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Recently, several pathogenic fungi were shown to produce extracellular vesicles that contain

various components associated with virulence. In the human pathogenic fungus Cryptococcus

neoformans, these components included laccase, an enzyme that catalyses melanin synthesis.

Spherical melanin granules have been observed in the cell wall of C. neoformans. Given that

melanin granules have dimensions that are comparable to those of extracellular vesicles, and that

metazoan organisms produce melanin in vesicular structures known as melanosomes, we

investigated the role of vesicles in cryptococcal melanization. Extracellular vesicles melanized

when incubated with the melanin precursor L-3,4-dihydroxyphenylalanine (L-DOPA). The kinetics

of substrate incorporation into cells and vesicles was analysed using radiolabelled L-DOPA. The

results indicated that substrate incorporation was different for cells and isolated vesicles. Acid-

generated melanin ghosts stained with lipophilic dyes, implying the presence of associated lipid. A

model for C. neoformans melanization is proposed that accounts for these observations and

provides a mechanism for the assembly of melanin into relatively uniform spherical particles

stacked in an orderly arrangement in the cell wall.

INTRODUCTION

Cryptococcus neoformans is a pathogenic yeast that is a
significant health threat to persons with compromised
immunity, such as patients with AIDS. Cryptococcosis is
currently the fourth leading cause of death in Africa and it
is estimated to affect one million individuals worldwide
each year (Park et al., 2009). C. neoformans is found in the
environment, and serological studies have shown that
infection is common even though disease is rare (Goldman
et al., 2001). Pulmonary infection rarely leads to dis-
seminated disease, except in hosts with impaired immune
systems. Alveolar macrophages are important in containing
the infection, as is cell-mediated immunity (Eisenman et al.,
2007).

The fungus has several traits that contribute to virulence.
The major virulence factor is a polysaccharide capsule
composed of glucuronoxylomannan, galactoxylomannan
and mannoproteins (Janbon, 2004; McFadden et al., 2006).
In addition, C. neoformans secretes a number of enzymes
that contribute to virulence, such as phospholipase B,
urease and laccase. Other traits contributing to virulence
are the ability to grow at 37 uC, and the ability to produce
the pigment melanin (Casadevall et al., 2003; Perfect,
2005). Melanin plays an important role in the virulence of
fungi and their survival in the environment. In C.
neoformans, melanin protects cells from phagocytosis by
macrophages, a key step in the host defence against the
yeast (Wang et al., 1995). Melanization protects C.
neoformans from UV irradiation, oxidative stress and
extreme temperatures (Garcia-Rivera & Casadevall, 2001;
Rosas & Casadevall, 1997; Wang & Casadevall, 1994).
Melanization of C. neoformans depends on the presence of
substrate, such as L-3,4-dihydroxyphenylalanine (L-DOPA)
and other catecholamines (Garcia-Rivera et al., 2005). In
addition, it requires expression of laccase, a cell wall
enzyme that is associated with virulence (Zhu et al., 2001).
In melanized cells, melanin is found in the cell wall of the
yeast (Nosanchuk & Casadevall, 2003). Melanization of C.
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neoformans cells is associated with acquired resistance to
polyene- and echinocandin-class drugs and may be
responsible for the refractoriness to therapy (Nosanchuk
& Casadevall, 2006).

Recently, it was reported that vesicles found in the cell wall
of C. neoformans are also secreted into the culture medium
(Casadevall et al., 2009; Rodrigues et al., 2007). These
vesicles contain lipids that are also present in the
membranes of C. neoformans, such as glucosylceramide
and the sterols ergosterol and obtusifoliol (Rodrigues et al.,
2007). Besides lipids, the vesicular contents include the
capsular polysaccharide glucuronoxylomannan (Rodrigues
et al., 2007) and a variety of enzymes associated with
virulence, such as laccase, urease and phosphatase
(Rodrigues et al., 2008). Thus, these vesicles may be
involved in transport of virulence factors out of the cell.
Indeed, extracellular vesicle secretion has been associated
with cryptococcal virulence in an animal model of
infection (Panepinto et al., 2009).

Cellular and mechanistic details of the process of
melanization in C. neoformans remain poorly understood.
For example, melanization in C. neoformans involves the
deposition of small granules on the cell wall, raising the
question of how the enzymic reaction catalysed by laccase
can produce the formation of relatively uniform spherical
particles that are then assembled in the cell wall in
concentric layers (Eisenman et al., 2005). Another
unanswered question is the mechanism by which crypto-
coccal cells avoid the toxicity of melanin precursors, a
problem solved in mammalian cells by confining melaniza-
tion to melanosomes (Graham et al., 1978; Pavel, 1993;
Tolleson, 2005). The goal of this study was to gain insights
into the details of melanization of C. neoformans by
investigating the relationship between vesicular transport
and melanization. The cryptococcal vesicles were studied
using physical and microscopic techniques. Since laccase
activity was previously associated with vesicles, the kinetics
of melanin substrate incorporation by cells and vesicles
were investigated. Based on these data and information
from previous studies, a model of vesicle-associated
melanization in C. neoformans is proposed.

METHODS

C. neoformans strains. The following strains were used: ATCC

24067 (serotype D; American Type Culture Collection) and H99

(serotype A, clinical isolate). Strain QGC8 contains complete

deletions of the LAC1 and LAC2 genes. H99 is the wild-type parent

strain for this laccase mutant (Pukkila-Worley et al., 2005).

Isolation of vesicles. C. neoformans cells were inoculated into

1000 ml Erlenmeyer flasks containing 500 ml of a minimal medium

composed of glucose (15 mM), MgSO4 (10 mM), KH2PO4

(29.4 mM), glycine (13 mM), and thiamine.HCl (3 mM). Cells were

incubated for 3 days at 30 uC with shaking. Vesicle isolation was

performed according to a previously described protocol (Rodrigues

et al., 2007). Briefly, cells were separated from culture supernatants by

centrifugation at 4000 g for 15 min at 4 uC. The supernatants were

collected and centrifuged at 15 000 g (4 uC) to remove debris. The
pellets were discarded, and the resulting supernatant was concen-
trated approximately 20-fold using an Amicon (Millipore) ultrafiltra-
tion system (cutoff, 100 000 Da). To ensure the removal of cells and
cell debris, the concentrated culture fluid was again centrifuged as
described above and the resulting supernatant was then centrifuged at
100 000 g for 1 h at 4 uC. The supernatants were discarded and the
pellets suspended in 3 ml PBS and centrifuged at 100 000 g for 1 h at
4 uC.

Melanization of vesicles and liposomes. Isolated vesicles were
incubated overnight at room temperature and at 4 uC in PBS with
1 mM L-DOPA (Sigma). For non-melanized controls in sizing
experiments, vesicles were incubated without L-DOPA. Liposomes
composed of phosphatidylcholine and ergosterol were obtained from
Encapsula Nano Sciences. Liposomes (50 ml of a 20 mg ml21

suspension) were suspended in a total volume of 500 ml PBS. L-
DOPA was added to a final concentration of 1 mM. The liposomes
were incubated overnight at room temperature.

Electron microscopy. Liposomes or vesicles (with or without L-
DOPA) isolated from culture supernatants of C. neoformans by
ultracentrifugation were fixed in 2.5 % (v/v) glutaraldehyde in 0.1 M
cacodylate at room temperature for 2 h and then incubated overnight
in 4 % (v/v) formaldehyde, 1 % (v/v) glutaraldehyde, 0.1 % (v/v) PBS.
The vesicle samples were incubated for 90 min in 2 % (w/v) osmium
tetroxide, serially dehydrated in ethanol, and embedded in Spurr’s
epoxy resin. Thin sections were obtained on a Reichert Ultracut and
stained with 0.5 % (w/v) uranyl acetate and 0.5 % (w/v) lead citrate.
Samples were observed in a JEOL 1200EX transmission electron
microscope operating at 80 kV. To determine the size of the vesicles,
photographs of the images were scanned and analysed in Adobe
Photoshop. The line tool was used to measure across the width of the
melanin layer, and the size was calculated based on magnification of
the photograph. For negative-stain electron microscopy, purified
vesicles were transferred to carbon- and Formvar-coated grids and
negatively stained with 1 % phosphotungstic acid. The grids were then
blotted dry before immediately observing in a JEOL 100CX II
transmission electron microscope at 80 kV. The diameter of 1000
vesicles from 10 different fields was measured.

Measurement of vesicle size by quasi-elastic light scattering

(QELS). Effective diameter and size distribution of melanized and
non-melanized vesicles suspended in PBS were measured in a 90Plus/
BI-MAS Multi Angle Particle Sizing analyser (Brookhaven
Instruments). Vesicles in a liquid phase undergo Brownian motion
that produces light scattering fluctuations that provide information
on the size and heterogeneity of the sample. Laser illumination with
monochromatic light results in a fluctuating signal, originating from
the random motion of these vesicles; this was analysed by the
autocorrelation function C(t): C(t)5Ae2Ct+B. In this equation, t is
the time delay, A and B are optical constants determined by the
instrument design, and C is related to the relaxation of the
fluctuations by C5Dq2. The parameter q is calculated from the
scattering angle h, the laser light wavelength l0, and the refractive
index (n) of the solvent from the equation q5(2pn/l0)2sin(h/2). D
was calculated from the equation D5(KBT)/(3pg(t)d), which assumes
a spherical shape for the scattering particle, where KB is Boltzmann’s
constant (1.38054610223 J deg21), T is the temperature in K
(303 K), g(t) is the viscosity of the liquid in which the particles are
moving, and d is the particle diameter.

L-[14C]DOPA incorporation analysis. C. neoformans cells (strains
H99 and QGC8) were grown in chemically defined minimal medium
for 2 days at 30 uC, 150 r.p.m., to a density of approximately 56107

c.f.u. ml21. Cells were pelleted by centrifugation at 2000 r.p.m.,
22 uC, for 10 min. Pellets were washed once with starvation medium
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(0.2 g K2HPO4 l21, 0.1 g KH2PO4 l21), suspended in starvation
medium and incubated overnight at 30 uC and 150 r.p.m. Cells were
then collected by centrifugation again and suspended in starvation
medium to a density of 1–26108 c.f.u. ml21. As a control for
incorporation studies, H99 cells were heat-killed at 65 uC for 1 h.
Cells were plated on Sabouraud medium for c.f.u. determination. Cell
suspensions (4 ml) were incubated with 4 mCi of a 54 mCi
(1998 MBq) mmol21 solution of L-3,4-dihydroxyphenyl-
[3-14C]alanine (GE Healthcare) at 30 uC, 150 r.p.m. The final
concentration of L-DOPA was approximately 0.005 mM. For
comparison, dopamine concentrations in certain areas of the brain
are approximately 0.06 mM (Felice et al., 1978). Aliquots (250 ml)
were removed at the indicated times over a 24 h time period and
briefly centrifuged to pellet cells. The pellets were washed twice with
250 ml PBS to remove unincorporated label. Pellets were suspended in
250 ml PBS. L-[14C]DOPA incorporation by vesicles and liposomes
was performed similarly. Vesicles were prepared as described above
and suspended in PBS. Liposomes (100 ml of a 20 mg ml21

suspension) were suspended in PBS. L-[14C]DOPA (1 mCi; 37 kBq)
was added to 1 ml of vesicle or liposome suspension with N-
(phosphonomethyl)glycine (Sigma) at the indicated concentrations
and the mixture was incubated at either 4 uC or room temperature.
The final concentration of L-DOPA was approximately 0.02 mM. At
the indicated times, an aliquot (250 ml) was removed for counting.
Samples were centrifuged at 100 000 g, 4 uC, for 1 h in a TLA 100.3
rotor (Beckman). Pellets were washed once with 250 ml PBS. Total
c.p.m. in the supernatants and pellets were determined by liquid
scintillation counting in an LKB Wallac 1217 Rackbeta liquid
scintillation counter. The percentage incorporation was calculated
from c.p.m.pellet/(c.p.m.pellet+c.p.m.supernatant). To control for solu-
bility of L-DOPA in lipids, L-[14C]DOPA (0.25 mCi; 9.25 kBq) was
added to PBS (0.5 ml). The solution was extracted with olive oil or
mineral oil (0.5 ml). The aqueous and lipid phases were analysed by
liquid scintillation counting.

Fluorescence microscopy with lipophilic probes. The lipophilic
probe Vybrant DiI (Invitrogen), a solution of 1,19-dioctadecyl-
3,3,39,39-tetramethylindocarbocyanine perchlorate, was used to stain
melanin ghosts, which were prepared as described before (Rosas et al.,
2000). Briefly, cells were incubated with lysing enzymes, chemically
denatured with guanidine thiocyanate, subjected to proteolysis,
extracted with chloroform, and boiled in hydrochloric acid. The
resulting particles, or melanin ‘ghosts’, were dialysed against water for
10 days. An aliquot that was not extracted with chloroform was also
prepared. Both melanin samples were then stained for 1 h with 5 mM
DiI. The ghosts were then suspended in mounting medium (0.1 M
propylgallate in 1 : 1 glycerol/PBS) and imaged on an Olympus AX70
microscope using a 1006 objective.

RESULTS

Structural analysis of vesicle melanization

To determine whether vesicles are involved in melanization
of C. neoformans, we studied the ability of isolated vesicles
to melanize by analysing the structure of vesicles incubated
with melanization substrate. Vesicles isolated from C.
neoformans culture supernatant were able to melanize after
incubation with L-DOPA, as indicated by darkly stained
material around the vesicle when visualized by transmis-
sion electron microscopy (TEM) (Fig. 1a–d). Three
different methods were used to evaluate the size distri-
bution of vesicles: two electron microscopy techniques and
dynamic light scattering analysis (QELS) of vesicle

suspensions. Determination of the diameter of melanized
and non-melanized vesicles by TEM showed that the most
common diameter of non-melanized vesicles was between
60 and 160 nm. The mean size of non-melanized vesicles
was 112 nm (standard error, 3.189) and the mean size of
melanized vesicles was 114 nm (standard error, 2.897)
(Fig. 1e). TEM is optimal for providing ultrastructural
details but has the drawback that sectioning can occur
anywhere in the vesicular sphere, such that the mean
diameter for a vesicle population measured by TEM is
likely to be lower than the true equatorial diameter.
Therefore QELS was performed to measure vesicle size.
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Fig. 1. Size distribution of cryptococcal vesicles studied by TEM.
(a) Non-melanized vesicles. (b–d) Different sizes of melanized
vesicles. (e) Size distribution of non-melanized (top) and melanized
(bottom) vesicles as determined by TEM.
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Values of effective vesicle diameter obtained by QELS were
significantly larger than those determined by TEM
(P,0.05). Most vesicles were in the 160–260 nm range,
with an additional smaller population of diameter 20–
40 nm (Fig. 2c, d). Furthermore, the QELS results showed
different size distributions for melanized and non-mela-
nized vesicles. Melanized vesicles showed an effective
diameter between 321 and 380 nm, whereas non-melanized
vesicles had a diameter of 160–260 nm (Fig. 2c, d).

Electron microscopy with negative staining revealed a
smaller population of vesicles with diameters in the 21–
40 nm range (Fig. 2a, b). Whether this represents an
enrichment of the small vesicles through the negative
staining protocol or vesicle shrinkage is unclear. The fact
that QELS also showed a population of smaller vesicles
suggests that the vesicles are heterogeneous in size.

Microscopic analysis of lipid association with
melanin

If melanization occurs in vesicles, we reasoned that lipid
may be associated with melanin due to the proximity of
lipid membranes to the site of melanin polymerization.
Purified C. neoformans melanin ghosts were stained with
the lipophilic probe DiI, which was used to stain C.
neoformans extracellular vesicles (Nicola et al., 2009). Since
the melanin purification protocol includes two extractions
with chloroform, we also stained a different aliquot of the
same melanin preparation that had not been subjected to
the extraction steps. Ghosts that were not extracted with
chloroform bound more DiI than the ones that did,
suggesting that some lipid is associated with purified
melanin (Fig. 3).

Incorporation of melanization substrate by C.
neoformans

The kinetics of substrate incorporation into melanin was
studied by measuring the incorporation of L-[14C]DOPA
into cells and vesicles. First, incorporation of L-[14C]DOPA
by C. neoformans cells of wild-type (H99), laccase deletion
mutant (QGC8) and heat-killed wild-type was analysed.
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Fig. 2. (a) Composite panel of representative electron micro-
graphs of negatively stained melanized vesicles. (b) Size distri-
bution of C. neoformans vesicles as determined by electron
microscopy with negative staining. (c, d) Size distribution of non-
melanized (c) and melanized (d) vesicles as determined by QELS.

Fig. 3. DiI staining of C. neoformans melanin ghosts. Melanin
ghosts that were, or were not, subjected to a double extraction
with chloroform were stained with DiI and imaged by epifluores-
cence microscopy. Exposure time and filter sets were maintained
constant for both samples. The melanin ghosts are thoroughly but
dimly labelled and contain a few brighter spots. The two images
shown are representative of the pattern we observed of less
intense fluorescence in the ghosts that were subjected to
chloroform extraction. Scale bar, 5 mm. Note that the size of spots
from DiI staining is altered by the process of light collection and
consequently no inferences as to the size of the spots should be
made from the images shown.
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Cells were incubated with the L-[14C]DOPA and the
percentage of label incorporation by the cells was
monitored by liquid scintillation counting (Fig. 4a).
Initially, the percentage incorporation for all samples was
very low. Over time, the live wild-type strain accumulated
L-DOPA. Ninety-four per cent of the label was found in the
cell pellets of these strains by 24 h. In contrast, the heat-
killed and laccase-deficient cells accumulated less radio-
active label. At 24 h, 36 % of the label was found in the cell
pellets for the laccase-deficient samples, significantly less
than for wild-type cells (P,0.05). The label associated with

cells of the laccase deletion strain could be due to
autopolymerization of the L-DOPA, formation of L-
DOPA adducts, or uptake of the L-DOPA into the cells
without incorporation into melanin.

We hypothesized that a similar pattern of L-DOPA
incorporation would be observed with purified extracel-
lular vesicles. To confirm this, vesicles were prepared from
both wild-type and laccase deletion strains and incubated
with L-[14C]DOPA over a 24 h time period. In contrast to
our hypothesis, vesicles derived from culture supernatants
of both wild-type and laccase mutant C. neoformans
incorporated label to similar maximum levels (59 % and
49 %, respectively) (Fig. 4b). Thus, the pattern observed for
vesicles was different from that for cells, suggesting a
laccase-independent mechanism for incorporation of L-
DOPA. This uptake was not due simply to solubility of L-
DOPA in lipid, since L-[14C]DOPA was not extractable by
oils (data not shown). To determine if L-DOPA polymer-
ization was induced simply by the presence of lipid
bilayers, L-[14C]DOPA was incubated with liposomes
composed of phosphatidylcholine and ergosterol, approx-
imating fungal membranes. The liposomes accumulated L-
[14C]DOPA to a maximum level of 37 % (Fig. 4c). The
accumulation of L-[14C]DOPA was equally inhibited by
lower temperature in both laccase-positive and laccase-
negative vesicles, as well as in liposomes. Accumulation in
liposomes was also inhibited by glyphosate, an inhibitor of
L-DOPA polymerization (Nosanchuk et al., 2001).
Liposomes incubated overnight with L-DOPA turned black
(data not shown). However, when viewed by TEM, there
were no detectable differences between liposomes incu-
bated with or without L-DOPA (Fig. 5), suggesting that the
accumulation of radiolabelled L-DOPA in liposomes was
not due to melanization, but rather to autopolymerization
of L-DOPA.

DISCUSSION

In this study we examined the potential role of vesicles in
melanization of C. neoformans, a process that is important
for both virulence and survival of the fungus. Previous
studies suggested that melanization occurred when laccase in
the cell wall oxidized a substrate, such as L-DOPA, ultimately
resulting in polymerization of melanin (Waterman et al.,
2007; Zhu et al., 2001). However, recent studies showing the
presence of cell-wall-associated vesicles exhibiting laccase
activity raised the possibility of the involvement of vesicles in
melanization (Rodrigues et al., 2008).

Our first attempt to link vesicles and melanization was to
measure the size of the vesicles. Three methods were used
to study vesicle size and heterogeneity: two electron
microscopic techniques and a light-scattering method
(QELS). Each method produced a different size distri-
bution but, reassuringly, there was some overlap in the
results with all three techniques. Negative staining revealed
a much higher proportion of a smaller vesicle population
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Fig. 4. L-DOPA incorporation kinetics. Cells were incubated with
L-[14C]DOPA. At the indicated times, aliquots were removed and
centrifuged to separate the cells from the supernatant. Percentage
incorporation was calculated from the counts in the cell pellet
divided by total counts. (a) Incorporation results for cells of the
strains H99 (wild-type, WT) and QGC8 (Dlac1lac2), and heat-
killed H99 (HK). (b) Incorporation results for vesicles isolated from
H99 (WT) and QGC8 (Dlac1lac2) (c) Incorporation results for
liposomes. The experiment was performed with or without
glyphosate (gly) at 1 or 100 mg ml”1.
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that may represent vesicle shrinkage. Alternatively, the
smaller vesicles observed with QELS may be preferentially
deposited on the grids used for electron microscopy. All
three techniques indicated considerable heterogeneity in
vesicle diameter, but revealed a population of vesicles with
diameters that are similar to melanin granules.

The variability in the vesicle population measured by the
various techniques may be real and/or may reflect some of
the limitations of the techniques used. Some of the size
fluctuation may be due to sample preparation, particularly
fusion of hydrophobic membranes during centrifugation to
produce larger vesicles, or aggregation of particles. TEM
size determinations are likely to be underestimated
somewhat because 2D information is being used to
generate 3D diameter. Kong et al. (2005) proposed a
correction factor of 1.27 for such measurements. With this
correction, the mean diameter by TEM is 142 nm, which is
still less than that determined by QELS. However, a
comparative study of sizing techniques for the study of
liposomes showed that QELS probably overestimates sizes
because smaller particles are less likely to be detected by
this method (Egelhaaf et al., 1996). Overall, the results
suggest that there are at least two different size populations
of vesicles: small vesicles in the range 20–40 nm that were
detected by both negative staining and QELS, and a larger
population in the range 140–260 nm that seemed to
increase in size upon melanization.

To test the hypothesis that vesicles are involved in
melanization, we investigated the ability of isolated vesicles
to melanize. When vesicles were incubated with L-DOPA,
an electron-dense material could be seen outside the
vesicles by electron microscopy. This material was not
observed when liposomes, which do not contain laccase,
were incubated with L-DOPA. When the size of L-DOPA-
melanized vesicles was analysed, they were found by QELS
to be larger than non-melanized vesicles. This is consistent
with melanin polymerizing on the vesicle surface and
increasing its apparent diameter, and/or aggregation of
melanized vesicles. We suspect that this process is different
from that which produces spherical melanin particles in the
cell wall and could reflect the fact that the vesicles studied

were obtained from the supernatant and may have been
designed for export rather than cell wall melanization.

Melanization of vesicles was further studied by determining
the kinetics of incorporation of a radiolabelled melanin
substrate, L-[14C]DOPA. Surprisingly, both wild-type and
laccase mutant vesicles accumulated radiolabelled L-DOPA
with similar kinetics. To test if this was due to the lipid, or if
protein components of vesicles were required for uptake, the
experiment was repeated using liposomes. The liposomes
also incorporated the labelled L-DOPA. Given that L-DOPA
slowly autopolymerizes to melanin we surmise that lipid
surfaces may catalyse this process. This would suggest that,
in C. neoformans cells, mechanisms exist to prevent L-DOPA
autopolymerization in the absence of laccase, since cells of
the laccase deletion strain incorporated little of the labelled
substrate compared to wild-type cells.

Based on these data we propose a model for melanization
in which melanin synthesis occurs in vesicles. This model is
attractive because it explains several observations. First, it
suggests an explanation for the fact that melanin particles
are roughly spherical and of a relatively uniform size
(Eisenman et al., 2005) that closely approximates that of
vesicles. In this regard, melanization in a vesicle solves the
problem of accounting for how a free-radical reaction
produces a spherical particle. Second, the melanization-
within-lipid vesicle model also suggests an explanation for
the observation that melanin in the cell wall is assembled in
concentric layers (Eisenman et al., 2005). Such a regular
arrangement could be achieved by ordering laccase-
containing vesicles in the cell wall. Third, the melaniza-
tion-within-vesicles hypothesis suggests an explanation for
the NMR observation that aliphatic compounds are
associated with melanin (Zhong et al., 2008) and for the
observation in this study of lipid associated with melanin
‘ghosts’. Localization of melanin synthesis to vesicles would
obviate the problem of explaining how the cell avoids
toxicity from the highly reactive intermediates generated by
oxidation of L-DOPA. Furthermore, this model provides a
way to interpret the very interesting finding that C.
neoformans chitin synthase mutants exhibited a melaniza-
tion phenotype whereby the pigment was released to the

Fig. 5. TEM of liposomes incubated overnight
with (left) or without (right) 1 mM L-DOPA.
Scale bars, 100 nm.
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extracellular space and diffused into the agar (Banks et al.,
2005; Baker et al., 2007). We suggest that this phenotype
could result if laccase-containing vesicles could not be
retained by the chitin-defective cell wall (Banks et al.,
2005). Lastly, this hypothesis suggests a mechanism by
which melanized cell walls could be rapidly remodelled by
the reshuffling of melanized vesicles, given that there are no
differences in replication rate of melanized and non-
melanized cells (Nosanchuk & Casadevall, 2003).

The melanization-in-vesicle model would also suggest a
mechanism for the problem of cell budding through a
melanized cell wall. Scanning electron microscopy of
melanin ‘ghosts’ has shown melanized bud scars with a
different granularity in melanin particle distribution. Given
the resistance of melanin to enzymic and acid digestion it is
difficult to conceive of mechanisms by which a replicating
cell could rapidly open a budding pore for the emergence
of a nascent cell and then reseal it. However, this problem
is obviated if the mother cell only has to rearrange vesicles
containing melanin by altering the cell wall components
that hold such structures in place. Despite its attractive
qualities we are fully cognisant that major facets of the
model need to be experimentally established. We never-
theless hope that in proposing such a model we will
encourage experiments to validate or refute it.

Recent work on vesicles in C. neoformans has suggested
that these structures may contribute to pathogenesis by
transporting virulence factors, including enzymes, out of
the fungal cell (Casadevall et al., 2009; Rodrigues et al.,
2008). The current study suggests that vesicles could also
play a role in melanization. The existence of fungal
melanosomes has been suggested for Fonsecaea pedrosoi,
where electron microscopy has also shown electron-dense
cytoplasmic structures in melanized cells (Franzen et al.,
2008). Localization of melanin synthesis to either intracel-
lular vesicles that are subsequently transferred to cell wall
and/or laccase-containing vesicles in the cell wall provides a
fungal parallel to mammalian melanosomes, which are also
synthesized inside melanocytes and exported to keratino-
cytes. Given that animals and fungi are closely related
kingdoms the idea that both groups of eukaryotes solved
the problem of melanin synthesis by confining melaniza-
tion to lipid vesicles is intellectually appealing.
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