
Summary. The membrane-selective fluorescent dye FM4-64, N-(3-tri-
ethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyrid-
ium dibromide, was used to stain the apical vesicle cluster within the
specialized Spitzenkörper of the germ tube of the rust fungi Uromyces
vignae and Puccinia graminis f. sp. tritici grown on glass surfaces. The
Spitzenkörper stained within 15 min following addition of the dye. Opti-
cal sectioning by confocal microscopy of stained hyphal tips showed
that the Spitzenkörper was asymmetrically positioned close to the
cell–substratum interface during germ tube growth. The Spitzenkörper
showed variations in shape and positioning over short (5 s) time inter-
vals. The movement to a new location in the hyphal dome was fol-
lowed by new growth in that region, consistent with the view that the
Spitzenkörper supplies secretory vesicles for germ tube growth. A pro-
nounced Spitzenkörper disappeared at the onset of appressorium differ-
entiation during swelling of the germ tube. However, a stained structure,
similar in appearance to a Spitzenkörper, was again observed during the
formation of the highly polarized penetration peg.
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Introduction

Tip growth involves the polarized extension of a walled cell
in which the increase in cell length occurs in a region con-
sisting of the hyphal apex and a few micrometers of hypha
behind it (Heath 1990). Inside the hyphal apex a characteris-
tic structure, the so-called Spitzenkörper (Spk), is observed
by light microscopy of living cells (Girbardt 1957) and elec-
tron microscopy (Girbardt 1969, Grove and Bracker 1970,
Howard and Aist 1979). It is regarded as an area of strongly
localized exocytosis and as the basic organization center

of polarized growth of higher filamentous fungi. Video-
enhanced optical microscopy of growing fungal apices
(López-Franco et al. 1994, López-Franco and Bracker 1996)
clearly shows that the machinery responsible for polarized
growth in filamentous fungi has a highly dynamic nature.

The germ tubes of many plant pathogenic fungi (e.g.,
rusts) are highly adapted to efficient infection of host plants.
Electron microscopy has shown that rust germ tubes possess
an apical vesicle cluster inside the hyphal tip. Most authors
have avoided describing this structure as an Spk (Hoch and
Staples 1983). Recently Hoffmann and Mendgen (1998)
were able to identify with phase-contrast optics a “diffuse
dark cloud” within the growing germ tube tip of Uromyces
fabae. 

The fluorescent styryl dye FM4-64 stains the plasma
membrane and cannot enter the cell except by endocytosis
(Betz et al. 1996, Vida and Emr 1995). FM4-64 has been
found to stain the vesicles within the Spk of numerous
fungal species (Fischer-Parton et al. 2000, Wedlich-Söldner
et al. 2000, Read and Hickey 2001). Germ tubes of the
rusts U. fabae (Hoffmann and Mendgen 1998) and Puccinia
graminis f. sp. tritici (Fischer-Parton et al. 2000) also show
staining of the Spk.

A rust germ tube exhibits remarkable touch-sensing
capabilities. This thigmotropism regulates the directional
growth of germ tubes and induces their development into
appressoria in response to topographical signals on the host
surface (Wynn 1976, Hoch et al. 1987, Read et al. 1992). It
has been suggested that the close association of the Spk in
rust germ tubes with the substrate may be important in the
germ tube’s ability to sense and respond to surface signals
from the underlying substratum (Kwon et al. 1991). 
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In the present study we have used confocal microscopy to
image living germ tubes of the rust fungi U. vignae and P.
graminis tritici stained with FM4-64. There were three aims
to this work. The first was to determine the three-dimen-
sional location of the Spk in growing germ tubes and ana-
lyze their dynamic behavior. The second aim was to analyze
what happens to the Spk during appressorium formation
when the germ tube shifts from the highly polarized growth
pattern to the less polarized growth of the swollen appresso-
rium. The third aim was to determine what happens to the
Spk when pronounced polarized growth is resumed during
the formation of a penetration peg from the appressorium.

Material and methods

Fungal strains, inoculation, and growth substrata

The wheat stem rust, Puccinia graminis Pers. f. sp. tritici Erics. & Henn.
(race 32), and the cowpea rust, Uromyces vignae Barc., were kindly pro-
vided by B. M. Moerschbacher (University of Münster, Federal Republic
of Germany) and M. C. Heath (University of Toronto, Canada), respec-
tively. Urediospores of P. graminis (from uredia on wheat) and U. vignae
(from uredia on cowpea leaves) were inoculated onto flat or microfabri-
cated glass coverslips (nr. 1.5, 22 by 50 mm; Chance Proper, Warley,
U.K.) with a painter’s brush. To investigate the differentiation of appres-
soria, glass coverslips with 0.45–0.55 �m high steps were fabricated.
Therefore, glass coverslips were cleaned with an oxygen plasma and sili-
con dioxide was deposited as 0.4 to 0.6 �m (within 90% limits) thick
steps. Developing urediospore germ tubes grown on appropriate sub-
strata were kept at room temperature in a humid chamber (consisting of
a petri dish with moist filter paper).

Germ tube staining

Staining was done by carefully placing 50 �l of aerated 20 mM HEPES
buffer (pH 7.2) containing 3.2 or 6.4 �M N-(3-triethylammoniumpropyl)-
4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridium dibromide (FM4-64;
Molecular Probes, Eugene, Oreg., U.S.A.) over germ tubes on a coverslip
on the stage of an inverted microscope. Germ tubes which were appressed
to the glass surface could be observed in this way without further ma-
nipulation. A humid environment was created around the coverslip dur-
ing confocal microscopy by means of an inverted petri dish containing a
moist Whatman No. 1 filter paper with a central 1–2 cm diameter hole
to facilitate imaging with the conventional transmitted-light optics of the
microscope.

Confocal microscopy

Stained germ tubes were imaged with a �60 plan apo (numerical
aperture, 1.4) oil immersion objective in a Bio-Rad MRC 600 confocal
system mounted on a Nikon Diaphot TMD inverted microscope (all sup-
plied by Bio-Rad, Hemel Hempstead, U.K.). Dye excitation was ob-
tained with the 514 nm line of an argon ion laser; 1% laser intensity and
the GHS filter block (excitation, 514/10 nm; dichroic mirror, 540 nm
[long pass]; emission, 550 nm [long pass]) were used. Rust germ tubes
were routinely imaged by fast laser scanning (F4 setting, which takes
0.25 s to scan a full-sized image) to localize the position of the Spk. This
was done to prevent perturbation of the cell due to the intensity of the
laser beam or to phototoxic effects of the dye. Then the final image was
acquired with the slower F2 scanning speed (that takes 1 s for a frame).
For acquisition of the images at higher resolution with an improved

signal-to-noise ratio, the slower F2 scanning setting was used. In addi-
tion, Z-series of living germ tubes were made in the F4 mode.

Results

Staining and location of the Spitzenkörper

The germ tubes of U. vignae were slightly broader (6.4 �

0.7 �m, n � 10) than those of P. graminis (5.5 � 0.5 �m,
n � 10). Urediospores of U. vignae formed only a single
germ tube. In contrast, urediospores of P. graminis often
formed several germ tubes. Only one of these tubes grew
over a relatively long distance, while the others seemed to
be aborted (data not shown). The growth rates of unperturbed
germ tubes on the microscope stage were typically about
1�m/min. After the immersion of germ tubes in FM4-64
for 10–15 min, the vesicle cloud within the Spk was stained.

The Spk of rust germ tubes were more sensitive to
laser irradiation than were the hyphae of most other
fungal species that have been studied (see, e.g., Fischer-
Parton et al. 2000). Sometimes germ tubes reacted to in-
tensive irradiation by the disappearance of the stained
Spk. To prevent this, a quick focusing on the Spk in the
fast scanning (F4) mode was done. This procedure took a
small number of consecutive frames in the continuous-
scanning mode and was followed by the acquisition of
the image in one single frame. The Spk was invariably
positioned asymmetrically in the germ tube tip close to
the cell–substratum interface of both rust species (Fig.1).
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Fig. 1a–c. Puccinia graminis. Confocal microscopy of a growing germ
tube stained with FM4-64. Optical sections through the germ tube tip
show the asymmetric location of the Spk close to the substratum surface.
The sections closest to the glass surface (c and, to a lesser extent, b) re-
veal intense staining of the Spk compared with that seen in a near me-
dian section (a). Bar: 10 �m



This was confirmed when Z-series were made of germ
tubes of both species. The combined observations, with
single scans and Z-series made it clear that the vesicle
cloud did not disappear during the acquisition of the 
Z-series, which in such a way could introduce the “asym-
metric positioning” of the Spk. Focusing on germ tubes
that had no Spk resulted in a medium section, while the
clear Spk when present could quickly be localized near
the substratum. 

Figure 2 shows the results of a 1 h time course study
on the staining of a P. graminis germ tube. The pattern
of staining was similar for both rust species. Follow-
ing the addition of FM4-64, the plasma membrane
stained immediately. After 2–3 min, cytoplasmic inclu-

sions (0.6–0.8 �m in diameter) began to stain and were
readily discernible after about 10 min. After about 15 min,
larger stained inclusions became visible within the cyto-
plasm (Fig. 2). Occasionally, strongly stained spots were
associated with the plasma membrane (data not shown).
As indicated earlier, the apical vesicle cloud within the
Spk became fluorescent between 10 and 15 min and typi-
cally appeared as a relatively diffusely stained vesicle
structure rather than as an intensely stained region
(Figs.1–3). The size of the vesicle cloud was measured in
different images. Spk of U. vignae were slightly larger
(2.2 by 1.7 �m, n � 7) than those of P. graminis (1.7 by
1.3 �m, n � 7). This was consistent with the difference in
diameter of the germ tubes.
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Fig. 2. Puccinia graminis. Confocal micro-
scopy showing germ tube growth and behav-
ior over a period of about 1 h. FM4-64 was
added about 30 s before the first image was
collected. The left panel shows staining of the
Spk inside the germling. Note that the plasma
membrane stains immediately (0 min). Small,
stained cytoplasmic inclusions are readily visi-
ble after 10 min, and the Spk is clearly visible
after 16 min. In the right panel disappearance
and reappearance of the Spk are shown. Reap-
pearance of the Spk is associated with re-
sumed growth. In each image the germ tube
was optically sectioned in a region adjacent to
the substratum where the Spk, when present,
is located. Bars: 10 �m



Behavior of the Spitzenkörper

The size, shape, and fluorescence intensity of the stained
vesicle cloud associated with the Spk was very dynamic
and could change over short time periods. The latter is
shown in images captured at intervals of 5 s (Fig. 3b)
showing small changes in position and shape of the Spk.

Bleaching of FM4-64 inside the fungal cell only occurs
after irradiation times much longer than those used in this
study and is negligible during the acquisition of 5 consec-
utive scans with a pause of 5 s between them. In fact, the
fourth image of the series depicted in Fig. 3b shows the
most intensive fluorescence. 

On flat surfaces, germ tubes exhibited frequent changes
in growth direction. Germ tubes of P. graminis were more
prone to branch formation than those of U. vignae. The
movement of the Spk to a new location in the apical dome
of the germ tube preceded outgrowth of the germ tube in
that region. This intimate relationship between the behavior
of the Spk and subsequent changes in growth direction was
also observed when external particles were encountered by
the germling (Fig. 3a). Upon contact of the germ tube with
the particle, the Spk shifted to one side. This was followed
by bulging and new growth of the germ tube on that side.
Another feature often observed was that the germ tube
would transiently cease polarized growth and then became
more swollen before exhibiting polarized growth again
(Fig. 2, right panel). Cessation of polarized growth was al-
ways correlated with the disappearance of the Spk, and
resumption of growth was always correlated with its
reappearance. Over the course of the observation period,
the growth rate of the germ tubes began at 0.9 �m/min,
dropped to zero, and then rose to 0.9 �m/min again.

Spitzenkörper behavior during appressorium
and penetration peg differentiation

The initial stages of appressorium differentiation of U.
vignae over an about 0.5�m high, microfabricated step are
shown in Fig. 4. During contact of the hyphal tip with the
step, the shape of the Spk changed; it was easily recogniz-
able before and after the encounter (Fig. 4a, b), but could
not be recognized at later stages of development (4.5 min
following contact, Fig. 4c). At this time, the germ tube tip
swelled (Fig. 4c–e). After 39 min an appressorium was
nearly fully expanded (Fig. 4f). Near to the glass surface it
had undergone clear bipolar growth along the artificial step
(Fig. 4f, right image), which clearly is a contact-mediated
response (Kwon and Hoch 1991, Collins et al. 2001). In
the left image of Fig. 4f two nuclei are visible as nonstain-
ing regions. Nuclei did not take up dye, even after long pe-
riods of staining. During later stages of development, after
completion of mitosis, four nuclei were observed inside
the appressorium. Subsequently, a penetration peg started
to develop on the underside of the mature appressorium.
In Fig. 5 this stage is depicted and the image shows a
diffusely stained region which stained most intensively

56 J. Dijksterhuis: Spitzenkörper dynamics in growing germ tubes of rust fungi

Fig. 3a, b. Confocal microscopy of growing germ tubes stained with
FM4-64. a Uromyces vignae. Behavior of a germ tube tip when it
encounters a small fluorescent particle and grows around it. Note the
change in position and morphology of the Spk and cell expansion at its
new position. b Puccinia graminis. Variations in shape and position of
the Spk are illustrated during a 25 s period with time intervals of 5 s.
Bars: 5 �m



near the site of contact with the glass substratum (Fig. 5,
right image).

Discussion

In this study we have used the term Spitzenkörper to de-
scribe the stained apical vesicle cloud of rust germ tubes. In
a number of aspects the “apical vesicle cluster” behaves like
the typical Spk described for many different fungal species
(Girbardt 1957, López-Franco and Bracker 1996). These
resemblances include its presence within growing apices, its
behavior prior to changes in growth direction (see also
Hoffman and Mendgen 1998), and the predominance of
vesicles as structural components (Kwon and Hoch 1991).

Other features of rust Spk distinguish them from Spk of
vegetative hyphae of most other fungi. Firstly, rust germ
tube Spk lack a differentiated “core” region. Although Spk
organization differs among fungal genera (López-Franco
and Bracker 1996), a core region is seen in different as-
comycetes and basidiomycetes (Grove and Bracker 1970,

Howard and Aist 1979, Roberson and Fuller 1988) by both
light and electron microscopy. In previous studies on germ
tubes of the rust U. appendiculatus, a core region was not
observed (Hoch and Staples 1983, Kwon et al. 1991).

A second feature distinguishing Spk in rusts is that they
are located asymmetrically within the hyphal tip of the
germ tube. This was observed earlier in germ tubes of
U. appendiculatus that were fixed by rapid freezing and ob-
served by electron microscopy (Kwon and Hoch 1991) and
has been confirmed in this study in living and growing
rust germ tubes of U. vignae and P. graminis. Remarkably,
this feature was also observed by electron microscopy in
germ tubes of two other plant pathogenic fungi, namely,
Cochliobolus sativa (Clay et al. 1996) and Magnaporthe
grisea (Bourrett and Howard 1989). 

A third feature of rust Spk is their highly dynamic be-
havior during short time spans and after an encounter of
extracellular features and that it appears and reappears
virtually spontaneously during germ tube development.
Furthermore, the Spk disappears during early stages of
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Fig. 4a–f. Confocal microscopy of differentiating appressoria of U. vignae stained with FM4-64. In order to prevent the induction of germ tube
swelling as a result of confocal microscopy, this germ tube was imaged by the fast-scanning, low-resolution F4 setting of the confocal micro-
scope. a and b Growth of a germ tube over a differentiation-inducing step (indicated with a black arrow). The Spk can be recognized clearly
during three stages (white arrows). Times (in min) indicate the period after the germ tube encountered the step. c–e Two stages in the swelling
of a germ tube after cessation of growth. d Transmission image corresponding to the fluorescence image c. f Nearly fully formed appressorium
shown above (left) and very near (right) to the glass surface. Two nuclei are visible as nonstaining areas (asterisks) in the left image. Note the
clear bipolar growth of the appressorium along the step. Bar: b and c, 5 �m; f, 10 �m



appressorium formation, but a similar-looking structure
reappears when the penetration peg is formed. 

The Spk of rust fungi stains markedly more slowly after
addition of the dye FM4-64 than do those of other fungal
species such as Neurospora crassa and Rhizoctonia solani
(Fischer-Parton et al. 2000). Hyphae of R. solani grew ap-
proximately twice as fast as rust germ tubes but exhibited a
much faster staining Spk than rusts. The structure was visi-
ble after 2 min in case of R. solani and after 10 min with the
rust fungi (J. Dijksterhuis and N. D. Read unpubl. results).
This may indicate that the endomembrane system in rust
germlings differs from that of vegetative hyphae.  The asym-
metric location of the Spk and its behavior suggest a special
sensitivity of the Spk for external topographical features and
may play an important role in the process of touch sensing
(Hoch et al. 1987, Collins and Read 1997). This role may
include the redirection of germ tube growth as observed on
leaves and artificial substrates. The reorientation may arise
from the deposition of cell wall material, which follows
the shape of the topography. As an example, confocal mi-
croscopy showed that P. graminis cell walls were deposited
between ridges (on polystyrene wafer replicas) that were
only a few micrometers apart (data not shown).

Touch sensing also leads to appressorium formation
over stomata, which is regarded as a more extensive dif-
ferentiation process. The swelling of the hyphal tip is
followed by continuous enlargement, nuclear division, con-
traction of the cytoplasm into the appressorium com-
partment, and septum formation (Kwon et al. 1991). We
observed a time course for differentiation in U. vignae simi-
lar to that described for U. appendiculatus (Kwon and Hoch

1991). A distinct Spk was not evident once the germ tube
started to swell. An accumulation of vesicles, however, may
reappear during later stages of polarized growth (as the
bipolar outgrowth in Fig. 4 or the formation of an elongated
appressorium of P. graminis after a temperature shock re-
ported by Staples and Hoch [1983]). This is illustrated by
the clear presence of an apparent vesicle cloud prior to the
formation of a penetration peg. 

The regular appearance and disappearance of the Spk
suggest that the responsiveness of the germ tube to topogra-
phies is related to a relatively “instable” organization of the
Spk.
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