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Abstract The F-actin cytoskeleton of Cryptococcus neoformans is known to com-
prise actin cables, cortical patches and cytokinetic ring. Here, we de-
scribe a new F-actin structure in fungi, a perinuclear F-actin collar ring
around the cell nucleus, by fluorescent microscopic imaging of rhoda-
mine phalloidin-stained F-actin. Perinuclear F-actin rings form in
Cryptococcus neoformans treated with the microtubule inhibitor
Nocodazole or with the drug solvent dimethyl sulfoxide (DMSO) or
grown in yeast extract peptone dextrose (YEPD) medium, but they are
absent in cells treated with Latrunculin A. Perinuclear F-actin rings may
function as ‘funicular cabin’ for the cell nucleus, and actin cables as intra-
cellular ‘funicular’ suspending nucleus in the central position in the cell
and moving nucleus along the polarity axis along actin cables.
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Introduction

The actin cytoskeleton of Cryptococcus neoformans
consists of cables, patches and cytokinetic ring. The
cables project from the mother cell to the daughter.
The patches are located at the mother’s cortex, at
the apex of the growing stalk, at the growing bud
and at the daughter’s cortex. Before mitosis, cyto-
plasmic microtubules disappear, and the nucleus
migrates from the mother through a neck to the
daughter for unknown reasons by an unknown
mechanism. The mitotic spindle originates eccen-
trically positioned in the nucleus that has migrated
to the daughter cell for mitosis. During mitosis, one
nucleus is delivered to the mother and the other
remains in the daughter. Mitosis is followed by cyto-
kinesis that proceeds with the actin cytokinetic ring
and with septum formation in the bud neck [1].
Recently, we started investigation of actin and

microtubule inhibitors in Cryptococcus neoformans.
We are investigating their ability to block yeast

proliferation and induce cell death and whether re-
sistant cells appear among inhibited cells and how to
prevent the birth of resistant cells. In the related yeast
Fellomyces fuzhouensis [2] treated with these cyto-
skeleton inhibitors [3,4], we discovered perinuclear
F-actin rings [5]. During this line of experimentation,
we noticed perinuclear F-actin rings also in
Cryptococcus neoformans inhibited with Nocodazole
or with DMSO or cells grown in YEPD medium.
This paper describes the first demonstration of an

F-actin perinuclear ring collars in the human yeast
pathogen Cryptococcus neoformans by fluorescent
microscopy.

Materials and methods

Yeast strains

The human pathogen strains Cryptococcus neofor-
mans IFM 41464 (serotype A, haploid) and 40042
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(serotype AD, diploid) were from Medical Mycology
Research Center, Chiba University, Japan [1,6].

Media, cell cultivation and application of

cytoskeleton inhibitors and DMSO

The strains were maintained on 2.0% (w/v) agar
containing YEPD medium [1% (w/v) yeast extract,
2% (w/v) peptone and 2% (w/v) glucose] [7] at la-
boratory temperature. For experiments, cells were
inoculated to 1% YEPD medium and cultivated on a
shaker at 23°C, usually overnight. The same dilution
of 106 cells ml−1 was used [5]. The inhibitors,
Nocodazole (Fluka) and Latrunculin A (Molecular
Probes, Eugene, Oregon, USA), were dissolved in
DMSO (1% final concentration). Stock solutions
were prepared as 10 mM in DMSO, stored at −20°C
and added to a 100 μM concentration to 1% YEPD
medium. Control samples without DMSO and with
DMSO were used with 1 and 5% concentrations. All
other procedures were done as we reported [5].
Fixation for fluorescent microscopy, nuclear

staining, phase-contrast and fluorescence micros-
copy was done as reported [5].
Cell proliferation was determined by measuring

the absorbance of a suspension of cells at 590 nm.

Freeze-substitution electron microscopy

The cells were fixed with 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4) at 4°C at Medical
Faculty in Brno, Czech Republic and sent by
airmail for freeze-substitution electron microscopy
to Chiba University, Japan. The cells were collected
by centrifugation (12 000 rpm, 3 s), sandwiched
between two copper disks and snap-frozen with
melting propane kept in liquid nitrogen. After
freeze-substitution in acetone containing 2%
osmium tetroxide at −80°C, they were embedded in
epoxy resin, ultrathin sectioned and observed in a
JEM-1400 electron microscope (JEOL, Tokyo,
Japan) [8,9].

Results

Fluorescent microscopy

4,6-diamidino-2-phenylindole dihydrochloride (DAPI)
staining was used with fluorescence microscopy to
visualize cell nuclei. Microtubules were detected
using an anti-α tubulin monoclonal antibody, and

rhodamine-phalloidin staining was used to detect
the F-actin cytoskeleton consisting of actin cables,
actin patches and cytokinetic ring [1].
However, in cells from the exponential culture,

we discovered F-actin rings around the nuclei.
Because the rings were stained with rhodamine
phalloidin, they must contain F-actin; therefore, we
used the term ‘perinuclear F-actin ring’ for this new
F-actin cytoskeleton structure.
We observed F-actin rings around the cell nuclei

of haploid and diploid strains Cryptococcus neofor-
mans in three different conditions.
First finding: The F-actin ring (Fig. 1a) around the
cell nucleus (Fig. 1b) was observed in cells that
were in exponential phase growth in YEPD medium
after 20 h. While many cells had F-actin cables,
patches and cytokinetic rings, only very few cells
had a visible F-actin ring around the nucleus.
Second finding: F-actin rings around the cell nuclei
were visible in control cells cultivated in YEPD
medium containing 5% DMSO after 24 h. Cells had
actin cytoskeleton structures and a visible F-actin
perinuclear ring (Fig. 1c, e and g) around the
nucleus (Fig. 1d, f and h).
The F-actin rings are likely localized near the exter-
nal surface of the nucleus, as double labeling of
the nuclei with DAPI staining and F-actin with
rhodamine-phalloidin suggested that the F-actin
rings localize to the periphery of the nucleus. Each
cell nucleus contained only a single F-actin ring.
The rings were in different planes, but we were able
to detect only those rings that were positioned in
the plane parallel to the glass.
When we investigated the occurrence of F-actin
rings during growth with 5% DMSO, we detected
the actin rings after 24, 48, 96 and 144 h. However,
after 11 days, cells were already dead, and no actin
rings occurred in empty cell walls remaining from
dead cells; in contrast, perinuclear actin rings
(PARs) occurred in alive control cells in YEPG
medium after 11 days.
We were interested to know whether 5% DMSO

influences cell proliferation. Therefore, we mea-
sured the optical density (OD) of cell samples
during 6 days of cultivation. At the beginning of the
experiment, all cell samples had OD at T0 = 0.005.
After 1 day of cultivation, cells with 5% DMSO had
an OD of 0.55, whereas the control cells had a
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higher OD of 0.75. After 2 days, cells with 5%
DMSO had an OD of 1.15, whereas the control cells
had a higher OD of 1.25. After 4 days, cells with 5%
DMSO had an OD of 1.25, whereas the control cells
had a higher OD of 1.35. After 6 days, proliferation
of cells with 5% DMSO and control cells reached a

maximum OD of 1.5 (Fig. 2). These results show
that proliferation of cells in 5% DMSO is slower
than in control cells without DMSO.
Third finding: The F-actin rings (Fig. 1i and k)
around the cell nucleus (Fig. 1j) occurred also in
exponentially growing cells cultured in YEPD

Fig. 1 Fluorescent microscopy of Cryptococcus neoformans. (a and b) C. neoformans IFM 41464 cells were cultured in 1% YEPD for 20 h.
The actin cytoskeleton detected by rhodamine-phalloidin staining revealed PARs (a) and the nuclei were detected by DAPI (b). Scale
bar = 10 µm. (c–h) C. neoformans IFM 40042 cells were cultured in 1% YEPD with 5% DMSO for 24 h. Nuclei were detected by DAPI (d, f, h),
and the actin cytoskeleton detected by rhodamine-phalloidin staining also revealed PARs (c, e, g). G and H – Images acquired by both phase
contrast and actin and DAPI fluorescence microscopy. Scale bar = 10 µm. (i–k) Cells were cultured in YEPD medium with 100 µM Nocodazole
containing 1% DMSO for 6 days. The actin cytoskeleton was detected by rhodamine-phalloidin staining, and PARs are shown (i and k). Nuclei
were detected by DAPI ( j). Scale bar = 10 µm.

M. Kopecká et al. Perinuclear actin rings in Cryptococcus neoformans 297

 at C
hiba U

niversity on A
pril 1, 2013

http://jm
icro.oxfordjournals.org/

D
ow

nloaded from
 

http://jmicro.oxfordjournals.org/


medium and treated with the microtubule inhibitor
Nocodazole at a 100 µM concentration that also
delayed cell proliferation (Fig. 2). Actin rings were
identical to those observed in cells treated with 5%
DMSO alone (Fig. 1c, e and g). Also, the dynamics
of occurrence was the same. They were visible in
about 50% of cells (Fig. 1i and k). In contrast,
control cells with a final DMSO concentration of 1%
without Nocodazole did not reveal actin rings, and
cells corresponded to control cells in YEPD (first
finding).
Fourth finding: After treatment with the actin in-
hibitor, 100 µM Latrunculin A, all actin structures
disappeared. From this observation, we deduce that
Latrunculin A also disrupts perinuclear rings con-
taining F-actin.

Freeze-substitution electron microscopy

We used transmission electron microscopy of
freeze-substituted cells to investigate perinuclear
F-actin rings at ultrastructural level. Cryptococcus
neoformans cells had in electron micrographs
typical fungal ultrastructure: many mitochondria
with cristae, endoplasmic reticulum, vacuoles,
plasma membranes, ribosomes, ‘wall’ vesicles, cell
walls and spindle pole bodies, as we described pre-
viously [1,10]. Figure 3 shows ultrathin sections of
cells treated with 5% DMSO for 5 days in YEPD
medium, in which perinuclear F-actin rings around
nucleus were clearly observed by fluorescent mi-
croscopy. Although many organelles, such as
nucleus, nucleolus, nuclear membrane, endoplas-
mic reticula and mitochondria, were observed in
the micrographs, no filamentous structures that
may correspond to F-actin filaments of PARs were
observed around the cell nuclei. It is possible that
electron microscopy may not be able to detect
7-nm F-actin filament embedded in other cell com-
ponents in ultrathin section (e.g., in ribosomes or
nuclear membrane), whereas fluorescent micros-
copy is capable of detecting a few molecules of
F-actin filament.

Discussion

This paper demonstrates for the first time a new
F-actin cytoskeleton structure in the human patho-
genic yeast Cryptococcus neoformans – an F-actin
ring associated with the nucleus – by fluorescence
microscopy of F-actin after rhodamine-phalloidin
staining. Double labeling of F-actin and the cell
nucleus for fluorescent microscopy demonstrated
the localization of the actin ring to the periphery of
the nucleus. The exact molecular mechanism that
governs the localization of PARs is unknown.

Which Cryptococcus neoformans cells have PARs

around the nucleus?

We think that all Cryptococcus neoformans cells
may have PARs, but PARs are hardly visible in
control cells rich in actin cytoskeleton patches and
cables because of the random positioning of actin
rings in different focal planes within cells. Only
those PARs oriented in a position parallel to the
glass can be detected by fluorescent microscopy.

Fig. 2 OD of Cryptococcus neoformans cultures measured as
absorbance.
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Detection of PARs by electron microscopy is even
more difficult because of their random positioning
in the cells and random cutting of ultrathin sections
through a cell that can contain many cross-
sectioned actin filaments, hardly detectable, while
tangential sections through PARs are very scarce.

It is a problem in analogy to looking for actin
cables [1,11]. It is possible that electron microscopy
may not be able to detect 7-nm F-actin filament
embedded in other cell components in ultrathin
section, whereas fluorescent microscopy is capable
of detecting a few molecules of F-actin filament.

Fig. 3 Ultrathin sections of freeze-substituted Cryptococcus neoformans. Cells of IFM 41464 (a and b) and IFM 40042 (c and d) were
cultivated in YEPD medium with 5% DMSO for 5 days at 23°C. cw, cell wall; er, endoplasmic reticulum; m, mitochondria; n, nucleus; nm,
nuclear membrane.
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Are PARs around the cell nuclei present in other

organisms and what are their functions?

PARs occur in the yeasts: Fellomyces fuzhouensis
[5] and in Schizosaccharomyces pombe mutant
ben4 (cold-treated arrested at mitotic prophase),
where PARs may in fact be actin cytokinetic rings
[12]. PARs also occur in the filamentous fungi:
Saprolegnia ferax treated with cytochalasin E, in
the mite-infecting zygomycete Neozygites sp. [13]
and in the plant pathogen Uromyces phaseoli [14].
In algae, they are related to nuclear migration and
nuclear rotation [15]. In human breast adenocarcin-
oma cells treated with taxol and taxothere, PARS
can be related to apoptosis [16].

What hypothetical functions can PARs have

in Cryptococcus neoformans?

(i) We observed PARs in Cryptococcus neofor-
mans joined to cytoplasmic actin cables. This
indicates that actin cytoskeleton cables may
function as intracellular ‘funicular’ or suspen-
sor apparatus for cell nucleus in the central
position in the cell and for nuclear movement
by means of PARs functioning as ‘funicular
cabin’or a ‘horse collar’ to draw the nucleus
along the polarity axis along actin cables from
the mother to the daughter, when cytoplasmic
microtubules disappear; unfortunately, experi-
mental data for such a function are still
lacking. However, Wasteneys and Williamson
[15] suggested in algal cells a similar role for
the F-actin ring around the nucleus in nuclear
migration and nuclear rotation. We identified
nuclear abnormalities in the actin mutant of
budding yeast act1-1 [17]: eccentrically placed
nuclei and affected nuclear migration to the
bud neck, which caused deficient actin cables,
which in turn affected the actin-dependent
pathway in the cell cycle [11]. This led us to
relate actin cables and PARs to nuclear posi-
tioning and movement also in Cryptococcus
neoformans (this paper).

(ii) In the fungal kingdom, the nuclear envelope
persists during nuclear division partially or
completely, when the segregation of chromo-
some pairs to the opposite ends of the elongat-
ing nucleus is accomplished by the mitotic
spindle. PARs may either constrict the

elongating anaphase nucleus to divide the
nuclear membrane of one nucleus into two
nuclear membranes of two originating nuclei
or be involved in the reconstitution of nuclear
membrane after mitosis.

(iii) PARs may be a temporary storage deposit of
F-actin in slowly proliferating, resting or stressed
cells. Hundred micromolar Nocodazole dis-
solved in 1% final DMSO delayed cell prolifer-
ation by disruption of microtubules [18], and 5%
DMSO delayed cell proliferation by an unknown
effect (Fig. 2). A constitutive protein actin tran-
scribed continuously can accumulate in PARs
that may become better visible. Cells treated
with 5% DMSO and Nocodazole 100 μM with 1%
DMSO had visible PARS in about 50% of cells,
but 50% of PARs may be on the opposite half of
the nucleus, and therefore invisible. This means
that in fact 100% cells may have PARs.

We discovered a new F-actin cytoskeleton structure –

perinuclear F-actin rings in the human pathogenic
yeast Cryptococcus neoformans (this paper) and in
the basidiomycetous yeast Fellomyces fuzhouensis
[5], which were earlier observed in the ascomycetous
yeast [12], in several filamentous fungi [13,14], in
algae [15] and in human adenocarcinoma cells [16].

Conclusion

Cryptococcus neoformans has visible F-actin rings
around the cell nucleus in cells treated with
Nocodazole or DMSO or in cells grown in YEPG,
which disappear after Latrunculin A treatment. The
PARs may be involved in the central positioning of
yeast nucleus suspended by means of actin cables
and in nuclear movement and in nuclear division,
and as F-actin deposit in slowly proliferating,
resting or stressed cells.
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