner surface of the wall at the hyphal apex.
This results in a crescent-shaped band lining the
apical wall (Fig. 10-12) and corresponds to the
pattern of large apical vesicles observed in elec-
tron micrographs (Fig. 7). Individual vesicles at
the apex disappear from view as the hypha elon-
gates, but they are constantly replaced by other
vesicles from the subapical zone. Some of the un-
attached vesicles may return to the subapical
region via a route near the center of the hypha.
When growth ceases, the zone of vesicles remains
for a few minutes, but the band of large vesicles
at the apex disappears. In general, if growth
does not resume after several minutes, vacuola-
tion of the cytoplasm occurs and the zone of vesi-
cles is dispersed. In growing hyphae of P. aphani-
dermatum a similar zone of vesicles is observed,
although vesicles are not as well resolved with
light microscopy as those in G. persicaria. There

may be an initial build up of vesicles in the apex
as growth slows or stops, as in P. uftimum (10),
but if growth does not resume, the zone of
vesicles is dispersed and vacuolation of the cyto-
plasm occurs. No crescent-shaped band lining the
apical wall has been seen in the Pythium species.

In contrast to the apical organization of the
foregoing fungi, a specialized region within the
cluster of apical vesicles occurs in hyphae of the
ascomycete, basidiomycete, and deuteromycete
species (i.e., septate fungi) we have examined
(Fig. 16, 22, 23, 28-30, 33, 34, 38-40). In electron
micrographs, it usually measures less than half of
the diameter of the hypha and is located in our
specimens near the central axis of the hypha; thus,
it is found in near median longitudinal sections.
It may occur immediately adjacent to the apical
wall, or it may be separated from the wall by a
short distance. This region lacks a distinct bound-
ary or limiting membrane and is characterized by
having a different consistency from the surround-
ing cytoplasm. It consists of either a vesicle-free
area (Fig. 28-30, 38-40), which in some sections
has a densely-staining core (Fig. 28, 29, 39), or an
aggregate of very small vesicles (Fig. 16, 22, 23,
33, 34) or tubules (Fig. 30, 34). It is usually sur-
rounded by the large apical vesicles (Fig. 16, 22,
23, 28-30, 33, 38-40). In some specimens, a cluster
of ribosomes is associated with this specialized
zone (Fig. 16, 22, 23, 30, 34) in contrast to the
general scarcity of ribosomes in apical zones of
hyphae.

In living hyphae of septate fungi observed by
light microscopy, the apices also contain a zone of
rapidly moving particles, corresponding to the
apical vesicles seen in electron micrographs. In ad-
dition, we have consistently observed a phase-
contrast-dark region within the apical zone of
vesicles. It is roughly spherical, but may also ap-
pear flattened or irregular, has no distinct bound-
ary, and has a diameter which is usually less than
half of the diameter of the hypha (Fig. 17-19,
24-26, 31, 35-37, 41). This region corresponds to
the Spitzenkorper described in previous studies of
living hyphae (6-8, 12). It is specifically associated
with the expanding surface at the hyphal apex and
disappears when hyphal growth stops only to
reappear when growth resumes. It is not attached
to the inner surface of the apical wall, because it
moves about slightly in the apex, and we fre-
quently observe space between the wall and the
Spitzenkorper (Fig. 17, 18, 24, 25). It is not the
collective equivalent of the apical vesicles. In
large, rapidly growing hyphae of septate fungi
(e.g., A. nigricans, N. crassa, R. solani), in which
apical vesicles can be resolved by light micros-
copy, the zone of vesicles often occupies all of the
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curved apical region (Fig. 25, 35-37), but the growth does not resume after several minutes,
Spitzenkorper takes up less than half of this area vacuolation occurs and the zone of vesicles also
(Fig. 17-19, 24-26, 31, 32, 35-37, 41). The par- disappears.
tidles corresponding to the apical vesicles remain A graphic demonstration of the correspondence
for a few minutes when hyphal growth ceases, between the images of hyphal tips obtained by
even though the Spitzenkorper disappears. If light and electron microscopy is seen when trac-
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FIG. 16. Median longitudinal section ofa hyphal tip ofAspergillus niger. Amidst the cluster ofapical nesicles (V)
there is a zone consisting ofan aggregate of smaller vesicles and clusters of ribosomes. The larger vesicles do not
intrude into this area. Note the abrupt decline in the concentration ofribosomes (R) in the apical zone as compared
to the subapical portion in which apical vesicles are not concentrated. Smooth-surfaced Golgi cisternae (G) and a
few vesicles occur immediately basipetal to the apical zone. Both the hyphal wall and the apical vesicles are electron
transparent with this method ofpreparation. Formaldehyde-glutaraldehydefixation. Scale line = I ,um.

FIG. 17 and 18. Phase-contrast micrographs ofgrowing hyphae ofA. niger showing the dark Spitzenkorper (S)
within the light apical areas. Numerous minute rapidly moving particles can be seen in these light areas when ob-
served through the microscope, but they are not resolved in the micrographs. The Spitzenkdrper is not touching the
apical wall. Mitochondria (M) are represented by the darkfilamentous structures in the subapical region. Grown oi
PD Gelatin medium. Scale line = I &m.

FIG. 19. Nomarski interference contrast micrograph ofa growing hyphal tip ofA. niger. The Spitzenkorper (S)
appears as a bump in the hyphal apex. Mitochondria (M) are in the subapical region. Grown on PD Agar. Scale
line = I pm.

FIG. 20. Tracing taken from an electron micrograph ofan A. niger hyphal tip. The outlines of the hypha, large
apical vesicles, and mitochondria have been traced. The specialized region containing microvesicles but no large
vesicles is represented by the inked-in spot and agrees with the relative size, shape, and location ofthe Spitzenkorper
in light micrographs (Fig. 17, 18). Scale line = I pm.
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FIG. 21. Part of the subapical region about 20 pm behind the apex in a hypha ofA. niger. The top of the micro-
graph is nearest the apex. Several clusters of inflated smooth-membrane cisternae (G) are scattered throughout the
cytoplasm. These cisternae occur in association with vesicles that appear the same as apical vesicles (Fig. 16) and are
surrounded by zones of exclusion that contain few ribosomes compared to the rest of the protoplast. Endoplasmic
reticulum (ER) and mitochondria (M) are common in the subapical region. Formaldehyde-glutaraldehyde fixation.
Scale line = I pm.

(FIG. 21 on page 999)

FIG. 22. Hyphal tip of Neurospora crassa showing vesicles (V) in the apical zone. A specialized area (arrows)
within the cluster oflarge apical vesicles contains minute vesicles and only a few of the larger apical vesicles. Form-
aldehyde-glutaraldehyde fixation. Scale line = I pm.

FIG. 23. Enlargement ofpart of a hyphal apex in N. crassa showing details of the specialized area in the apex.
The apical wall (W) is at the right. This specialized region contains small vesicles (arrows) and clusters of ribo-
somes, and is surrounded by the larger apical vesicles. Except for this part of the apex, the rest of the apical zone
is relatively free from ribosomes. Formaldehyde-glutaraldehyde fixation. Scale line = 0.1 pum.

FIG. 24 and 25. Phase-contrast micrographs ofgrowing hyphal tips ofN. crassa showing the Spitzenkorper (S).
A light area is visible between the Spitzenkorper and the apical wall in Fig. 24. Particles corresponding to apical
vesicles can be observed in the light areas by direct observation through the microscope but are not well resolved in
the micrograph. Mitochondria (M) may be excludedfrom the apical region as in Fig. 25, or they may move into the
apical region and appear to contact the Spitzenkorper as in Fig. 24 (see also Fig. 22). Grown on PD Gelatin. Scale
line = I pAm.

FIG. 26. Growing hypha of N. crassa as seen by Nomarski interference-contrast optics. The Spitzenkorper (S)
is near the center of the apical region and appears as a bump. Mitochondria (M) from the subapical region appear
to contact the Spitzenkorper. Grown on PD Agar. Scale line =I nm.

FIG. 27. A tracing taken from an electron micrograph ofN. crassa, showing the distribution of the apical vesicles
relative to the Spitzenkorper. The hyphal profile, large apical vesicles and mitochondria are outlined. The specialized
region containing microvesicles and ribosomes is inked in. The location and size of this region correspond closely to
the Spitzenkorper seen in the light micrographs (Fig. 24-26). Scale line = 1 mn.

(FIG. 22-27 on page 1000)

FIG. 28. A hyphal tip of Verticillium albo-atrum showing the apical zone with a concentration of'vesicles (V) and
few ribosomes. The apical zone gradually merges with the subapical zone that contains mitochondria (M), endo-
plasmic reticulum (ER), ribosomes (R), and Golgi cisternae (G). A vesicle-free region at the apex amidst the vesi-
cles has a densely staining core and corresponds to the Spitzenkorper. Glutaraldehyde fixation. Scale line = I pm.

FIG. 29. Enlargement ofpart of the apical zone from Fig. 28 to illustrate details of the apical vesicles and the
Spitzenkorper regioh at the apex. Scale line = I pum.

FIG. 30. Hyphal tip ofFusarium oxysporum showing the shallow apical zone and part of the subapical zone. The
subapical zone is denoted by the presence ofmitochondria (M). The clear region (arrows) in the center ofthe cluster
ofapical vesicles stains the same as ground cytoplasm. In the posterior part of this region is a cluster ofribosomes
(R) and minute membranous tubules (T). Glutaraldehyde fixation. Scale line = I um.

FIG. 31. Phase-contrast micrograph of V. albo-atrum showing the Spitzenkorper (S) in the apex a of growing
hypha. Mitochondria (M) are in the subapical region. Grown on PD Gelatin. Scale line = I pm.

FIG. 32. Growing hyphal tip ofF. oxysporum as seen by phase-contrast optics. The Spitzenkdrper (S) occupies
part ofthe apical region. Mitochondria (M) and other dark bodies are in the subapical region. Grown on PD Gelatin.
Scale line = 1 pm.

(FIG. 28-32 on page 1001)
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FIG. 33. Part of a hyphal tip ofAscodesmis nigricans in longitudinal section. The specialized region or Spitzen-
korper of the apical zone (arrows) appears as a diffusely mottled dark-staining area within the mass ofapical vesi-
cles. Glutaraldehyde fixation. Scale line = I pm.

FiG. 34. Enlargement ofpart ofthe same hyphal tip as in Fig. 33 to show details ofthe dark-staining region in the
apex. It consists of a concentrated grouping of small tubules (T) and small vesicles (arrows) intermingled with a
cluster ofribosomes (R). Larger apical vesicles (V) surround the specialized region. The apical wall (W) is at the
top. Scale line = 0.1 pum.

FIG. 35. Phase-contrast micrograph ofA. nigricans showing the dark Spitzenkorper (S) within the light zone in
the apex ofa growing hypha. Moving particles corresponding to apical vesicles are observed in the light area but are
not resolved in the micrograph. Mitochondria (M) occupy the subapical region. Grown on PD Gelatin medium.
Scale line = I pm.

FIG. 36 and 37. Growing hyphae of Rhizoctonia solani as seen by phase-contrast optics. The dark Spitzenkorper
(S) are in light zones in the hyphal apices. Moving particles corresponding to apical vesicles are seen in the light
areas with the microscope, but they are not resolved in the micrograph. Mitochondria (M) are in the subapical re-
gions and may alternately move into the apical zone as in Fig. 37, or they may be excludedfrom the apical region as
in Fig. 36. Grown on PD Gelatin. Scale line = 1 pum.

FIG. 38. Apical and subapical zones in a hyphal tip of Rhizoctonia solani. The apical zone is nearly devoid of
ribosomes in contrast to the subapical zone. Vesicle fusion profiles give the wall at the apex a lumpy irregular ap-
pearance. The clear zone (arrows) among the cluster ofapical vesicles is the specialized region interpreted as the
Spitzenkorper. Glutaraldehydefixation. Scale line = 1 pAm.

(FIG. 33-38 on page 1003)

FIG. 39. Median longitudinal section through the apical zone of a hypha of Armillaria mellea. The convoluted
plasma membrane at the apex of this hypha is closely associated with vesicle profiles. The vesicle-free region among
the vesicles contains a small densely-staining core (arrow). Microtubules (MT) extend into the apical zonefrom the
subanical zone. Glutaraldehyde fixation. Scale line = 1 um.

FIG. 40. A hyphal tip ofArmillaria mellea showing the apical cluster of vesicles (V) and the central region that is
free from vesicles (arrows). This is a different hypha from the one shown in Fig. 39 and the section is slightly off
median. The irregular profile of the plasma membrane (PM) and the wall in the hyphal apex suggests vesicular
fusion with the plasma membrane. Glutaraldehyde fixation. Scale line =I Am.

FIG. 41. Phase-contrast micrograph ofA. mellea showing a Spitzenkorper (S) in the apex ofa growing hyphal
tip. Mitochondria (M) are visible in the subapical region. Grown on PD Gelatin. Scale line =1 pAm.

(FIG. 39-41 on page 1004)

FIG. 42. Longitudinal section through part ofthe subapical zone about 30 pm behind the apex ofthe hypha shownt
in Fig. 39. The top of this micrograph is nearest the apex. Clusters of vesicles (V) which appear similar to hyphal
tip vesicles are scattered throughout the subapical zone. The clusters of vesicles are associated with Golgi cisternae
or tubules (G) in zones ofcytoplasm which contain few ribosomes compared to the surrounding protoplasm. Some
of the tubules are branched or fenestrated, much the same as the periphery ofa dictyosome cisterna. Mitochondria
(M) and endoplasmic reticulum (ER) occur throughout this region. Compare the concentration of ribosomes with
Fig. 39 and 40. Glutaraldehyde fixation. Scale line = I pm.

FIG. 43 and 44. Smooth-surfaced, fenestrated or tubular cisternae (G) in the subapical region off A. mellea. Each
cisterna resides in a zone ofcytoplasm which contains few ribosomes compared to the surrounding protoplasm. Vesi-
cles (V) similar to those in the apex, and coated vesicles and protuberances (CV) are associated with the cisternae.
Similar coated profiles are associated with dictyosomes in Pythium aphanidermatum. Glutaraldehyde fixation.
Scale line = 0.1 pm.

(FIG. 42-44 on page 1005)
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ings of electron micrographs of hyphal tips are
reduced in size and compared with light micro-
graphs of living hyphae. In a tracing ofan electron
micrograph of G. persicaria (Fig. 15), vesicles are
aligned along the apical wall in the position of the
crescent-shaped dense region in phase-contrast
micrographs (Fig. 10-14). In A. niger, a tracing
(Fig. 20) of an electron micrograph shows that
the relative size and shape of the Spitzenkorper
and of the zone of apical vesicles is similar to that
in the light micrographs (Fig. 17-19). The Spitzen-
korper (Fig. 20) is equivalent only to the zone of
microvesicles in Fig. 16 and not to the total ac-
cumulation of apical vesicles. A tracing of an elec-
tron micrograph of N. crassa (Fig. 27) also shows
a regional distribution in the apex similar to that
observed by light microscopy (Fig. 24-26). Thus,
the relative size, shape, and location of the-
Spitzenkorper in hyphal tips prepared for electron
microscopy agrees with observations of this re-
gion in living, growing hyphal tips.

DISCUSSION
Our observations and those of others (3, 8, 10-

12) point out a remarkable similarity in the basic
pattern of hyphal tip organization among a spec-
trum of taxonomically diverse fungi. These com-
parisons reveal an apical zone of vesicles in fungal
hyphae as in other tip-growing cells such as pollen
tubes (19), root hairs (2), budding yeast cells (14),
and algal rhizoids (20). This type of organization
is consistent with the hypothesis that vesicles pro-
duced in the subapical region become concen-
trated in the apex, in a zone with few or no ribo-
somes, where they are incorporated at the ex-
panding surface. Several lines of evidence support
this hypothesis. Budding profiles and associations
between vesicles and smooth-membraned cis-
ternae (dictyosomes in Qomycetes) in ribosome-
free areas of the subapical region suggest that the
vesicles are derived endogenously from the endo-
membrane system (see also 8-10). This interpre-
tation is supported by evidence that components
of the endomembrane system, as exemplified by
the Golgi apparatus, are involved in trans-
forming membranes from endoplasmic reticulum-
like to a plasma membrane-like appearance, con-
comitant with the production of secretory vesicles
(9, 10). Fusion profiles showing continuity be-
tween vesicle membranes and plasma membrane
(see also 10, 12) indicate that the vesicle mem-
brane is contributed to the plasma membrane
at the apex, and that the vesicle contents are
released into the wall region in a process com-
parable to exocytosis or vesicle-mediated secre-
tion (10, 13). Girbardt (8) has provided evidence
against the alternative possibility of endocytosis

by growing hyphae in a medium containing
0.01 % K2TeO3 which stains the plasma mem-
brane, including lomasome-like invaginations, but
not the vesicles. If the vesicles were derived from
the plasma membrane by endocytosis, their
membrane would be expected to retain the
stain and appear similar to the plasma membrane.
Additionally, the hyphal apex is a region in which
there is an ongoing net increase in cell surface-
not a decrease, as would be suggested by the
utilization of plasma membrane to form endo-
cytotic vesicles at that site. Thus, endocytosis
would run counter to the required increase of
plasma membrane in the hyphal apex. In light
microscopic studies of fungi with large rapidly
growing hyphae, we observe the migration of
vesicles in the peripheral cytoplasm toward the
apex from the subapical regions. The apparent
deposition of the apical vesicles at the apex and
their disappearance from view can be seen in
hyphae of G. persicaria. These observations sup-
port the scheme for hyphal tip growth mentioned
above and discussed in detail by Grove et al. (10).
The content of the vesicles in hyphal apices is

not yet established. Girbardt (8) suggests that the
apical vesicles produced at the peripheries of
Golgi cisternae probably function in the transport
of exoenzymes which are extruded at the apex. A
similar proposal for the transport of an enzyme
was made by Moor (14) for budding yeast cells.
Grove et al. (10) suggest that the apical vesicles of
P. ultimum also contain wall precursors (i.e., poly-
saccharides) which may contribute to forming the
large quantities of new hyphal wall required at the
apex, W. J. VanDerWoude (M.S. Thesis, Purdue
Univ., Lafayette, Ind., 1969) has isolated secre-
tory vesicles from pollen tube tips and character-
ized the contents as including polysaccharides by
using biochemical methods correlated with cyto-
chemical localization of polysaccharides in the
intact cell. Preliminary ultracytochemistry by us,
using the silver hexamine method (16), indicates
that the apical vesicles in P. aphanidermatum give
a positive reaction for polysaccharides similar to
the reaction of the hyphal wall. Equivalent results
with species of Saprolegnia have been obtained by
I. B. Heath (Ph.D. Thesis, Univ. London,
London, England, 1969). These observations are
consistent with our previous suggestion (10) that
at least part of the apical vesicle contents consist
of carbohydrates, and they are also consistent
with literature on plant secretion which demon-
strates that secretory vesicles contain polysac-
charides (4, 13, 15, 16; see discussion in 10). Thus,
although the specific composition and roles of
apical vesicles in tip growth are not yet certain,
they may contribute new plasma membrane, ma-
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terial for extracellular coatings (wall precursors),
materials to maintain the apical wall in an extensi-
ble condition (10, 14), or eoxenzymes (8).

In the fungi we studied there is good correlation
between hyphal tip organization in life, as seen by
light microscopy, and after fixation, as seen by
electron microscopy. Since the individual vesicles
are seen in living hyphae of some fungi, the rela-
tive positions of these and other cell components
can be determined in living and fixed states. We
obtained both preservation of apical organization
and staining of cellular membranes with the same
fixation procedure rather than by using two sepa-
rate fixations (8). It was not necessary to employ
KMnO4 as a fixative to distinguish membranes
clearly (see reference 8 for opposite view). Addi-
tionally, small vesicles, comparable to the micro-
vesicles described by Girbardt (8) in KMnO4-
fixed hyphae, were preserved by aldehyde-Os04
fixation procedures. We have not experienced the
difficulty of confusing microvesicles with ribo-
somes (8), since the microvesicles are bounded by
a distinct membrane and are of a size and stain-
ability clearly different from ribosomes.

Interpretation of the apical body or Spitzen-
korper in hyphal tips is now a matter of some con-
troversy, especially with regard to the light micro-
scopic identity of the Spitzenkorper and a corre-
sponding evaluation of what actually constitutes
the Spitzenkorper at the ultrastructural ievel.
Light microscopic studies leave no doubt that the
Spitzenkorper is related to apical growth in higher
fungi and that its position in the apex is associated
with the direction of tip extension (6, 7, and this
study). From the image of the Spitzenk6rper as
seen by light microscopy, one would expect, as
stated by Girbardt (8), that it would be an organ-
elle with a special ultrastructure. However, on the
basis of electron micrographs of glutaraldehyde-
OS04 fixed hyphal tips of A. niger, McClure et al.
(12) first suggested that the Spitzenkorper corre-
sponds to the cluster of cytoplasmic vesicles in the
hyphal apex. Recently, Girbardt (8) concluded
that the Spitzenkorper seen by light microscopy
"represents an area of ground cytoplasm of differ-
ent size and shape, containing apical vesicles,
microvesicles and ribosomes." Throughout that
report and in a three-dimensional model of the
apical region of Polystictus versicolor (8), it is evi-
dent that Girbardt considers the Spitzenkorper to
consist chiefly of apical vesicles which are closely
aggregated into a group in the hyphal apex.
Girbardt (8) cautions that it is not known whether
the different size and shape of the vesicle accumu-
lation is of functional significance or only repre-
sents a summation of single vesicles. When the
aggregate of apical vesicles became dispersed,

either due to cessation of growth or to unsatisfac-
tory fixation, the Spitzenkorper then disappeared
(8). The microvesicles were not shown in hyphae
fixed with glutaraldehyde-Os04 (which preserves
the Spitzenkorper), and the published micro-
graphs do not show ribosomes in the apical region
(8). The principal correlation by Girbardt (8) and
McClure et al. (12) is between the Spitzenkorper
which occurs in the hyphal apex and the cluster of
apical vesicles which occurs in the same region.
A further complication in defining the Spitzen-

korper is the apparent variation of apical organi-
zation among major groups of fungi. Two types
of apical organization in hyphal tips were identi-
fied by Girbardt (8). Type I was found in Phyco-
mycetes, had a longer portion of the hyphal tip
devoted to vesicles in electron micrographs, and
had an indistinct dark crescent-shaped band near
the apical wall in living hyphae when seen with
phase-contrast microscopy. Ascomycetes, Basidio-
mycetes, and Deuteromycetes had type II apical
structure, which was characterized in electron
micrographs by a sharper division between the
apical accumulation of vesicles and the subapical
region. This type also had a stainable, phase-con-
trast-dense, spherical Spitzenkorper which was
interpreted as corresponding to the apical cluster
of vesicles. A vesicle-free region in the apex was
observed occasionally, but its vital existence was
questioned because of the possibility that it was
induced during fixation by dispersion of a com-
pact cluster of vesicles. However, Girbardt sug-
gests that it is a matter of definition whether type
I hyphal tips have a Spitzenkorper or whether this
designation should be limited to the spherical
body of type II hyphal tips.
We think it is unlikely that the apical mass of

vesicles in toto constitutes the spheroid Spitzen-
korper seen by light microscopy. Instead, there is
a positive correlation between the Spitzenkorper
and the smaller specialized zone that occurs
within the cluster of apical vesicles and which
sometimes contains microvesicles, tubules, and a
few ribosomes. The distribution of this zone
among fungi agrees with the occurrence of spheri-
cal Spitzenkorper which have been observed only
among the Ascomycetes, Basidiomycetes, and
Deuteromycetes (5-8, 12). If, on the other hand,
the apical vesicles did constitute the Spitzen-
korper, then in the Qomycetes, which contain a
distinct zone of apical vesicles (10-12), we would
expect to find a Spitzenkorper. But no Spitzen-
korper were seen by McClure et al. (12) or by us
(see also reference 10) with phase-contrast
microscopy of living hyphae.
The shape, size, and position of the specialized

regions shown here are consistent with our light
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microscopic observations of Spitzenkorper and
with those of others (5-8, 12). The lack of a dis-
tinct boundary or limiting membrane in our study
agrees with the observation reported by McClure
et al. (12) that the Spitzenkorper have vague out-
lines and can not be sharply focused with the light
microscope. If the Spitzenk6rper were the collec-
tive equivalent of hyphal tip vesicles, we would
expect the entire apical zone to be Spitzenkorper,
but photographs and descriptions consistently
portray a smaller structure within the apical zone
(5-8, 12). This is especially evident when the
tracings of electron micrographs are compared
with light micrographs of living hyphae in which
the specialized region corresponds closely to the
Spitzenkorper, whereas the zone of apical vesicles
corresponds to the lighter area in the apex that
surrounds the Spitzenkorper. Sometimes a space
is observed between the Spitzenkorper and the
apical wall in living hyphae which corresponds to
the region between the specialized zone and the
apical wall in electron micrographs, and which is
occupied by apical vesicles adjacent to the plasma
membrane. The specialized zone which we term
Spitzenkorper is usually completelysurrounded by
apical vesicles. The suggestion that a vesicle-free
zone within the accumulation of apical vesicles is
a preparation artifact (8) does not seem valid
because the specialized zones in some fungi are
tightly packed with microvesicles, whereas others
contain tubular profiles and ribosomes with no
apparent dilution of the ground cytoplasm, and
still others have no discernible fine structure. It
seems improbable that dispersion of a cluster of
vesicles would occur in one instance, whereas in
another the vesicles remain closely packed. It is
unlikely that microvesicles, tubules, ribosomes, or
densely staining areas would be the result of a
disruption of the Spitzenkorper, because in the
septate fungi shown here the apical vesicles are
quite closely packed together and there is still a
specialized zone. However, the possibility remains
that some, but not all, of the apical vesicles may
be included in the specialized region in association
with the microvesicles, tubules, or ribosomes and
may thus contribute minimally to the light micro-
scopic image that is termed Spitzenkorper.
For the Phycomycetes shown here, which have

type I apical organization (8), we favor excluding
the crescent-shaped band of apical vesicles from
the definition of Spitzenkorper. Several observa-
tions support this suggestion. In G. persicaria the
band is composed entirely of large apical vesicles,
and ribosomes and microvesicles are apparently
excluded. In P. aphanidermatum and in P. ultimum
(10), we did not observe a distinct band or other
type of phase-contrast-dark region in the apical

zone. This may be a matter of variation within the
type I organizational pattern, or it may represent
a third type, since Girbardt's (8) characterization
of Phycomycetes does not include Qomycetes, al-
though several Qomycetes have been cited as
examples of fungi with no Spitzenkorper (10, 12).
However, in the fungi with type II apical organi-
zation, considerable variation also exists, espe-
cially in the character of the specialized region.
Therefore, we suggest that pending further in-
vestigation of this variation, type I and II be
retained to designate the different major kinds of
apical organization and that the specialized
region in type II be considered as the ultrastruc-
tural equivalent of the phase-dense, spherical
Spitzenkorper. A diagram comparing the forms
of apical organization observed in this study is
shown in Fig. 45.
Thus, the regions which we describe as the ul-

trastructural equivalents of the Spitzenkorper are
not uniform in their characteristics. Some are
comprised of aggregates of microvesicles, whereas
others appear as regions devoid of vesicles. In
spite of the fact that these regions are distinct
from the rest of the vesicle mass, we do not mean
to imply that the Spitzenkorper is functionally
dissociated from the apical vesicles or unrelated
to the process of tip growth. On the contrary, the
Spitzenkorper seems to be a regional differentia-
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FIG. 45. Diagrammatic comparisons of the principal
forms of apical organization in hyphae, based on repre-
sentatives from major taxonomic groups.
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tion of the apical zone, intimately associated with
the apial vesicles and with hyphal tip growth in
some fungi, but its occurrence in tip-growing
systems is less general than that of the vesicles.
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