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Filamentous fungi are fascinating organisms that combine technical amenability with inter-
esting biology and economical and ecological importance. In recent years, intensive research
has rapidly extended our knowledge in many of the sub-disciplines in fungal sciences. An
upcoming challenge is the integration of this detailed information in a more holistic under-
standing of the organisation and function of the fungal cell and its interaction with the environ-
ment. Here we provide an extensive visual impression of the organisation and motility of
cellular structures in hyphae and yeast-like cells of the corn pathogen Ustilago maydis. We
show 3D animation of major cytoskeletal elements and organelles in yeast-like and hyphal cells
and provide insight into their dynamic behaviour. Using laser-based epi-fluorescence, we also
include some more specialised processes, such as the dynamics of microtubules in mitosis,
F-actin patches turn-over during endocytic uptake, nuclear import in interphase and in late
mitosis and diffusion within the endoplasmic reticulum and the plasma membrane. This
collection of 76 previously unpublished movie clips should provide a useful source for teaching
fungal cell biology, but also intends to inspire researchers in different areas of fungal science.
© 2011 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

van de Veerdonk et al., 2008; Wilson and Talbot, 2009; Brefort
et al., 2009; Skamnioti and Gurr, 2009; Seider et al., 2010; Mehrabi

Molecular cell biology is a rapidly progressing field in fungal
research. Since Robert Hook defined the term “cell” in the 17th
century by observing cork using a simple microscope (Hooke,
1665), cell biology has been a visual discipline and microscopy
a central technique. In the 19th century cell biological studies
demonstrated that filamentous fungi can cause animal, human
and plant diseases (Bristowe, 1854; Kiithn, 1858; overview in
Hallmann et al., 2010; Hinson et al., 1952). Since then applied
aspect is still in focus, but more fundamental questions, such
as the cellular basis of hyphal growth, have attracted scientist
from the early days on (Reinhardt, 1892; Brunswik, 1924). Today,
we have a much clearer understanding of the biology of fungal
infection (for further reading see Nielsen and Heitman, 2007;
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et al., 2011), and a powerful combination of molecular genetics
andlive cellimaginghas provided insightinto the molecular basis
of fungal morphogenesis, cellular function and hyphal growth
(for further reading see Oakley, 2004; Sudbery et al., 2004; Harris
et al., 2005; Steinberg, 2007a; Latge, 2007; De Souza and Osmani,
2007; Fischer et al., 2008; Veses et al., 2008; Brand and Gow, 2009;
Read et al., 2009; Gladfelter, 2010; Penalva, 2010; Maerz and
Seiler, 2010; Zarnack and Feldbriigge, 2010).

In this article we set out to give a visual impression of the
organisation and motility of cellular structures in a fungal cell.
We have used fluorescent marker proteins and labelled sub-
cellular structures and compartments in the yeast-like and
hyphal cells of the plant pathogen Ustilago maydis (Fig. 1; for

Abbreviations: EE, early endosomes; ER, endoplasmic reticulum; GFP, green fluorescent protein; RFP, red fluorescent protein.
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Yeast-like cells

Fig. 1 — The dimorphic fungus U. maydis. The corn smut
fungus is a pathogen on Zea maize. In rich media it grows as
a budding yeast-like cell (Bolker, 2001; Brefort et al., 2009).
Upon recognition of a mating partner the fungus switches to
hyphal growth and invades the host tissue (Brachmann

et al., 2001; Spellig et al., 1994). The hyphal form is induced
and maintained due to the activity of the b-transcription
factor (Schulz et al., 1990; Kamper et al., 1995; Kahmann

et al., 1995). The bar represents 10 um.

further reading about this model fungus see Banuett, 1995;
Bolker, 2001; Perez-Martin et al., 2006; Steinberg and Perez-
Martin, 2008; Brefort et al., 2009). We provide a collection of
new movies that illustrate the 3-dimensional organisation and
the dynamic behaviour of the cytoskeleton and major compart-
ments in these fungal cells. The movies can be accessed by click-
ing on the thumbnails in the section following the introduction.
Alternatively, the movies (in WMF and FLV [Windows], and MP4
and MOV [MAC] format) can be downloaded from ScienceDirect
(d0i:10.1016/j.fbr.2011.01.008) or are included in the DVD accom-
panying the printed issue. In addition, this DVD contains
a supplementary PowerPoint presentation and larger AVI
movies (in the AVI folder). This provides easy access to all
movies and allows the reader to copy the annotated movies
into existing presentations (please note that the presentation
does have to be in the same folder as the AVI movies).

We start the journey through the cell with the cytoskeleton.
Tubulin and actin assemble into protein fibres, which are
known as microtubules and filamentous actin (F-actin). Both
are of central importance for organelle motility and organisa-
tion (Xiang and Fischer, 2004; Steinberg, 2007a,b; Fischer et al.,
2008). Our movie collection therefore starts with microtubules

(Movies 1—-12), which are required for continuous filamentous
growth of fungi (Horio and Oakley, 2005; Fuchs et al., 2005). Inter-
phase microtubules are seen in Movies 1-5. In mitosis the
spindle forms long astral microtubules (Movies 6—8). Cortical
interaction of these astral microtubules exerts force on the
mitotic spindle (Steinberg et al., 2001; Fink et al., 2006), which is
documented in Movies 9—12. The second major cytoskeletal
element is filamentous actin. A crucial role for actin in hyphal
growth is well established (Heath, 1995; Heath and Steinberg,
1999; Heath et al., 2000; Fuchs et al., 2005). Peripheral actin
patches mark sites of endocytosis and their continuous turn-
over support endocytosis (Kaksonen et al., 2003; Rodal et al.,
2005). In addition, F-actin forms long tracks (Berepiki et al.,
2010; Delgado-Alvarez et al., 2010) that might support myosin
motor motility. We show the organisation and dynamics of F-
actin in Movies 13—18. Motor proteins (Fig. 2) use the fibres of
the cytoskeleton to transport cargo through the cell (Xiang and
Plamann, 2003; Vale, 2003). The major transporters for vesicles
and organelles in filamentous fungi are myosin-5 (Woo et al.,
2003; Weber et al., 2003), kinesin-3 (Wedlich-Séldner et al.,
2002a; Lenz et al., 2006; Zekert and Fischer, 2009) and dynein
(Plamann et al., 1994; Xiang et al., 1994; Straube et al., 2001;
Alberti-Segui et al., 2001; Martin et al., 2004). By improving our
microscopic setup and using laser-based epi-fluorescence (see
Methods for details) we succeeded in visualising the motility
of single motors in living hyphal cells (Schuster et al.,, 2011
(a,b)). This allowed quantitative analysis and mathematical
modelling approaches (Schuster et al., 2011(a); Ashwin et al,,
2010). We give examples of motor behaviour in U. maydis in
Movies 19—24. Kinesin-3 and dynein mediate early endosomes
motility (Wedlich-Séldner et al., 2002a; Lenz et al., 2006; Zhang
et al., 2010), which is in focus in the following video clips
(Movies 25—31). Movie 30 is a nice example of endosomes
moving along microtubules and Movie 31 demonstrates co-
localisation of early endosomes and kinesin-3. Early endosomes
are thought to have a dual role in sorting to the vacuole (Movies
32-36) and recycling back to the plasma membrane (Movie 37).
According to the “fluid mosaic model” (Singer and Nicolson,
1972), the proteins can diffuse in the plasma membrane. This
is nicely seen in fluorescence recovery after photo-bleaching
(FRAP) experiments (Movies 38).

Fungal hyphae concentrate sphingolipids at the hyphal tip
(Martin and Konopka, 2004; Canovas and Perez-Martin, 2009;
overview in Steinberg, 2007a). This reduces fluidity of the
membrane, and is expected to impair protein diffusion at the
hyphal tip. The differences in membrane fluidity between sub-
apical regions and the apex can be seen in Movies 38 and 39.
The plasma membrane receives secretory vesicles containing
proteins that travel from the endoplasmic reticulum via the Golgi
apparatus to the surface. Movies that show the organisation and
dynamic behaviour of the endoplasmic reticulum (Movies 40—47)
and the Golgi apparatus (Movies 48—53) are part of the provided
collection. An important class of secretory vesicles are chito-
somes that are characterised by the presence of membrane-
bound chitin synthase (Sietsma et al., 1996; Bartnicki-Garcia,
2006; Riquelme et al., 2007; Movie 54). Using photo-bleaching tech-
niques the motility of chitin synthase 8, a class V chitin synthase,
was visualised (Treitschke et al., 2010; Movie 55). Class V chitin
synthases contain a myosin motor domain and are considered
to be able to participate in transport of their attached chitosome
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Fig. 2 — Molecular motors. (A) The organisation of molecular
motors. All motors consist of heavy chains (HC) that form
the motor domain (Motor) and in many cases bind light
chains (LC). The dynein complex contains additional inter-
mediate chains (IC) and intermediate light chains (ILC). Note
that kinesin-1 and myosin-5 are shown. The organisation
of kinesins and myosins belonging to different classes
might vary (Vale, 2003). (B) Model of motor cooperation in
long-range transport along microtubules. Motors carry their
cargo (e.g. an organelle) to the plus- or the minus end. The
opposing motor can be a passive cargo, thereby getting re-
cycled for another round of transport. Note that transport of
early endosomes in U. maydis differs in that dynein is not
a passive cargo of the organelles (Schuster et al. 2011(b)).

(Fujiwara et al., 1997; Madrid et al., 2003; Abramczyk et al., 2009).
However, the motor domain is not required for chitin synthase
8 motility in U. maydis (Treitschke et al., 2010; Movie 56). The endo-
plasmic reticulum forms a continuum with the nuclear envelope
and contains proteins that contain a nuclear localisation signal
(Movies 59—63). This signal mediates active import through highly
specialised nuclear pores (De Souza et al., 2004; Osmani et al., 2006;
Theisen et al., 2008; Movie 64). This occurs in interphase cells and
is visible after photo-bleaching of imported nuclear GFP (Movie
65). Nuclear import is also important to reconstitute the nucleus
after mitosis when the nuclear envelope gets removed (Straube
et al., 2005) or is partially permeable due to a disassembly of the
pores (De Souza and Osmani, 2007). Reimport after “open mitosis”
inU. maydis can be observed in Movie 65. Finally, we have included
movies showing peroxisomes (Movies 67—71) and mitochondria
(Movies 72—76). In fungi both organelles are dynamic (van der
Klei and Veenhuis, 2002; Westermann and Prokisch, 2002; Fuchs
and Westermann, 2005). Mitochondria provide the metabolic
“fuel” to drive molecular processes, and fungal peroxisomes func-
tion in lipid metabolism and detoxification (Schrader and Fahimi,
2008). In addition, peroxisomes serve additional functions in peni-
cillin biosynthesis (Kiel et al., 2000; Sprote et al., 2009) and indirectly
support microtubule nucleation (Zekert et al., 2010). The movie
collection represents the status of our current understanding in

U. maydis, and it is important to realise that the sub-cellular orga-
nisation most likely varies between fungal species. However,
most of the basic organising principles and mechanisms are
expected to be conserved.

Microtubules

Movie 1 Microtubule organisation in a hyphal cell. Micro-
tubules form bundles that extend from the growing tip to
the proximal septum, thereby providing continuous tracks
that connect both cell poles. Note that individual microtu-
bules can be very short and are not nucleated at the spindle
pole body, a nuclear microtubule organising centre. Micro-
tubules were visualised by eGFP fused to the alpha-tubulin
gene tub1 (Steinberg et al., 2001). The 3D reconstruction was
built from a deconvolved Z-axis image stack. The bar
represents 5 pm. Click here or on image to access the movie.

Movie 2 Microtubule dynamics in a hyphal cell. Single
microtubule undergoes frequent bending and waving
whereas the bundles are less flexible. The movie was built
from a deconvolved image series. Microtubules were vi-
sualised by eGFP fused to the alpha-tubulin gene tub1
(Steinberg et al., 2001). The time is given in seconds and
milliseconds, the bar represents 5 pm. Click here or on
image to access the movie.

Movie 3 Microtubule dynamics at the growing tip of

a hyphal cell. Microtubules grow by polymerisation of their
subunits and shrink by depolymerisation. In addition,
microtubule motility adds to the microtubule dynamic
behaviour. Note that the microtubules do not reach into the
hyphal apex. Microtubules were visualised by eGFP fused to
the alpha-tubulin gene tub1 (Steinberg et al., 2001). The
movie was built from a deconvolved image series. The time
is given in seconds: milliseconds; the bar represents 2 pm.
Click here or on image to access the movie.
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Movie 4 Microtubule organisation in a yeast-like cell.
Microtubules connect the growth region (top) with the
mother cell (bottom). Microtubules have a tendency to form
bundles and the microtubule array connects the cell poles.
Like in hyphal cells, individual microtubules can be very
short and are not nucleated at the spindle pole body, but are
formed at cytoplasmic sites near the bud neck (Straube et al.,
2003; Fink and Steinberg, 2006). Microtubules were visual-
ised by eGFP fused to the alpha-tubulin gene tub1 (Steinberg
et al., 2001). The 3D reconstruction was built from a decon-
volved Z-axis image stack. The bar represents 5 pm. Click
here or on image to access the movie.

tubules

Movie 5 Microtubule dynamics in a yeast-like cell. Single
microtubules polymerise and depolymerise. Dark patches
on the microtubules (regions of less fluorescence called
“speckles”), can serve as “landmarks” that demonstrate
that (a) microtubules indeed elongate and (b) undergo short
range to-and-fro motion. Microtubules were visualised by
eGFP fused to the alpha-tubulin gene tub1 (Steinberg et al.,
2001). The movie was built from a deconvolved image
series. The time is given in seconds: milliseconds; the bar
represents 3 pm. Click here or on image to access the movie.

Microtubules

Movie 6 Microtubule organisation in a mitotic cell during
early anaphase. The anaphase spindle is positioned in the
bud neck and a few astral microtubules extend into the
mother and the daughter cell. The chromosomes are located
very closely to the spindle pole bodies (not visible). Micro-
tubules were visualised by eGFP fused to the alpha-tubulin
gene tub1 (Steinberg et al., 2001). The 3D reconstruction was
built from a deconvolved Z-axis image stack. The bar
represents 5 pm. Click here or on image to access the movie.

Movie 7 Microtubule organisation in a mitotic cell during
late anaphase. The anaphase spindle extends from the
daughter to the mother cell. Numerous astral microtubules
are formed that position both spindle poles in the cell
centres. Microtubules were visualised by eGFP fused to the
alpha-tubulin gene tub1 (Steinberg et al., 2001). The 3D
reconstruction was built from a deconvolved Z-axis image
stack. The bar represents 5 pm. Click here or on image to
access the movie.
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Microtubules

Movie 8 Microtubule organisation in a mitotic cell in
telophase. Both spindle poles and the attached chromo-
somes (not visible) are positioned in the mother and the
daughter cell. The astral microtubules keep them in posi-
tion. The central spindle is disrupted. Note that at this
stage chromosomes de-condense and the nuclear enve-
lopes reappear (Straube et al., 2005). The anaphase spindle
extends from the daughter to the mother cell. Microtu-
bules were visualised by eGFP fused to the alpha-tubulin
gene tubl (Steinberg et al., 2001). The 3D reconstruction
was built from a deconvolved Z-axis image stack. The bar
represents 3 pm. Click here or on image to access the
movie.

Microtubules

Movies 9 and 10 Microtubule dynamics in a mitotic cell
during anaphase. Long astral microtubules emanate from
the spindle pole bodies and contact the cell cortex (cell
periphery). Here cytoplasmic dynein pulls on the astral
microtubules thereby elongating the spindle. The chro-
mosomes (not visible) are located very close to the
spindle pole bodies. Note that the behaviour of the
spindle indicates counteracting forces exerted at both
sides of the spindle. Movie 9 provides extended annota-
tion in the first movie frame. Microtubules were visual-
ised by eGFP fused to the alpha-tubulin gene tubl
(Steinberg et al., 2001). The movie was built from

a deconvolved image series. The time is given in
seconds: milliseconds; the bar represents 3 um.Click here
or on image to access the movie.

Microtubules

Movie 11 Microtubule dynamics in a mitotic cell during
anaphase. This second example shows rapid spindle
elongation during anaphase. Long astral microtubules
emanate from the spindle pole bodies and contact the cell
cortex. Their interaction with dynein that is stationary at
the cell periphery drives the elongation of the spindle.
Note the to-and-fro motion of the spindle, indicating
counteracting forces. Microtubules were visualised by
eGFP fused to the alpha-tubulin gene tub1 (Steinberg et al.,
2001). The movie was built from a deconvolved image
series. The time is given in seconds: milliseconds; the bar
represents 5 pm. Click here or on image to access the
movie.

Astral Microtubules

Movie 12 Dynamics of a microtubule aster during
anaphase. The movie demonstrates the dynamic behav-
iour of the astral microtubules. Their interaction with
dynein at the cellular cortex drives the motility of the
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spindle pole and thereby the segregation of the chromo-
somes (Fink et al., 2006). Microtubules were visualised by
eGFP fused to the alpha-tubulin gene tub1 (Steinberg et al.,
2001). The movie was built from a deconvolved image
series. The time is given in seconds: milliseconds; the bar
represents 3 pm. Click here or on image to access the
movie.

Filamentous actin (F-actin)

Movie 13 F-actin organisation in a hyphal cell. F-actin is found
as long peripheral filaments and brightly labelled peripheral
patches. The cables provide “tracks” for myosin motors,
whereas the patches represent unordered F-actin accumula-
tions that, due to their capacity to polymerise, are thought to
propel endocytic vesicles from the cell periphery into the
cytoplasm (Rodal et al., 2005). Actin patches are concentrated at
the hyphal tip indicating that this region is active in endocy-
tosis. F-actin was visualised by eGFP fused to a Lifeact-peptide
(Schuster, submitted for publication). The Lifeact-peptide was
developed in thebudding yeast (Riedl et al., 2008) and was used
to visualise F-actin in Neurospora crassa (Berepiki et al., 2010;
Delgado-Alvarez et al., 2010). The 3D reconstruction was built
from a deconvolved Z-axis image stack. The bar represents

5 pm. Click here or on image to access the movie.

Movie 14 Dynamics of F-actin in the periphery of a hyphal
cell. Actin patches are continuously formed at the cell
periphery and are rapidly disappearing, which indicates that
(a) they leave the focal plane by pushing themselves into the
cytoplasm and (b) they disassemble shortly after leaving the
plasma membrane. Note that actin “cables” are reaching into
the hyphal apex. F-actin was visualised by eGFP fused to

a Lifeact-peptide (Schuster, submitted for publication). The
Lifeact-peptide was developed in the budding yeast (Riedl

et al., 2008) and was used to visualise F-actin in N. crassa
(Berepiki et al., 2010; Delgado-Alvarez et al., 2010). The movie
was built from a deconvolved image series. The time is given
in seconds: milliseconds; the bar represents 5 um. Click here
or on image to access the movie.

Movie 15 Dynamics of F-actin patches at the tip of a hyphal
cell. Actin patches are continuously formed at the cell
periphery and are rapidly disappearing due to their disas-
sembly and their motility out of the focal plane. F-actin was
visualised by eGFP fused to a Lifeact-peptide (Schuster,
submitted for publication). The Lifeact-peptide was developed
in the budding yeast (Riedl et al., 2008) and was used to visu-
alise F-actin in N. crassa (Berepiki et al., 2010; Delgado-Alvarez
et al., 2010). The movie was built from a deconvolved image
series. The time is given in seconds: milliseconds; the bar
represents 3 um. Click here or on image to access the movie.

F-Actin

Movie 16 F-actin organisation in a yeast-like cell. F-actin
forms peripheral filaments that connect the bud with the
mother cell. In addition, brightly labelled peripheral patches
are visible that concentrated at the growth region where
endocytosis occurs. F-actin was visualised by eGFP fused to
a Lifeact-peptide (Schuster, submitted for publication). The
Lifeact-peptide was developed in the budding yeast (Riedl
et al., 2008) and was used to visualise F-actin in N. crassa
(Berepiki et al., 2010; Delgado-Alvarez et al., 2010). The 3D
reconstruction was built from a deconvolved Z-axis image
stack. The bar represents 3 pm. Click here or on image to
access the movie.
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Movie 17 Dynamics of F-actin in a yeast-like cell. Actin
patches are transiently visible. Note that the cables are stable
peripheral structures. Patches occasionally move over some
distances, indicating the motility of endocytic vesicles that
are propelled by actin polymerisation. F-actin was visualised
by eGFP fused to a Lifeact-peptide (Schuster, submitted for
publication). The Lifeact-peptide was developed in the
budding yeast (Riedl et al., 2008) and was used to visualise F-
actin in N. crassa (Berepiki et al., 2010; Delgado-Alvarez et al.,
2010). The movie was built from a deconvolved image series.
Thetimeis given in seconds: milliseconds; the bar represents
3 um. Click here or on image to access the movie.

Movie 18 Dynamics of F-actin patches in the bud of yeast-like
cell. Actin patches are continuously formed at the cell
periphery and are rapidly disappearing due to their disas-
sembly and their motility out of the focal plane. In addition,
some patches show short range movement. Note that the
movie was taken at a medial focal plane. Consequently, most

patches are found at the cell edge near the plasma membrane.
In addition, few patches are found in the cytoplasm. F-actin
was visualised by eGFP fused to a Lifeact-peptide (Schuster,
submitted for publication). The Lifeact-peptide was developed
in the budding yeast (Riedl et al., 2008) and was used to visu-
alise F-actin in N. crassa (Berepiki et al., 2010; Delgado-Alvarez
et al., 2010). The movie was built from a deconvolved image
series. The time is given in seconds: milliseconds; the bar
represents 2 pm. Click here or on image to access the movie.

Molecular motors

Movie 19 Dynamics of myosin-5 in a hyphal cell. Expression of
GFP;-myosin-5 generates a strong cytoplasmic background
which interferes with the specific signals. Pre-treatment with
a405 nm laser photo-bleaches the cell (indicated by red box and
“Bleach”), allowing the observation of myosin-5 motors
moving towards the hyphal tip. myosin-5 was labelled by
fusing a triple GFP tag to the N-terminus of the myo5 gene
(Weber et al., 2003). The construct is integrated in the native
locus; therefore native levels of the motors are shown. The time
is given in seconds: milliseconds; the bar represents 5 pm. Click
here or on image to access the movie.

Movie 20 Dynamics of dynein in hyphal cells. Dynein
moves bi-directionally and concentrates at the microtubule
plus-ends near the hyphal tip. Note that anterograde
motility of dynein in fungi is most likely due to the activity
of kinesin-1 (Zhang et al., 2003; Lenz et al. 2006). Dynein
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motors were labelled by fusing a triple GFP tag to the
N-terminus of the dyn2 dynein heavy chain gene. The
construct is integrated in the native locus; therefore native
levels of the motors are shown. The time is given in
seconds: milliseconds; the bar represents 10 pm. Click here
or on image to access the movie.

Dynein

Movie 21 Dynamics of dynein in hyphal cells. A second
example of dynein motility in hyphae. Note that the cell
usually contains 2 tracks for bi-directional motility of the
motor. Dynein motors were labelled by fusing a triple GFP
tag to the N-terminus of the dyn2 dynein heavy chain gene.
The construct is integrated in the native locus; therefore
native levels of the motors are shown. The time is given in
seconds: milliseconds; the bar represents 20 um. Click here
or on image to access the movie.

Dynein

Movie 22 Dynamics of dynein at a microtubule plus-end
near the hyphal tip. Dynein forms a “comet-like” accumu-
lation at the end of microtubules that captures arriving
endosomes for retrograde motility so that they do not fall
off the track (Schuster et al., 2011(a)). Dynein motors were
labelled by fusing a triple GFP tag to the N-terminus of the
dyn2 dynein heavy chain gene. The construct is integrated
in the native locus, therefore native levels of the motors are
shown. The time is given in seconds: milliseconds; the bar
represents 2 pm. Click here or on image to access the
movie.

Kinesin-3
07.959

Movie 23 Dynamics of kinesin-3 in hyphal cells. Kinesin-
3-GFP continuously move in a bi-directional fashion.
Note that the microtubule plus-ends are concentrated at
the hyphal tip (Lenz et al., 2006; Schuchardt et al., 2005)
and that transport towards the hyphal tips is driven by
kinesin-3. In contrast, retrograde transport back to the
cell centre is mediated by dynein (Schuster et al., 2011(a)).
Kinesin-3 was labelled by fusing eGFP to its C-terminal.
The construct is integrated in the native locus; therefore
native levels of the motors are shown. The time is given
in seconds: milliseconds; the bar represents 10 pm. Click
here or on image to access the movie.

Movie 24 Dynamics of kinesin-3 at the hyphal tip. Kinesin-
3-GFP signals travel towards the plus-ends at the hyphal
tip, where they turn around for retrograde motility towards
the cell centre. Note that retrograde motility is driven by
dynein (Schuster et al., 2011(a)). Kinesin-3 was labelled by
fusing GFP to its C-terminal. The construct is integrated in
the native locus; therefore native levels of the motors are
shown. The time is given in seconds: milliseconds; the bar
represents 2 pm.Click here or on image to access the movie.

Early endosomes

Movie 25 Early endosomes distribution in a hyphal cell. The
organelles are evenly scattered along the length of the
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hypha. The 3D reconstruction was built from of a decon-
volved Z-axis image stack taken after fixing the cells with
0.1 % formaldehyde. Motility of early endosomes was in-
hibited by a 5 min pre-treatment with 0.1 % formaldehyde.
Early endosomes were labelled by a fusion of eGFP to the
small GTPase Rab5a. The bar represents 3 um. Click here or
on image to access the movie.

Movie 26 Dynamics of early endosomes in hyphal cells. The
organelles move rapidly in a bi-directional fashion. Note
that their motility is reminiscent of that of kinesin-3 (Movie
23). Early endosomes were labelled by a fusion of eGFP to
the small GTPase Rab5a. The time is given in seconds:
milliseconds; the bar represents 10 um. Click here or on
image to access the movie.

Early Endosomes

Movie 27 Early endosomes distribution in a yeast-like cell.
The organelles are evenly scattered within the budding cell.
Motility of early endosomes was inhibited by a 5 minute

pre-treatment with 0.1 % formaldehyde.The 3D reconstruc-

tion was built from of a deconvolved Z-axis image stack taken
after fixing the cells with 0.1 % formaldehyde. Early endosomes
were labelled by a fusion of eGFP to the small GTPase Rab5a. The
bar represents 3 um. Click here or on image to access the movie.

Early Endosomes

Movie 28 Dynamics of early endosomes in a yeast-like cell.
The organelles move rapidly in a bi-directional fashion.
Note that their motility path is reminiscent of the microtu-
bule organisation (see Movie 4, Movie 5). Early endosomes
were labelled by a fusion of eGFP to the small GTPase Rab5a.
The time is given in seconds: milliseconds; the bar repre-
sents 5 pm. Click here or on image to access the movie.

Early Endos

Movie 29 Dynamics of early endosomes in yeast-like cell.
The organelles move rapidly in a bi-directional fashion. Note
that their motility path is reminiscent of the microtubule
organisation (see Movie 4, Movie 5). The cell edge is given in
blue, the early endosomes are shown in green. Early endo-
somes were labelled by a fusion of eGFP to the small GTPase
Rab5a. The time is given in seconds: milliseconds; the bar
represents 5 pm. Click here or on image to access the movie.

Early Endos

Movie 30 Motility of early endosomes along microtubules in
a hyphal cell. The organelles move rapidly in a bi-direc-
tional fashion along single microtubules or microtubule
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bundles (indicated by their brighter fluorescence). Note that
the organelles do not fall off the end of the microtubules, but
rather rapidly turn for retrograde motility, which is due to
loading onto dynein that concentrates at the ends of the
microtubules (see Movie 22). The cell edge is given in blue,
the early endosomes are shown in green. Early endosomes
were labelled by a fusion of eGFP to the small GTPase Rab5a.
Microtubules were visualised by monomeric red fluorescent
protein (mRFP) fused to the alpha-tubulin gene tubl. The
time is given in seconds: milliseconds; the bar represents
3 pm. Click here or on image to access the movie.

Early Endosomes

Kinesin-3

Movie 31 Co-localisation of early endosomes and kinesin-3
in a hyphal cell. All organelles carry kinesin-3, which takes
the early endosomes towards the hyphal tip and into the
pre-bleached region of the hypha (red box, “bleach”). Pre-
bleaching was done to reduce the signal interference. Note
that some organelles turn for retrograde motility before
reaching the end of the microtubules (arrowhead). Early
endosomes were labelled by a fusion of monomeric Cherry
to the small GTPase Rab5a. Kinesin-3 was labelled by fusing
eGFP to its C-terminal. The construct is ectopically ex-
pressed under the kinesin-3 promoter in a deletion back-
ground, therefore native levels of the motors are shown.
The time is given in seconds: milliseconds; the bar repre-
sents 3 pm. Click here or on image to access the movie.

Vacuoles

13.009

Movie 33 Dynamics of vacuoles in a hyphal cell. The
organelles remain almost stationary during the course of
observation. Vacuoles are labelled by carboxypeptidase Y
fused to a triple red fluorescent protein. The time is given in
seconds: milliseconds; the bar represents 5 um. Click here
or on image to access the movie.

Movie 34 Vacuole distribution in a yeast-like cell. The
organelles are spherical and evenly scattered throughout
the cell. Note that the number and size of the vacuoles can
vary and depends on unknown environmental conditions.
Vacuoles were labelled by the dye Cell Tracker Blue
(Molecular Probes). The 3D reconstruction was built from

a deconvolved Z-axis image stack. The bar represents 3 pm.
Click here or on image to access the movie.

Movie 32 Vacuole distribution in a hyphal cell. The irregular
organelles are evenly scattered along the length of the
hypha. Note that the organisation of the vacuolar compart-
ment in hyphae differs significantly from that in yeast-like
cells (Movie 34). Vacuoles are labelled by carboxypeptidase
Y fused to a triple red fluorescent protein. The 3D recon-
struction was built from a deconvolved Z-axis image stack.
The bar represents 5 pm. Click here or on image to access
the movie.

Movie 35 Dynamics of vacuoles in a yeast-like cell. Most of
the spherical organelles remain almost stationary during
the course of observation. However, small vacuoles show
directed movement. In addition, large vacuoles undergo
changes in shape (arrowhead). Vacuoles are labelled by
carboxypeptidase Y fused to a triple red fluorescent protein.
The time is given in seconds: milliseconds; the bar repre-
sents 3 pm. Click here or on image to access the movie.
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06.004

Movie 36 Dynamics of vacuoles in a yeast-like cell. Most of
the spherical organelles remain almost stationary during
the course of observation. However, small vacuoles show
directed movement. In addition, large vacuoles undergo
changes in shape (arrowhead). The cell edge is given in
blue, the vacuoles are shown in red. Vacuoles are labelled
by carboxypeptidase Y fused to a triple red fluorescent
protein. The time is given in seconds: milliseconds; the
bar represents 3 pm. Click here or on image to access the
movie.

Plasma membrane

Movie 37 Dynamics of the plasma membrane in a hyphal
cell. The plasma membrane was labelled by a fusion protein
of eGFP and a Ssol-like syntaxin. The time is given in
seconds: milliseconds; the bar represents 5 um. Click here
or on image to access the movie.

GFP-Sso1

Plasma membrane

Movie 38 Fluorescent recovery after photo-bleaching (FRAP)
experimentin the sub-apical region of the plasma membranein
a hyphal cell. The fluorescence was bleached by a 405 nm laser
pulse (red circle, bleach). With time the un-bleached molecules
from neighbouring regions of the plasma membrane diffuse
into the darkened area. This indicates that molecules can
“swim” within the bi-layer. This experiment nicely illustrates
the “fluid mosaic model” that was suggested decades ago

(Singer and Nicolson, 1972). The plasma membrane was
labelled by a fusion protein of eGFP and a Sso1-like syntaxin.
The time is given in seconds: milliseconds; the bar represents
5 pm. Click here or on image to access the movie.

Movie 39 Fluorescent recovery after photo-bleaching (FRAP)
experiment in the apical region of the plasma membrane in
a hyphal cell. The fluorescence was bleached by a 405 nm
laser pulse (red circle, bleach). The un-bleached molecules
from neighbouring regions of the plasma membrane do not
diffuse into the darkened area. This indicates that the fluidity
of the membrane is impaired at the hyphal tip, which is most
likely due to an enrichment of sphingolipids (Canovas and
Perez-Martin, 2009). The plasma membrane was labelled by
afusion protein of eGFP and a Sso1-like syntaxin. The time is
given in seconds: milliseconds; the bar represents 3 um. Click
here or on image to access the movie.

Endoplasmic reticulum

Movie 40 Distribution of the endoplasmic reticulum in

a hyphal cell. The irregular network is mainly concentrated
at the cell periphery. Note that yeast-like cell contain a more
regular network (Movie 43—47). The endoplasmic reticulum
and the nuclear envelope was visualised by expressing
eGFP, N-terminally fused to a calreticulin signal peptide and
C-terminally fused to the retention signal HDEL (Wedlich-
Soldner et al., 2002b). The 3D reconstruction was built from
a deconvolved Z-axis image stack. The bar represents 5 pm.
Click here or on image to access the movie.

Movie 41 Dynamics of the endoplasmic reticulum in
a hyphal cell. The network remains mainly stationary.
Occasionally long-range motility occurs (one event
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indicated by arrowhead). The endoplasmic reticulum and
the nuclear envelope was visualised by expressing eGFP,
N-terminally fused to a calreticulin signal peptide and
C-terminally fused to the retention signal HDEL (Wedlich-
Soldner et al., 2002b). The time is given in seconds: milli-
seconds; the bar represents 5 pm. Click here or on image to
access the movie.

Movie 42 Distribution of the endoplasmic reticulum in

a yeast-like cell. The irregular network is mainly concen-
trated at the cell periphery. The nuclear envelope (spherical
structure in the centre of the mother cell) is in contact with
the peripheral network. Note that image processing for the
3D reconstruction did not well preserve the character of the
network (compare Movie 43—46). The endoplasmic retic-
ulum and the nuclear envelope was visualised by express-
ing eGFP, N-terminally fused to a calreticulin signal peptide
and C-terminally fused to the retention signal HDEL
(Wedlich-Soldner et al., 2002b). The 3D reconstruction was
built from a deconvolved Z-axis image stack. The bar
represents 3 pm. Click here or on image to access the movie.

reticulum

Movie 43 Dynamics of the endoplasmic reticulum in

a yeast-like cell. The peripheral network is undergoing
thermal flickering. In addition, directed motility of tubules
occurs (arrowhead). Note that this motility is driven by
microtubule motors (Wedlich-Soldner et al., 2002b). The
bright signal in the cell centre represents the nuclear
envelope. The endoplasmic reticulum and the nuclear
envelope were visualised by expressing eGFP, N-terminally
fused to a calreticulin signal peptide and C-terminally fused
to the retention signal HDEL. The time is given in seconds:

milliseconds; the bar represents 3 pm. Click here or on
image to access the movie.

Movie 44 Dynamics of the endoplasmic reticulum in

a yeast-like cell. The peripheral network is undergoing
thermal flickering. In addition, directed motility of tubules
occurs (arrowhead) that is mediated by microtubule motors
(Wedlich-Soldner et al., 2002b). The bright signal in the cell
centre represents the nuclear envelope. The cell edge is
depicted in blue, the endoplasmic reticulum is shown in
green. The endoplasmic reticulum and the nuclear envelope
was visualised by expressing eGFP, N-terminally fused to
a calreticulin signal peptide and C-terminally fused to the
retention signal HDEL (Wedlich-Soldner et al., 2002b). The
time is given in seconds: milliseconds; the bar represents
3 pm. Click here or on image to access the movie.

Endoplasmic

reticulumm

Movie 45 Directed motility of tubules within the endoplasmic
reticulum in a yeast-like cell. Bi-directional motility is modu-
lating the peripheral network. The endoplasmic reticulum and
the nuclear envelope was visualised by expressing eGFP,
N-terminally fused to a calreticulin signal peptide and C-
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terminally fused to the retention signal HDEL (Wedlich-Soldner
etal., 2002b). The time is given in seconds: milliseconds; the bar
represents 2 um. Click here or on image to access the movie.

Endoplasmic reticulum
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Movie 46 Motility of the endoplasmic reticulum and
microtubules. Bi-directional motility occurs around the
microtubule tracks. The endoplasmic reticulum and the
nuclear envelope was visualised by expressing eGFP,
N-terminally fused to a calreticulin signal peptide and
C-terminally fused to the retention signal HDEL (Wedlich-
Soldner et al., 2002b). The microtubules were visualised by
monomeric Cherry fused to the alpha-tubulin gene tub1.
The time is given in seconds: milliseconds; the bar repre-
sents 3 um. Click here or on image to access the movie.

Movie 47 Fluorescent recovery after photo-bleaching (FRAP)
experiment showing diffusion within the endoplasmic
reticulum in a yeast-like cell. The fluorescence is bleached
by a 405 nm laser pulse (bright signal, moving from left to
right). Un-bleached molecules within the network diffuse
into the darkened area, showing that the tubules of the
endoplasmic reticulum are connected. The endoplasmic
reticulum and the nuclear envelope was visualised by
expressing eGFP, N-terminally fused to a calreticulin signal
peptide and C-terminally fused to the retention signal HDEL
(Wedlich-Soldner et al., 2002b). The time is given in
seconds: milliseconds; the bar represents 5 pm. Click here
or on image to access the movie.

Golgi apparatus

Movie 48 Distribution of the Golgi apparatus in a hyphal
cell. The Golgi consists of small vesicles that are found all
along the length of the cell, but concentrate at the hyphal
tip. The Golgi vesicles were visualised by a fusion of the
small GTPase Yptl and eGFP (Wedlich-Soldner et al., 2002b).
3D reconstruction was built from a Z-axis image stack. The
bar represents 5 pm. Click here or on image to access the
movie.

Movie 49 Dynamics of Golgi vesicles in a hyphal cell. The
Golgi membranes seem to be in constant motion. It is not
clear from this movie whether this is due to rapid bi-direc-
tional motility or Brownian motion. The Golgi vesicles were
visualised by a fusion of the small GTPase Yptl and eGFP
(Wedlich-Soldner et al., 2002b). The time is given in
seconds: milliseconds; the bar represents 5 ym. Click here
or on image to access the movie.

01.751

Movie 50 Directed motility of Golgi membranes near the
hyphal tip. A Golgi vesicle rapidly moves towards the
hyphal apex. The Golgi vesicles were visualised by a fusion
of the small GTPase Yptl and eGFP (Wedlich-Soldner et al.,
2002b). The time is given in seconds: milliseconds; the bar
represents 2 pm. Click here or on image to access the movie.

Golgi Apparatus

Movie 51 Distribution of the Golgi apparatus in a yeast-like
cell. The Golgi consists of small vesicles that are found
distributed within the whole cell, but concentrate in the
growing bud. The Golgi vesicles were visualised by a fusion
of the small GTPase Yptl and eGFP (Wedlich-Soldner et al.,
2002b). The 3D reconstruction was built from a deconvolved
Z-axis image stack. The bar represents 3 pm. Click here or
on image to access the movie.
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Movie 52 Dynamics of Golgi vesicles in a yeast-like cell. The
Golgi membranes seem to be in constant motion. It is not
clear from this movie whether this is due to rapid bi-direc-
tional motility or Brownian motion. The Golgi vesicles were
visualised by a fusion of the small GTPase Yptl and eGFP
(Wedlich-Soldner et al., 2002b). The time is given in
seconds: milliseconds; the bar represents 3 pm. Click here
or on image to access the movie.

Golgi Apparatus

Movie 53 Dynamics of Golgi vesicles in a yeast-like cell. The
Golgi membranes seem to be in constant motion. It is not
clear from this movie whether this is due to rapid bi-direc-
tional motility or Brownian motion. The Golgi vesicles were
visualised by a fusion of the small GTPase Yptl and eGFP.
The time is given in seconds: milliseconds; the bar repre-
sents 3 pm. Click here or on image to access the movie.

Chitosomes (chitin synthase 8)

Movie 54 Distribution of Chitin synthase 8 in a hyphal cell.
The majority of the membrane-bound chitin synthase is
located in the plasma membrane. In addition signals are
found in the cytoplasm that most likely represent chito-
somes. Note that U. maydis contains 7 additional chitin
synthases (Weber et al., 2006) that might locate to additional
vesicles. Signals represent the membrane-bound chitin
synthase 8 fused to a triple GFP tag (Treitschke et al., 2010).
The 3D reconstruction was built from a deconvolved Z-axis
image stack. The bar represents 3 pm. Click here or on
image to access the movie.

Movie 55 Dynamics of chitin synthase 8-bound chitosomes
in a hyphal cell. Whereas the plasma membrane-bound
chitin synthase is fairly stationary, the vesicle-bound frac-
tion moves within the cell. This motility is best visible after
pre-bleaching areas of the cell with a 405 nm laser. Single
signals are moving into the darkened cell region. Note that
chitin synthase 8 molecules have a myosin motor domain
and are therefore also considered to belong to the class XVII
myosins. However, the observed motility depends on
microtubules but also requires F-actin (Treitschke et al.,
2010). Signals represent the membrane-bound chitin syn-
thase 8 fused to a triple GFP tag (Treitschke et al., 2010). The
time is given in seconds: milliseconds; the bar represents
3 um. Click here or on image to access the movie.

Movie 56 Dynamics of chitosomes, labelled with chitin syn-
thase lacking the myosin motor domain, in a hyphal cell. The
vesicle-bound fraction of the truncated chitin synthase still
moves within the cell. This motility is best visible after pre-
bleaching areas of the cell with a 405 nm laser. Thus the motor
domain of chitin synthase is not required for long-range
motility (Treitschke et al., 2010). Signals represent a truncated
version of the membrane-bound chitin synthase 8, missing
the motor domain, fused to a triple GFP tag (Treitschke et al.,
2010). The time is given in seconds: milliseconds; the bar
represents 3 um. Click here or on image to access the movie.

Chitin synthase

Movie 57 Dynamics of chitin synthase 8-bound chitosomes
in a yeast-like cell. The plasma membrane-bound chitin
synthase concentrates at the growing bud. Occasionally,
chitosomes are seen that rapidly move within the cell.
Signals represent the membrane-bound chitin synthase 8
fused to a triple GFP tag (Treitschke et al., 2010). The time is
given in seconds: milliseconds; the bar represents 3 um.
Click here or on image to access the movie.
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Nucleus

Chitin sy

Movie 58 Dynamics of chitin synthase 8-bound chitosomes
in a yeast-like cell. After pre-bleaching the bud with

a 405 nm laser (red box, “Bleach”), motility of GFP-labelled
chitin synthase becomes visible. Signals represent the
membrane-bound chitin synthase 8 fused to a triple GFP tag
(Treitschke et al., 2010). The time is given in seconds:
milliseconds; the bar represents 3 pm. Click here or on
image to access the movie.

Nucleus

Movie 61 The nucleus in a yeast-like cell. The nucleus was
labelled by a triple RFP tag fused to a nuclear localisation
signal (Straube et al., 2005). The 3D reconstruction was built
from a deconvolved Z-axis image stack. The bar represents
3 um. Click here or on image to access the movie.

Nucleus

Movie 59 Dynamics of the nucleus in a hyphal cell. The
elongated nucleus is stationary, but motors exert forces onto
the nuclear envelope and pull extensions out of the organelle.
In yeast-like cells this motility is due to dynein (Straube et al.,
2001, 2005). The nucleus was labelled by a triple RFP tag fused
to a nuclear localisation signal (Straube et al., 2005). The time
is given in seconds: milliseconds; the bar represents 5 pm.
Click here or on image to access the movie.

12508

Movie 62 Dynamics of the nucleus in a yeast-like cell.
The nucleus is stationary, but motors exert forces onto
the nuclear envelope and pull extensions out of the
organelle. This motility is mediated by dynein (Straube
et al., 2001, 2005). The nucleus was labelled by a triple
RFP tag fused to a nuclear localisation signal (Straube

et al., 2005). The time is given in seconds: milliseconds;
the bar represents 5 pm. Click here or on image to access
the movie.

Nucleus

Movie 60 Shape of an elongated nucleus in a hyphal cell. The
3D reconstruction was built from of a deconvolved Z-axis
image stack. The nucleus was labelled by a triple RFP tag fused
to a nuclear localisation signal (Straube et al., 2005). The bar Movie 63 Dynamics of the nucleus in a yeast-like cell. The
represents 5 pm.Click here or on image to access the movie. nucleus is stationary, but motors exert forces onto the
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nuclear envelope and pull extensions out of the organelle.
This motility is mediated by dynein (Straube et al., 2001,
2005). The nucleus was labelled by a triple RFP tag fused to
a nuclear localisation signal (Straube et al., 2005). The cell
edge is shown in blue, the nucleus in green. The time is
given in seconds: milliseconds; the bar represents 3 um.
Click here or on image to access the movie.

Nuclear pores

Movie 64 Nuclear pores in a yeast-like cell. The pores
were labelled by a fusion of the nuclear porin Nup107 and
eGFP (Theisen et al., 2008). The 3D reconstruction was
built from a deconvolved Z-axis image stack. The bar
represents 1 pm. Click here or on image to access the movie.

Nucleus

Movie 65 Fluorescent recovery after photo-bleaching
(FRAP) experiment showing nuclear import into a nucleus
in a yeast-like cell. The fluorescence in the nucleus is
bleached by a 405 nm laser pulse (red box, “Bleach” in
second frame). The fluorescent signal inside the nucleus
slowly recovers due to the import of un-bleached GFP-
reporter proteins from the cytoplasm. The nucleus was
labelled by a triple RFP tag fused to a nuclear localisation
signal (Straube et al., 2005). The time is given in seconds:
milliseconds; the bar represents 3 um. Click here or on
image to access the movie.

Endoplasmic reticu

Movie 66 Nuclear import in a post-mitotic cell. The endo-
plasmic reticulum (green) forms new nuclear envelopes in
telophase (arrowheads). The chromosomes de-condense and
the nuclei grow in size. At this stage the nuclear pores reas-
semble (Theisen et al., 2008) and import of nuclear proteins
start. Note that two additional interphase cells are shown.
The nucleus was labelled by a triple RFP tag fused to a nuclear
localisation signal (Straube et al., 2005). The endoplasmic
reticulum and the nuclear envelope was visualised by
expressing eGFP, N-terminally fused to a calreticulin signal
peptide and C-terminally fused to the retention signal HDEL.
Thetimeis given in seconds: milliseconds; thebarrepresents
5 pm. Click here or on image to access the movie.

Peroxisomes

Movie 67 Distribution of peroxisomes in a hyphal cell. The
peroxisomes are evenly distributed. Peroxisomes were labelled
by eGFP fused to the import tri-peptide SKL. The 3D recon-
struction was built from a deconvolved Z-axis image stack. The
barrepresents 5 pm. Click here or on image to access the movie.

Movie 68 Dynamics of peroxisomes in a hyphal cell. Most
peroxisomes are stationary or undergo Brownian motion.
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Occasionally, peroxisomes show rapid bi-directional
motility. Note that the halos result from peroxisomes that
are not in focus. Peroxisomes were labelled by eGFP fused to
the import tri-peptide SKL. The time is given in seconds:
milliseconds; the bar represents 5 pm. Click here or on
image to access the movie.

Movie 69 Distribution of peroxisomes in a yeast-like cell.
The peroxisomes are evenly distributed. Peroxisomes were
labelled by eGFP fused to the import tri-peptide SKL. The 3D
reconstruction was built from a deconvolved Z-axis image
stack. The bar represents 3 pm. Click here or on image to
access the movie.

Movie 70 Dynamics of peroxisomes in a yeast-like cell.
Most peroxisomes are stationary or undergo Brownian
motion. Occasionally, peroxisomes show rapid bi-direc-
tional motility. Note that the halos result from peroxisomes
that are not in focus. Peroxisomes were labelled by eGFP
fused to the import tri-peptide SKL. The time is given in
seconds: milliseconds; the bar represents 3 um. Click here
or on image to access the movie.

Peroxisomes

12.018

Movie 71 Dynamics of peroxisomes in a yeast-like cell.
Most peroxisomes are stationary or undergo Brownian
motion. Occasionally, peroxisomes show rapid bi-direc-
tional motility. Note that the halos result from peroxisomes
that are not in focus. The cell edge is shown in blue,
peroxisomes are shown in green. Peroxisomes were
labelled by eGFP fused to the import tri-peptide SKL. The
time is given in seconds: milliseconds; the bar represents
3 um. Click here or on image to access the movie.

Mitochondria

Mitochondnia

Movie 72 Distribution of mitochondria in a hyphal cell. The
elongated organelles are evenly distributed. Mitochondria
were labelled by the U. maydis-specific matrix protein LGA
fused to eGFP (Mahlert et al., 2009). The 3D reconstruction
was built from a deconvolved Z-axis image stack. The bar
represents 5 pm. Click here or on image to access the movie.

Movie 73 Dynamics of mitochondria in a hyphal cell. Most
organelles are stationary or undergo Brownian motion.
Occasionally, mitochondria show short range motility
(arrowhead). Mitochondria were labelled by the U. maydis-
specific matrix protein LGA fused to eGFP (Mahlert et al.,
2009). The time is given in seconds: milliseconds; the bar
represents 5 pm. Click here or on image to access the movie.


http://dx.doi.org/doi:10.1016/j.fbr.2011.01.008
http://dx.doi.org/doi:10.1016/j.fbr.2011.01.008
http://dx.doi.org/doi:10.1016/j.fbr.2011.01.008
http://dx.doi.org/doi:10.1016/j.fbr.2011.01.008
http://dx.doi.org/doi:10.1016/j.fbr.2011.01.008
http://dx.doi.org/doi:10.1016/j.fbr.2011.01.008

Dynamic fungal cell

31

Movie 74 Distribution of mitochondria in a yeast-like cell.
The organelles are evenly distributed. Sometimes very
long mitochondria are formed. Mitochondria were
labelled by the U. maydis-specific matrix protein LGA
fused to eGFP (Mahlert et al., 2009). The 3D reconstruction
was built from a deconvolved Z-axis image stack. The bar
represents 3 um. Click here or on image to access the
movie.

’
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Movie 75 Dynamics of mitochondria in a yeast-like cell. The
organelles are mainly stationary. Mitochondria were
labelled by the U. maydis-specific matrix protein LGA fused
to eGFP (Mahlert et al., 2009). The time is given in seconds:
milliseconds; the bar represents 3 pm. Click here or on
image to access the movie.

Mitochondria

Movie 76 Dynamics of mitochondria in a yeast-like cell. The
organelles are mainly stationary. The cell edge is shown in
blue, peroxisomes are shown in green. Mitochondria were
labelled by the U. maydis-specific matrix protein LGA fused

to eGFP (Mahlert et al., 2009). The time is given in seconds:
milliseconds; the bar represents 3 um. Click here or on
image to access the movie.

Concluding remarks

In this article we provide a comprehensive collection of movies
that illustrate the distribution (Fig. 3) and dynamic behaviour of
organelles, motors and the filaments of the cytoskeleton in
a living fungal cell. The provided imaging data reveal two notice-
able features. Firstly, most organelles are evenly scattered and
they seem to perform their cellular function along the whole
length of the hyphal cell. A filamentous fungal cell grows at the
hyphal tip and forms septa at the rear cell pole. It seems obvious
that communication between both ends is necessary. Active
transport of early endosomes along the cytoskeleton and diffu-
sion within continuous membranous compartments, such as
the endoplasmic reticulum or the vacuoles might support long-
range communication or material transport (Steinberg, 2007b;
Darrah et al, 2006; Fricker et al, 2008; Zhuang et al., 2009).
However, we are far from understanding the communication
routes in hyphal cells. Secondly, organelles show very different
dynamic behaviour, with early endosomes continuously moving,
whereas mitochondria and peroxisomes are mainly immobile.
Interestingly, even these more stationary organelles have the
capacity to travel along the cytoskeleton. This point is best illus-
trated in Movie 68 and Movie 73. Whereas major progress has
been made in understanding the molecular basis of this motility,
the reason for the difference in the dynamic behaviour of organ-
elles is still elusive. An integrative understanding of the fungal
cell will require to bridge between the questions “how do organ-
elles move?” and “why do organelles move?”.

Methods
Labelling sub-cellular structures and compartments

Microtubules. These fibres of the cytoskeleton were labelled by
enhanced green fluorescent protein (eGFP), monomeric red
fluorescent protein (mRFP) or monomeric Cherry fused to
the N-terminus of the a-tubulin gene tubl (Steinberg et al.,
2001). The construct is expressed under the constitutive otef
promoter as an additional copy. Similar fusion proteins were
used in other fungi (Ding et al., 1998; Carminati and Stearns,
1997; Han et al., 2001; Su et al., 2004; Horio and Oakley, 2005).

F-Actin. Filamentous actin was stained by fusing eGFP to
amodified Lifeact-peptide, representing the first 17 amino acids
of the actin-binding protein Abp140 (Riedl et al., 2008). A similar
construct was used to visualise actin dynamics in N. crassa
(Berepiki et al., 2010; Delgado-Alvarez et al., 2010). The construct
was expressed under the constitutive otef promoter.

Molecular motors. Myosin-5 was labelled by fusing a triple
eGFP tag to the N-terminus of the myo5 heavy chain (Weber
et al., 2003). Kinesin-3 was visualised by fusing eGFP fused to
the C-terminus of kin3 (Schuchardt et al., 2005). The dynein
motor complex was labelled by a fusion of a triple-eGFP and
the dyn2 dynein heavy chain gene (Straube et al., 2001).
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Fig. 3 — The distribution of sub-cellular structures in a hyphal cell. Graphical representation of the organisation of a hyphal
cell in U. maydis. The Figure summarises the distribution of sub-cellular structures shown in the movies provided alongside

with this article.

All constructs were integrated into the native loci. The
observed signals therefore represent the native levels of the
respective molecular motors. Motors have also been visual-
ised in A. nidulans (Han et al., 2001; Konzack et al., 2005;
Zekert and Fischer, 2009; Zhang et al., 2010).

Early endosomes. These organelles were visualised using
fusions of eGFP or mCherry with the small GTPase Rab5a,
which localises on early endosomes (Fuchs et al., 2006). The
construct was expressed under the constitutive otef promoter.
A comparable approach was used for A. nidulans (Abenza et al.,
20009).

Vacuoles. Carboxypeptidase Y, a well established marker
for fungal vacuoles (Klionsky et al., 1990) was visualised by
fusing a triple mRFP tag to its C-terminal end. The construct
was expressed under the otef promoter. A similar construct
was used before in A. oryzae (Ohneda et al., 2002).

Plasma membrane. The plasma membrane was labelled by
eGFP fused to the N-terminus of the U. maydis homologue of
the syntaxin Ssolp (Aalto et al., 1993). This protein was previ-
ously shown to localise in the plasma membrane of U. maydis
(Treitschke et al., 2010). The fusion protein was expressed
under the constitutive otef promoter.

Endoplasmic reticulum. The lumen of this compartment was
visualised by a construct consisting of the first 17 amino acids
of calreticulin from rabbit fused to eGFP, followed by an ER
retention signal HDEL (Wedlich-Séldner et al., 2002b).

Golgi. The Golgi apparatus was labelled by a homologue of
the Rab GTPase yptl (Segev et al., 1988; Preuss et al., 1992;
Kamena et al., 2008). The construct used here consisted of
eGFP fused to the N-terminus of the U. maydis homologue of
Yptl, expressed under the constitutive otef promoter
(Wedlich-Soldner et al., 2002b).

Nucleus. Protein import into the nucleus is mediated by
localisation signals (Lange et al., 2007). Such NLS were found
in various fungal proteins and there location in the nucleus
was verified (Vauchelles et al., 2010; Kim et al., 2010) We
made use of a construct consisting of a nuclear localisation
signal of the GAL-4 DNA binding domain from a commercially
available vector, fused to a triple mRFP tag and expressed
under the constitutive otef promoter (Straube et al. 2001;
Straube et al., 2005; Theisen et al., 2008).

Nuclear pores. Passage in and out of the nucleus occurs via
nuclear pores (Capelson and Hetzer, 2009). The pores in U.
maydis were labelled by a fusion of the nuclear porin gene
nup107 to eGFP (Theisen et al., 2008). The construct was inte-
grated into the native genomic locus.

Peroxisomes. These organelles were labelled by an
eGFP—SKL fusion construct, which was expressed under the
constitutive otef promoter. The SKL tag is recognised by the
peroxisomal import machinery and similar constructs were
used to visualise fungal peroxisomes (Lewin et al., 1990;
Valenciano et al., 1998; Idnurm et al., 2007; Imazaki et al., 2010).
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Table 1 — Strains and plasmids used in this study.

AB33 a2 PnarbW2 PnarbE1, ble®

AB33GT a2 PnarbW2 PnarbE1, ble®/potefGFPTub1
AB33GLifeact a2 PnarbW2 PnarbE1, bIeR/poGLifeact

AB33 G;Myo5 a2 PnarbW2 Pnar-bE1, Pmyo5-3xegfp-myo5, ble®, hyg®
AB33G;Dyn2 a2 PnarbW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, ble®, hyg®
AB33Kin3G a2 PnarbW2 Pnar-bE1, Pkin3-kin3-egfp, ble®, hyg®
AB33GRab5a a2 PnarbW2 PnarbE1, bIeR/poGRabSa

AB33GRab5a_RTub1l
AB33AKin3_Kin3G_ChRab5a
AB33paGRab5a_CpYR

a2 PnarbW2 PnarbE1, ble®/poGRab5a/pRFPTubl

a2 PnarbW2 PnarbE1, Akin3, ble®, hyg®/pkin3G/po,ChRab5a

a2 PnarbW2 PnarbE1, ble®/popaGRab5a/poCpyR

AB33GSso1l a2 PnarbW2 PnarbE1, bIeR/poGSsol
AB33EG a2 PnarbW2 PnarbE1, ble®/pERGFP
FB1GYPT albl/pGFPYptl

AB33 pERGFP_po,,,ChTub1l
AB33Mcs1G;
SG200GsMcs1AMM
AB33nRFP

FB2N107G_ER
FB2nRFP-ERG

a2 PnarbW2 PnarbE1, ble®/pERGFP/po,,ChTub1

a2 PnarbW2 Pnar-bE1, Pmcs1-mcs1-3xegfp, ble®, hyg®
al mfa2 bW2 bE, blRe, Amcs1::hyg?/pn3GMcs1AMM
a2 PnarbW2 PnarbE1, ble®/pN_NLS3xRFP

a2b2 Pnup107-nup107-egfp, ble®/pERRFP
a2b2/pC_NLS3xRFP/pN_ERGFP

AB33GSKL a2 PnarbW2 PnarbE1, ble®/poGSKL
AB33LgaG a2 PnarbW2 PnarbE1, ble®/poLgaG
potefGFPTub1 Potef-egfp-tubl, cbx®

poGLifeact Potef-egfp-lifeact, cbx®
poGRab5a Potef-egfp-rab5a, nat®
PRFPTubl Potef-rfp-tub1, cbx®

pKin3G Pkin3-kin3-gfp, cbx"
pomChRab5a Potef-mcherry-rab5a, nat®
popaGRab5a Potef-pagfp-rab5a, cbx®
poCpYR3 Potef-cpY-mrfp-mrfp-mrfp, nat®
poGSsol Potef-egfp-ssol, cbx®

PERGFP Potef-cal®-egfp-HDEL, chx®
pomChTubl Potef-mCherry-tub1, cbx®
pGFPYptl Potef-egfp-ypt1, chx®
pn3GMcs1AMM Pmcs-3xegfp-mes1°>7%3, chx®
PN_NLS3xRFP Potef-galds-mrfp-mrfp-mrfp, nat®
PERRFP Potef-cal®-mrfp-HDEL, cbx®
pC_NLS3xRFP Potef-galds-mrfp-mrfp-mrfp, cbx®
pN_ERGFP Potef-cal®-gfp-HDEL, nat®
PoGSKL Potef-egfp-SKL, cbx®

polLgaG Potef-lga-egfp, cbx®

Brachmann et al., 2001

Schuster et al., 2011(b)

Schuster et al., submitted for publication
Schuster et al., submitted for publication
Lenz et al., 2006

Schuster et al., 2011(b)

Schuster et al., 2011(a)

Fuchs et al., 2005(b)

Schuster et al., 2011(b)

This study

This study

Wedlich-Soldner et al., 2002(a)
Wedlich-Soldner et al., 2002(a)

This study

Schuster et al., 2011(b)

Treitschke et al., 2010

Schuster et al.,

Theisen et al., 2008

Straube et al., 2005

This study

This study

Steinberg et al., 2001

Schuster et al., submitted for publication
Schuster et al., 2011(a)

Straube et al., 2005

Wedlich-Soldner et al., 2002(b)

Schuster et al., 2011(b)

Schuster et al., 2011(a)

J. Schirawski, unpublished

This study

Wedlich-Soldner et al., 2002(a)

Schuster et al., submitted for publication
Wedlich-Soldner et al., 2002(a)
Treitschke et al., 2010

Theisen et al., 2008

Theisen et al., 2008

Straube et al., 2005

Straube et al., 2005

This study

This study

a, b, mating type loci; P, promoter; -, fusion; hygR, hygromycin resistance; bleR, phleomycin resistance; natR, nourseothricin resistance; cbxR,
carboxin resistance; A, deletion; /, ectopically integrated; otef, constitutive promoter; nar, conditional nitrate reductase promoter; E1, W2, genes
of the b mating type locus; pagfp: photo-activatable monomeric green fluorescent protein; mrfp, monomeric red fluorescent protein; mcherry,
monomeric cherry; Tub1, tubulin; Lifeact, first 17 aa of Abp140; Myo5: class V myosin; dyn2: C-terminal half of the dynein heavy chain; kin3,
kinesin-3; rab5a, small endosomal Rab5-like GTPase; cpy, carboxypeptidase Y; ssol, a syntaxin-like plasma membrane protein; calS, signal
sequence of calreticulin from rabbit, HDEL, ER retention signal; ypt1, Rab family GTPase; mcs1, myosin-chitin synthase 1; gal4s, nuclear local-
isation signal of the GAL-4 DNA binding domain from pC-ACT1 (Clontech); nup107, nucleoporin; egfp, enhanced green fluorescent protein;
SKL, peroxisomal targeting signal; Iga2, putative mitochondrial matrix protein.

Mitochondria. These organelles were visualised using
a fusion of Lga2, which is an U. maydis-specific mitochondrial
matrix protein (Urban et al., 1996), to eGFP and expressed
under the constitutive otef promoter. The localisation of Lga2
in mitochondria was shown in (Mahlert et al., 2009).

Growth conditions. Strains were grown in at 28°C in
complete medium (CM) supplemented with 1% glucose.
Hyphal growth in the AB33background was induced over night
by shifting to nitrate minimal medium supplemented with 1 %
glucose. This treatment induced the expression of both halves
of the b-transcription factor and triggered hyphal growth
(Brachmann et al., 2001). The Golgi apparatus was visualised
inhyphae that were generated by applying mating pheromone.
For details on pheromone treatment see (Fuchs et al., 2005).

Microscopy. Cells were placed on a thin layer of 2%
agarose, covered with a cover slip, and observed using
a IX81 motorized inverted microscope (Olympus, Hamburg,
Germany), equipped with a PlanApo 100X/1.45 Oil TIRF and
an UPlanSApo 60X/1.35 Oil objective (Olympus, Hamburg,
Germany). Fluorescently-labelled proteins were visualised by
using a VS-LMS4 Laser-Merge-System with solid state lasers
(488 nm/75 mW and 561 nm/75 mW, Visitron System, Munich,
Germany). Images were captured using a Charged-Coupled
Device camera (Photometric CoolSNAP HQ2, Roper Scientific,
Germany). The software package MetaMorph (Molecular
Devices, Downingtown, USA) controls all parts of the system.

Deconvolution and 3D reconstructions. Z-stacks were
taken at 200 nm step size with 100 ms exposure time using
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a Piezo drive (Piezosystem Jena GmbH, Jena, Germany).
Z-stacks of all compartments were processed by 10-30
iterations of three-dimensional deconvolution using Auto-
QuantX software (AutoQuant Imaging, Troy, NY). 3D recon-
structions were done using MetaMorph.

Photo-bleaching experiments. Photo-bleaching experi-
ments were performed using a Visitron 2D FRAP system, con-
sisting of a 405 nm/60 mW diode laser which was dimmed by
a ND 0.6 Filter, resulting in 15 mW output power. The FRAP
laser was controlled by UGA-40 controller (Rapp OptoElec-
tronic GmbH, Hamburg, Germany) and a VisiFRAP 2D FRAP
control software for Meta Series 7.5.x (Visitron System,
Munich, Germany). Parts of the cells were irradiated by using
100 % output power of the 405nm laser for 150 ms with
a beam diameter of 30 pixels. This was followed by immediate
observation. Further details on all methods can be found in
(Schuster et al., 2011(a,b)).

Movie conversion. Movie annotation and the generation of
video clips in AVI format were done in MetaMorph. Large MOV
movies were generated in QuickTime (version 7.6.2, Apple Inc,
Cupertino, USA). Small MOV files and MP4 movies were gener-
ated using the Leawo Video Converter (Vers. 3.1.0.0, Leawo.
com Cooperation; http://www.leawo.com/).
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