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Vacuoles in filamentous fungi are highly pleomorphic and some of them, e.g., tubular vacuoles, are impli-
cated in intra- and intercellular transport. In this report, we isolated Aovam3, the homologue of the Saccha-
romyces cerevisiae VAM3 gene that encodes the vacuolar syntaxin, from Aspergillus oryzae. In yeast complemen-
tation analyses, the expression of Aovam3 restored the phenotypes of both �vam3 and �pep12 mutants,
suggesting that AoVam3p is likely the vacuolar and/or endosomal syntaxin in A. oryzae. FM4-64 [N-(3-
triethylammoniumpropyl)-4-(p-diethylaminophenyl-hexatrienyl)pyridinium dibromide] and CMAC (7-amino-
4-chloromethylcoumarin) staining confirmed that the fusion protein of enhanced green fluorescent protein
(EGFP) with AoVam3p (EGFP-AoVam3p) localized on the membrane of the pleomorphic vacuolar networks,
including large spherical vacuoles, tubular vacuoles, and putative late endosomes/prevacuolar compartments.
EGFP-AoVam3p-expressing strains allowed us to observe the dynamics of vacuoles with high resolutions, and
moreover, led to the discovery of several new aspects of fungal vacuoles, which have not been discovered so far
with conventional staining methods, during different developmental stages. In old hyphae, EGFP fluorescence
was present in the entire lumen of large vacuoles, which occupied most of the cell, indicating that degradation
of cytosolic materials had occurred in such hyphae via an autophagic process. In hyphae that were not in
contact with nutrients, such as aerial hyphae and hyphae that grew on a glass surface, vacuoles were composed
of small punctate structures and tubular elements that often formed reticulum-like networks. These observa-
tions imply the presence of so-far-unrecognized roles of vacuoles in the development of filamentous fungi.

Vacuoles are acidic compartments that are important for
metabolite storage and cytosolic ion and pH homeostasis (for
a review, see reference 18). In the unicellular yeast Saccharo-
myces cerevisiae, roles of and transport pathways to vacuoles
have been extensively studied. Especially, many studies have
been focused on the syntaxin family t-SNAREs (target or-
ganelle soluble N-ethyl-maleimide-sensitive factor [NSF] at-
tachment protein receptors), which are central molecules of
intracellular vesicular transport. t-SNAREs that reside on the
target organelle membrane mediate the fusion of transport
vesicles with the organelles via the specific interaction with
vesicle SNAREs on the transport vesicles (29). S. cerevisiae
Pep12p is the syntaxin family t-SNARE on the late endosome/
prevacuolar compartment and receives Golgi-derived vesicles
(3). Vam3p is the vacuolar membrane syntaxin that regulates
the vesicular traffic to and the homotypic fusion of vacuoles
(44). Since S. cerevisiae Vam3p localizes exclusively on the
vacuolar membrane, Vam3p is frequently used for visualiza-
tion of vacuoles (45, 46) and as a marker of vacuoles in sub-
cellular fractionation experiments. AtVam3p is a Vam3p-ho-
mologue protein in Arabidopsis thaliana (30), and its fusion
protein with green fluorescent protein (GFP) has been suc-
cessfully used for the observation of vacuolar dynamics in A.
thaliana (41) and Nicotiana tabacum (22).

On the other hand, characteristic aspects of the vacuoles in
multicellular fungi were eventually identified using micro-
scopic approaches in the past decade. First, vacuoles in fila-
mentous fungi display approximately predictable pleomor-
phism in the different regions of the mycelia; vacuoles are
typically rare or absent in the apical region, whereas ovoid-
spherical vacuoles are present in the subapical region, tubular
vacuoles in the more distal region, and large spherical vacuoles
in the basal zone (14). Second is the presence of highly motile
tubular vacuoles that can be visualized by vacuolar fluorescent
probes such as 6-carboxyfluorescein diacetate (CFDA) deriv-
atives (2, 6, 7, 34, 42) or N-(3-triethylammoniumpropyl)-4-(p-
diethylaminophenyl-hexatrienyl)pyridinium dibromide (FM4-
64) (10) and by the fusion protein of carboxypeptidase Y
(CPY) with enhanced GFP (EGFP) (23, 24). These character-
istic vacuolar morphologies indicate that the vacuoles may
have particular roles in filamentous fungi. In fact, the tubular
vacuoles that were originally found in a mycorrhizal fungus
Pisolithus tinctorius (34) were implicated in intra- and intercel-
lular transport of nutrients (reviewed in reference 2). In spite
of these intriguing observations, however, molecular genetics
studies on vacuoles in filamentous fungi have been limited (25,
26, 39). Therefore, identification and investigation of the pro-
teins involved in vacuolar morphogenesis are now crucial for
further understanding of the molecular mechanisms regulating
pleomorphic vacuoles in filamentous fungi.

In this report, we developed Aspergillus oryzae strains that
express the fusion protein of EGFP with AoVam3p, the
Vam3p homologue in A. oryzae. As EGFP-AoVam3p localized
on the vacuolar membrane, these strains enabled us to observe
vacuolar membrane dynamics in A. oryzae with high resolution.
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MATERIALS AND METHODS

Plasmids and strains. Primer pairs vam3 Bsr-N (5�-CTGTACATGTATTTC
GACCGTCTTAGT-3�) and vam3 Bsr-C (5�-TGTACATTATCCAATAGTAG
CCGCCAG-3�) were designed (BsrGI sites are underlined) based on the ex-
pressed sequence tag sequence of a putative VAM3 homologue gene in A. oryzae
(Aovam3). The Aovam3 cDNA (0.8 kb) was amplified with these primer pairs,
using the A. oryzae RIB40 cDNA library as a template. The egfp gene (0.7 kb) was
fused to the 5� end of the resultant Aovam3 cDNA in frame, resulting in an
egfp-Aovam3 cDNA fusion gene. Two plasmids for the expression of the fusion
gene were subsequently constructed. The plasmid pUEGFP-VAM carries the
0.6-kb amyB promoter, followed by the 1.5-kb egfp-Aovam3 fusion gene, the
0.3-kb nos3� terminator, and the 5.5-kb niaD gene encoding a nitrate reductase
as a transformation marker. This plasmid was introduced to A. oryzae niaD300
(niaD�) strain with the A. oryzae transformation procedure (17), yielding UEV
strains. The plasmid pBNVPEV carries the 1.3-kb Aovam3 promoter followed by
the 1.5-kb egfp-Aovam3 fusion gene, the 0.3-kb nos3� terminator, and the 5.5-kb
niaD marker. For the generation of Aovam3 conditional expression strains,
TPVIIs, a DNA fragment that contained Aovam3 5� flanking region followed by
Aspergillus nidulans sC marker encoding an ATP sulfurylase, A. oryzae thiA
promoter driving Aovam3 cDNA, and Aovam3 3� flanking region, was intro-
duced into A. oryzae NS4 strain (niaD�, sC�). The gene replacement of Aovam3
by thiA promoter-driven Aovam3 cDNA was confirmed by PCR and Southern
analysis (data not shown). The plasmid pBNVPEV was introduced to one of the
conditional expression strains, the TPVII118 strain, yielding TPVEV strains.
Southern analysis of the genomic DNA of TPVEV1, 2, 3, and 4 revealed that
single copies of the plasmid had been inserted homologously at the niaD locus in
the TPVEV1, 2, and 3 strains, while a few extra copies of the plasmid (probably
one or two additional copies, judged by the signal intensity) had been inserted in
the TPVEV4 strain (data not shown).

For yeast complementation analyses, deletion strains of EUROSCARF (http:
//www.rz.uni-frankfurt.de) constructed from S. cerevisiae BY4741 (MATa his3�1
leu2�0 met5�0 ura3�0) (5) were used. Aovam3 cDNA was amplified using the
Vam3 N-term (5�-CATGTATTTCGACCGTCTTAG-3�) and Vam3 C-term (5�-
TTATCCAATAGTAGCCGCCAG-3�) primers and subsequently inserted
downstream of the GAL1 promoter of the pYES2 plasmid. The obtained plas-
mid, pYESVAM, was introduced into the yeast �vam3 strain Y02362 (BY4741
vam3�::KanMX4) and �pep12 strain Y01812 (BY4741 pep12�::KanMX4).
pYES2 alone was also introduced into the �vam3 and �pep12 strains to obtain
the control strains.

Culture conditions. Czapek-Dox medium (CD; 0.3% NaNO3, 0.2% KCl, 0.1%
KH2PO4, 0.05% MgSO4 · 7H2O, 0.002% FeSO4 · 7H2O, 2% glucose, pH 5.5) was
used for microscopic observations. M medium [0.2% NH4Cl, 0.1% (NH4)2SO4,
0.05% KCl, 0.05% NaCl, 0.1% KH2PO4, 0.05% MgSO4 · 7H2O, 0.002% FeSO4

· 7H2O, 2% glucose, pH 5.5] was used for comparison of phenotypes between
TPVII118 and TPVEV strains. Thiamine hydrochloride (Sigma Chemical Co.,
St. Louis, MO) was added for observation of TPVEV strains at a concentration
of 10 �M. DPY (2% dextrin, 1% polypeptone, 0.5% yeast extract, 0.5%
KH2PO4, 0.05% MgSO4 · 7H2O) was used for observation of vacuoles in ger-
minating conidia.

A YPGal plate (1% yeast extract, 2% Bacto-peptone, and 2% galactose) was
used to compare the growth of yeast strains. For the CFDA staining of yeast
vacuoles, SGal medium (0.67% yeast nitrogen base without amino acids, 2%
galactose, with required nutrients) was used.

Microscopic equipment. For routine microscopy we used an Olympus System
microscope model BX52 (Olympus, Tokyo, Japan) equipped with a UPlanApo
100� objective lens (1.35 numerical aperture) (Olympus). A GFP filter (495/20
nm excitation, 510 nm dichroic, 530/35 nm emission) (Chroma Technologies,
Brattleboro, VT) or a U-MWIB filter cube (460 to 490 nm excitation, 505 nm
dichroic, �515 nm emission) (Olympus) was used for observation of EGFP
fluorescence. A DsRed filter (570/20 nm excitation, 590 nm dichroic, 630/60 nm
emission) (Chroma Technologies) and a BH-DMU (330 to 385 nm excitation,
400 nm dichroic, �420 nm emission) UV excitation cube (Olympus) were used
to observe the fluorescence of N-(3-triethylammoniumpropyl)-4-(p-diethyl-
aminophenyl-hexatrienyl)pyridinium dibromide (FM4-64) (Molecular Probes
Inc., Eugene, OR) and 7-amino-4-chloromethylcoumarin (CMAC) (Molecular
Probes Inc.), respectively. Images were analyzed with MetaMorph software (Mo-
lecular Devices Co., Sunnyvale, CA).

Confocal microscopy was performed with an IX70 inverted microscope (Olym-
pus) equipped with 100� and 40� Neofluor objective lenses (1.30 numerical
aperture), a Sapphire 488-20, 20-mW diode laser (Coherent, Santa Clara, CA),
a GFP filter, a CSU21 confocal scanning system (Yokogawa Electronics, Tokyo,
Japan), an AP imager camera (Hamamatsu Photonics, Hamamatsu, Japan), and

an image intensifier unit (Hamamatsu Photonics). Images were analyzed with
IPlab software (Scanalytics, Fairfax, VA).

Culture conditions for microscopy. For observations of cover glass cultures,
approximately 103 conidia were inoculated in 100 �l of CD on coverslips that
were placed in sealed petri dishes and incubated for 20 h at 30°C.

For observations with the inverted confocal microscope, approximately 103

conidia were inoculated in 100 �l of CD in a 35-mm glass base dish (Asahi
Techno Glass, Chiba, Japan), which is a small petri dish whose bottom was made
with cover glass, and incubated for 18 to 72 h at 30°C.

Observations of aerial and glass surface hyphae (see Results for definition)
were performed essentially as described by Ishi et al. (15) with slight adaptations.
In brief, approximately 1-mm-thick CD containing 2% agar was excised as a
square of 1 cm by 1 cm and placed on a glass slide. Conidia were inoculated on
the side surface of the CD agar medium, and hyphae were allowed to grow in
lateral directions by preventing upward-directed growth with a cover glass. The
culture was incubated at 30°C for up to 4 days in a petri dish containing a wet
paper towel to prevent drying.

For observation of vacuoles in germinating conidia, fresh conidia collected
from 5- to 6-day cultures in a CD plate were suspended in DPY at a concentra-
tion of 107/ml. The cultures were incubated at 30°C with shaking for �6 h.

Staining of vacuoles. FM4-64 staining was performed as follows. Cultivation
media of coverslip cultures were replaced with CD containing 8 �M FM4-64, and
the cultures were incubated for 10 min at 30°C. The media containing the dye
were replaced twice with fresh media without dye, and the cultures were incu-
bated at 30°C for another 10 min, followed by microscopy observations. CMAC
staining of vacuoles was performed as described previously (23). Dual staining
with FM4-64 and CMAC was carried out as follows. Cover glass cultures were
first incubated in CD containing 10 �M CMAC for 15 min, followed by incuba-
tion for another 15 min in CD containing both 10 �M CMAC and 8 �M FM4-64.
After being washed with fresh dye-free medium, the cover glass cultures were
observed.

CFDA staining of yeast vacuoles was performed as described by Roberts et al.
(28).

Measurement of apical extension rate. Conidia of RIB40, the A. oryzae wild-
type strain, were inoculated in 100 �l of CD in glass base dishes and incubated
for 20 h at 30°C. The culture media were then replaced with either CD (control)
or CD containing 8 �M FM4-64 and incubated for 30 min. The culture dishes
were then placed on a Thermo Plate (Tokai Hit Co., Shizuoka, Japan) set at 30°C
and observed with a 40� objective lens. Hyphae at the mycelial periphery were
selected for measurement, since other hyphae lying in the growth direction might
have influenced hyphal growth. Two pictures that were taken at intervals of 10
min were overlaid, and the distance between the respective hyphal tips was
defined as the hyphal elongation length per 10 min.

RESULTS

Cloning and characterization of Aovam3, the VAM3 homo-
logue gene in A. oryzae. The cDNA of the S. cerevisiae VAM3
homologue gene in A. oryzae was cloned using a PCR-based
approach. To obtain the genomic DNA of the gene, plaque
hybridization for A. oryzae genomic DNA library (13) was
performed essentially as described previously (21). Sequence
analysis revealed that the gene contains a single intron and
encodes a putative protein product of 271 amino acids (DDBJ
nucleotide sequence database accession no. AB232045). This
gene was designated Aovam3, since this is the only gene in the
A. oryzae genome database (20) that encodes a putative protein
displaying high sequence identity to S. cerevisiae Vam3p
(25.2%). In addition, AoVam3p has characteristic features of
the syntaxin family t-SNAREs, such as a SNARE motif and a
predicted transmembrane domain at the carboxy terminus.
Notably, the AoVam3p sequence also showed an equal level of
identity to S. cerevisiae Pep12p (27.1%), a t-SNARE in the late
endosome/prevacuolar compartment (3). Thus, as was pre-
dicted in other filamentous fungi (12), A. oryzae possesses only
one gene corresponding to either VAM3 or PEP12.

As Aovam3 showed sequence similarity to both VAM3 and
PEP12, we were interested in determining whether Aovam3
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was also functionally homologous to these genes. To test this,
we performed complementation analyses for S. cerevisiae de-
letion mutants. Deletion of VAM3 causes a growth defect in
the presence of a high concentration of calcium (36). As shown
in Fig. 1a, however, expression of the Aovam3 cDNA restored
the growth in the presence of 250 mM CaCl2 (Fig. 1a). Vacu-
olar fragmentation of the �vam3 strain (44) was also comple-
mented by the expression of the Aovam3 cDNA (Fig. 1b). On

the other hand, deletion of PEP12 causes a temperature sen-
sitivity (3) and defects in maturation of vacuolar hydrolytic
enzymes (8). We therefore tested the complementation of the
CPY activity (data not shown) by APE assay (16) and the
growth at 37°C (Fig. 1c). In both cases, the expression of the
Aovam3 cDNA restored the defects in the �pep12 mutant.
These results indicate that AoVam3p is likely the vacuolar
and/or endosomal t-SNARE in A. oryzae.

Generation of EGFP-AoVam3p-expressing strains. For the
expression of AoVam3p fused at its amino terminus with
EGFP (EGFP-AoVam3p) in A. oryzae, three strains, UEV1,
TPVEV1, and TPVEV4, were generated (Table 1). In all three
strains, EGFP was fused at the amino terminus of AoVam3p
and therefore should locate on the cytosolic side. UEV1 car-
ries the plasmid pUEGFP-VAM and overexpresses EGFP-
AoVam3p under the strong, inducible promoter of amyB gene
that encodes an 	-amylase (37). UEV1 displayed no distin-
guishable differences in morphology compared with the control
strain in glucose medium (data not shown) in which the amyB
promoter was induced at the intermediate level (37), suggest-
ing that overexpression of EGFP-AoVam3p does not impair
the integrity of the mycelium. In some cases, however, overex-
pression and fusion of a t-SNARE with EGFP result in mislo-
calization or leakage of the fusion protein to other organelles
(4). We therefore tested whether the expression of EGFP-
AoVam3p can complement the phenotypes of the Aovam3
conditional expression strain (J.-Y. Shoji, M. Arioka, and K.
Kitamoto, unpublished results) to determine whether the fu-
sion protein is functional. The TPVII118 strain, an Aovam3
conditional expression strain, expresses Aovam3 under the thi-
amine-regulatable thiA promoter (35) and is defective in aerial
hyphal formation, so that its mycelium shows a rough periph-
ery in the Aovam3-repressed condition. These phenotypes
were complemented in TPVEV strains that expressed EGFP-
AoVam3p under the control of the Aovam3 promoter on a
TPVII118 background (Fig. 2). This observation confirmed
that the fusion protein is functional. Southern analysis of
TPVEV1, 2, 3, and 4 revealed that single copies of the plasmid
were inserted homologously at the niaD locus in the TPVEV1,
2, and 3 strains, while a few extra copies of the plasmid (prob-
ably one or two additional copies, judged by the signal inten-
sity) had been inserted in the TPVEV4 strain (data not
shown). Therefore, the expression level of EGFP-AoVam3p is
similar to that of authentic AoVam3p in TPVEV1, while the

FIG. 1. Complementation of S. cerevisiae �vam3 and �pep12 phe-
notypes by the expression of Aovam3 cDNA. (a) The indicated yeast
strains were streaked on the YPGal plate containing either 100 mM or
250 mM CaCl2 and grown for 3 days. (b) Vacuoles of the indicated
strains were stained with 10 �M CFDA. Large developed vacuoles
were observed in the wild-type (WT) strain and the �vam3 strain that
expressed Aovam3 cDNA, while �vam3 strain that only possessed the
empty vector showed vacuolar fragmentation. Bars, 10 �m. (c) The
indicated yeast strains were streaked on the YPGal plate and incu-
bated at either 25°C or 37°C for 3 days.

TABLE 1. Genotypes of strains used in this study

Name Parental
strain Genotype Expression level

of EGFP-AoVam3p

RIB40 Wild type
niaD300 RIB40 niaD�

NS4 niaD300 niaD� sC�

TPVII118a NS4 niaD� sC� �Aovam3::(PthiA-Aovam3 sC)
UEV1 niaD300 niaD�::(PamyB-egfp-Aovam3 niaD) Overexpressed
TPVEV1 TPVII118 niaD�::(PAovam3-egfp-Aovam3 niaD) sC� �Aovam3::(PthiA-Aovam3 sC) Similar to that of the authentic

Aovam3
TPVEV4 TPVII118 niaD�::(PAovam3-egfp-Aovam3 niaD) sC� �Aovam3::(PthiA-Aovam3 sC) Slightly overexpressed

a TPVII118 is an Aovam3 conditional expression mutant in which the entire Aovam3 coding sequence is replaced by A. nidulans sC and A. oryzae thiA promoter
followed by Aovam3 cDNA.
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fusion protein is slightly overexpressed in TPVEV4 and is
evidently overexpressed in UEV1.

EGFP-AoVam3p localized on the vacuolar membrane. In all
three strains, EGFP-AoVam3p localized on small punctate
structures in the apical region (Fig. 3b and e) and on tubular
vacuoles in more distal compartments (Fig. 4). In the basal
region of hyphae (Fig. 3a, c, d, f, and g), the membrane of large
developed vacuoles and a few small punctate structures were
observed with EGFP-AoVam3p (Fig. 3f and g). As the local-
ization pattern of EGFP-AoVam3p was fundamentally similar
in these strains (Fig. 3a to d and data not shown), we present
the representative results of one of these transformants in the
following studies, although essentially similar results were ob-
tained for all three strains tested.

We next performed FM4-64 and CMAC staining of UEV1,
TPVEV1, and TPVEV4 to compare the staining patterns of
the dyes with EGFP fluorescence. In S. cerevisiae, FM4-64
stains endosomal compartments such as endosomes and vacu-
oles (43). In filamentous fungi, some arguments remain on its
means of internalization and possible cytotoxic effects (6, 40).
FM4-64 is believed to be internalized by endocytosis and ac-
cumulates in endosomal organelles (10). CMAC permeates
into the cytoplasm due to its hydrophobic character and is
converted to a cell-impermeant conjugate with glutathione by
glutathione S-transferase. In fungi, CMAC accumulates in
vacuoles, presumably via the action of glutathione pumps on
the vacuolar membrane.

As some reports pointed out possible toxic effects of FM4-64
and subsequent artifactual results (6, 40), we first investigated
the effects of the dye on A. oryzae cultures. The growth rates of
hyphal tips in CD medium in the presence of 8 �M FM4-64
(1.01 
 0.16 �m min�1, n � 8) were similar to those in the
absence of FM4-64 (0.98 
 0.19 �m min�1, n � 8). Vacuolar
morphology judged by EGFP-AoVam3p was not affected by

the presence of FM4-64 (Fig. 3). We also carried out dual
staining of cover glass cultures with FM4-64 and CMAC. In the
mycorrhizal fungus P. tinctorius, FM4-64 showed good labeling
of vacuolar membranes in only dead or damaged hyphae and
was scarcely observed on the membrane of intact vacuoles that
accumulated CMAC (6). However, this was not the case in A.
oryzae, and the membranes of most CMAC-positive vacuoles
were stained by FM4-64 (Fig. 3g). From these results, we
concluded that FM4-64 did not affect mycelial physiology in A.
oryzae under our experimental conditions.

FM4-64 and EGFP-AoVam3p colocalized on the membrane
of large developed vacuoles as well as on small punctate struc-
tures throughout hyphae (Fig. 3a to d). In extreme apices,
where FM4-64 showed a diffuse and uneven staining pattern,
however, EGFP fluorescence was normally absent (Fig. 3b).
The diffuse and uneven fluorescence of FM4-64 seems to cor-
respond to putative endosomes and a cloud of stained endo-
cytic vesicles that are most rapidly stained by FM4-64 (10). In
conclusion, EGFP-AoVam3p localizes in endocytic compart-
ments, vacuoles, and possibly endosomes, but is likely absent in
the early endocytic compartments.

The staining pattern of CMAC also showed good coinci-
dence with EGFP-AoVam3p (Fig. 3e and f). The membrane of
vacuoles that were stained by CMAC was always visualized by
EGFP-AoVam3p (Fig. 3e and f). However, there were some
small punctate structures visualized by EGFP-AoVam3p, often
positioned adjacent to large vacuoles, that showed no or only
faint staining by CMAC (Fig. 3f and g). As FM4-64 also
stained them (Fig. 3g), these punctate structures are endocytic
compartments. These observations led us to speculate that
these structures are late endosomes/prevacuolar compart-
ments, since they have common properties with the class E
compartments, enlarged late endosomes/prevacuolar compart-
ments in yeast class E vps mutants (27), in that they can be
visualized by a vacuolar membrane protein and endocytic trac-
ers and that they reside next to vacuoles. Overall, EGFP-
AoVam3p localizes on the membrane of large and small vacu-
oles stained by both FM4-64 and CMAC. In addition, the
fusion protein also localized on the putative late endosomes/
prevacuolar compartments that were stained by FM4-64 but
not by CMAC.

Confocal microscopy of EGFP-AoVam3p-expressing strains.
To further study the vacuolar morphology in A. oryzae, we
performed confocal microscopy on EGFP-AoVam3p-express-
ing strains grown in glass base dishes. The use of glass base
dishes allowed a longer incubation period than the use of cover
glass cultures, and cultures grown for up to 72 h were observed.
Time-lapse imaging of EGFP-AoVam3p revealed the dynam-
ics of pleomorphic vacuolar networks in A. oryzae (Fig. 4a to c;
see image series in the supplemental material). Even the large
developed vacuoles that seemed to be rather stable over a
short time period changed in number, size, and position in
minutes, most probably reflecting fusion and fission of vacuoles
(Fig. 4a; see series A in the supplemental material). In basal
hyphae, where many vacuoles formed clusters, small vesicle-
like structures occasionally moved between large vacuoles (Fig.
4b). A tubular vacuole was then formed from a small punctate
structure (Fig. 4b) and replaced the vesicle-like structures to
interconnect the spherical vacuoles directly (Fig. 4b; see series
B in the supplemental material). In the subapical region, where

FIG. 2. Complementation of phenotypes in an Aovam3 conditional
expression mutant by the expression of EGFP-AoVam3p. Approxi-
mately 102 conidia of either TPVII118, an Aovam3 conditional expres-
sion mutant that expresses Aovam3 under the control of thiamine-
regulatable thiA promoter, and TPVEV strains that express EGFP-
AoVam3p under the Aovam3 promoter on a TPVII118 background
were inoculated and grown for 4 days in M medium (thiA promoter
induced, left) or M medium containing 10 �M thiamine (thiA pro-
moter repressed, right).
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FIG. 3. FM4-64 and CMAC staining of EGFP-AoVam3p-expressing strains. Cover glass cultures of UEV1, TPVEV1, and TPVEV4 grown for
20 h at 30°C were stained with either 8 �M FM4-64 (a to d) or 10 �M CMAC (e, f). (a) Basal region in UEV1. (b, c) Apical region and basal region,
respectively, in TPVEV1. (d) Basal region in TPVEV4. (e, f) Apical and basal regions, respectively, in TPVEV1. (g) Dual staining of TPVEV1
with FM4-64 and CMAC. Images of DIC, FM4-64, EGFP, and CMAC fluorescence are shown. Arrowheads (f, g) indicate putative late
endosomes/prevacuolar compartments visualized by EGFP-AoVam3p that are not stained with CMAC. Bars, 5 �m.

VOL. 5, 2006 VACUOLAR MEMBRANE DYNAMICS IN ASPERGILLUS ORYZAE 415



clusters of small punctate structures and tubular vacuoles
formed a continuum, reversible transformations between the
punctate structures and tubular vacuoles were often observed.
(Fig. 4c; see series C in the supplemental material).

Observation with confocal microscopy highlighted the local-
ization of EGFP-AoVam3p on the membrane (Fig. 4a and b).
In old hyphae that were often observed in 2-day cultures in
glass base dishes, however, membrane localization of the fu-

FIG. 4. Confocal microscopy of EGFP-AoVam3p-expressing strains. UEV1 was grown in glass base dishes for 20 h (a to c) or 48 h (d) and
observed with inverted confocal laser scanning microscopy. (a) Time-lapse images of large vacuoles taken at intervals of 1 min. Vacuoles changed
in size, position, and number over time. (b) Time-lapse images of vacuoles taken at intervals of 10 s. Moving punctate structures (large arrowheads),
putative late endosomes/prevacuolar compartments (small arrowheads), and tubular vacuoles (arrows) that replaced the punctate structures are
shown. (c) Time-lapse images of a tubular-vesicular cluster taken at intervals of 10 s. Moving punctate structures (arrowheads) and a tubular
vacuole (arrows) that replaced the punctate structures were also observed here. (d) Distance sections (1 �m) of vacuoles in the basal region. The
entire lumen was occupied with EGFP fluorescence. Tubular vacuoles (arrows) interconnected these vacuoles. Bars, 5 �m.
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sion protein was not clear (Fig. 4d). In all sections of 1-�m
distance taken with a confocal microscope, EGFP fluorescence
was observed throughout the vacuolar lumen and was not
restricted to the membrane. Such topological changes in EGFP
fluorescence localization should require budding of the vacu-
olar membrane into the lumen. Since vacuoles often occupied
the greater part of cells in these hyphae (Fig. 4d), internaliza-
tion of EGFP-AoVam3p into the vacuolar lumen is likely
achieved via an autophagic process (19). Interestingly, these
vacuoles were often interconnected by tubular vacuoles (Fig.
4d).

Vacuoles in various developmental stages. We next observed
vacuoles in several developmental stages, conidial germina-
tion, and aerial hyphae. In conidia just after inoculation (Fig.
5, 0 h), small punctate vacuoles (�1 �m) and clouds of fluo-
rescence were observed with EGFP-AoVam3p. At 2 h after
inoculation, larger vacuoles (�1 �m) eventually emerged (Fig.
5), concomitant with conidial swelling. Vacuoles enlarged fur-
ther, and at 3 to 4 h after inoculation, large spherical vacuoles

(2 to 5 �m) appeared in swollen or germinating conidia (Fig.
5), accompanied by a few small punctate structures. In germ
tubes, large vacuoles were normally absent and small punctate
structures were often observed.

We next observed hyphae that were not in contact with
nutrients. Conidia were inoculated on the side surface of ap-
proximately 1-mm-thick CD agar, and hyphae were allowed to
grow in lateral directions by preventing upward-directed
growth with a cover glass. Under these conditions, three kinds
of hyphae that grew laterally were observed, hyphae that grew
in/on the agar medium and two kinds of hyphae that were not
in contact with nutrients, hyphae that grew in the air (aerial
hyphae) and hyphae that grew on the cover glass surface (glass
surface hyphae). These hyphae almost always had yellowish
fluorescence at the cell wall or plasma membrane and at hy-
phal tips, even in the wild-type strain that does not express
EGFP (Fig. 6j and k, respectively). Based on this observation,
fluorescence at the cell periphery in Fig. 6 was considered to be
autofluorescence. In the wild-type strain, green organelle-like

FIG. 5. Vacuolar morphology in germinating conidia. DIC images (left) and EGFP fluorescence (right) of conidia from TPVEV1 at the time
indicated after inoculation into DPY medium. Large vacuoles (�1 �m) that eventually developed in swelling conidia approximately 2 h after
inoculation are indicated by arrows. Fluorescence at the cell periphery was also detected in a control strain that did not express EGFP and was
therefore judged as autofluorescence. Bars, 5 �m.
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FIG. 6. Vacuolar morphologies in hyphae that are not in contact with nutrients. Conidia of TPVEV4 were inoculated on the side of
approximately 1-mm-thick CD containing 2% agar, and hyphae were allowed to grow in lateral directions for 48 h (a to e, g, h) or 72 h (f, i) by
preventing the upward-directed growth with a cover glass. Pictures of the glass surface hyphae and the aerial hyphae were prepared under the
respective identical conditions of exposure time and contrast enhancement. In all figures, fluorescence at the cell wall/membrane is judged as
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fluorescence inside cells, such as that shown in Fig. 6a to i, was
never observed (Fig. 6j and k). In glass surface hyphae that
were judged by their thickness of �4 �m, large vacuoles (�2
�m) were rather rare and were restricted to the region near the
agar medium, where liquid enclosed the hyphae. Instead, small
vacuoles (500 nm to 1 �m in diameter) were predominant (Fig.
6a to c). In addition, tubular vacuoles interconnecting the small
vacuoles were more often observed in the glass surface hyphae
(Fig. 6b) than in hyphae that were in contact with nutrients.
Such tubular-vesicular clusters were sometimes so dense that
they showed a rather reticulum-like appearance (Fig. 6c).

In aerial hyphae that were distinguished from glass surface
hyphae by their thickness of �5 �m, vacuoles were present as
small punctate structures (Fig. 6d). Tubular vacuoles that ex-
tended in the longitudinal direction and had a reticular ap-
pearance were also observed in aerial hyphae (Fig. 6e) but at
a lower frequency than glass surface hyphae. There were also
aerial hyphae that had entirely strong yellowish autofluores-
cence and no greenish EGFP fluorescence, suggesting that
some aerial hyphae had begun to die in the 2-day cultures.
Interestingly, large vacuoles were present in aerial hyphae in 3-
to 4-day cultures (Fig. 6f). Some of these vacuoles flew (ap-
proximately 5 �m s�1) toward the hyphal tips (Fig. 6f), but
others positioned near the plasma membrane remained immo-
bile (Fig. 6f, compare with the differential interference contrast
[DIC] image that was taken several seconds later). As these
hyphae were often enclosed in liquid droplets, the physical
condition of such hyphae may differ from that of authentic
aerial hyphae. In hyphae in/on the agar medium, in contrast,
the vacuolar morphology was identical to that observed in
cover glass and glass base dish cultures. Large developed vacu-
oles (Fig. 6g) and tubular vacuoles (Fig. 6 h), vacuoles whose
lumen was occupied with EGFP fluorescence and were inter-
connected with tubular vacuoles (Fig. 6i), were observed. In
conclusion, vacuoles showed characteristic morphology in hy-
phae that were not in contact with nutrients, with vacuoles
forming highly reticular networks composed of tubular vacu-
oles, and with small punctate vacuoles.

DISCUSSION

Thus far, studies on vacuoles in filamentous fungi have made
great progress in highlighting vacuolar morphology using flu-
orescence and electron microscopy. These studies identified
the presence of highly pleomorphic dynamic vacuoles, such as
tubular vacuoles, in filamentous fungi (reviewed in reference
2). In this report, we established three strains expressing the
fusion protein of EGFP with AoVam3p, a putative vacuolar
t-SNARE in Aspergillus oryzae. In contrast to conventional
methods, in which the vacuolar lumen is stained with either

CFDA derivatives (2, 6, 7, 34, 42) or CPY-EGFP (23, 24),
EGFP-AoVam3p visualizes vacuolar membranes and there-
fore allowed us to observe vacuolar membrane dynamics at
high resolution easily and reproducibly. Furthermore, several
aspects of fungal vacuoles that had not been paid much atten-
tion previously, such as vacuoles in aerial and glass surface
hyphae, as well as the internalization of EGFP fluorescence in
the vacuolar lumen in old hyphae, were demonstrated for the
first time using our observation system.

Does AoVam3p localize and act as a t-SNARE on both
vacuoles and late endosomes/prevacuolar compartments? As
Aovam3 is the only obvious homologue of yeast VAM3 and
PEP12 in A. oryzae, it is possible that AoVam3p acts as the
t-SNARE on both the vacuoles and the late endosomes/pre-
vacuolar compartments. In our yeast complementation analy-
sis, Aovam3 was capable of compensating the functions of both
VAM3 and PEP12, suggesting that AoVam3p is most likely the
vacuolar and/or endosomal t-SNARE in A. oryzae. We cannot
yet conclude, however, that AoVam3p plays the roles of both
Vam3p and Pep12p in A. oryzae, since in S. cerevisiae, overex-
pression of Vam3p complements a pep12 null mutant and, at
least in part, vice versa (11). Moreover, Vam3p can comple-
ment a pep12 null mutant even not overexpressed when its
dileucine sorting signal is mutated (9). The dileucine sorting
signal of Vam3p is required for its delivery from the Golgi
apparatus to the vacuole via the alkaline phosphatase pathway
that bypasses the late endosome/prevacuolar compartment.
Mutations in the dileucine signal lead to missorting of Vam3p
to the CPY pathway, the delivery route from the Golgi appa-
ratus to the vacuole via the late endosome/prevacuolar com-
partment, and Vam3p that partially localizes on the late en-
dosome/prevacuolar compartment compensates for the
function of Pep12p (9). These results imply that if a Vam3p/
Pep12p homologue can localize on both the vacuole and the
late endosome/prevacuolar compartment, it can compensate
for the roles of both Vam3p and Pep12p. Therefore, it was of
importance to determine the localization of AoVam3p in A.
oryzae. As revealed by FM4-64 and CMAC staining, EGFP-
AoVam3p localized on CMAC-negative, nonvacuolar struc-
tures in addition to vacuoles. These CMAC-negative structures
resembled class E vps compartments, enlarged late endosomes/
prevacuolar compartments in yeast class E vps mutants (27), in
that they can be visualized with vacuolar membrane proteins,
they are adjacent to vacuoles, and they are endocytic compart-
ments. Taken together, it is apparent that EGFP-AoVam3p
localizes on late endosomes/prevacuolar compartments in ad-
dition to vacuoles. Exploration for possible candidates of late
endosome/prevacuolar compartment-resident proteins will be

autofluorescence (see text). (a to c) Glass surface hyphae; (d to f) aerial hyphae; (g to i) hyphae in/on the agar medium. (a) Small vacuoles that
are predominant in a glass surface hypha. (b) Clusters of small vacuoles interconnected with tubular vacuoles (arrows). (c) Tubular-vesicular
vacuoles with a reticulum-like appearance. (d) Punctate vacuoles in an aerial hypha. (e) Tubular-reticular networks in an aerial hypha. (f) Large
vacuoles in an aerial hypha that were observed in 3-day cultures. Some of these vacuoles moved toward the hyphal tips (large arrowheads), while
others remained immobile (small arrowheads). (g) Large vacuoles in the agar medium. (h) A tubular vacuole in agar medium. (i) Vacuoles that
are interconnected with tubular vacuoles in the basal region. The lumen of these vacuoles was entirely occupied with EGFP fluorescence. (j)
Autofluorescence in a glass surface hypha of RIB40 strain that does not express EGFP-AoVam3p. (k) Autofluorescence in an aerial hypha of
RIB40. As the pictures were taken with a monochromic camera and subsequently pseudocolored, yellowish autofluorescence appears green on this
figure. Bars, 5 �m.
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necessary for the further identification of late endosomes/pre-
vacuolar compartments in filamentous fungi.

Enlargement of vacuoles in germinating conidia. Besides
their roles in hyphal growth, fungal vacuoles may also be im-
portant in several developmental stages. Consistent with this,
our observation demonstrated that swelling of conidia was
accompanied by vacuolar enlargement. Moreover, in germinat-
ing conidia of Colletotrichum graminicola, lipid droplets are
taken up and degraded by vacuoles (31), accompanied by vac-
uolar expansion (32). Further investigations of possible roles of
vacuoles (e.g., storage degradation and cell expansion) may
help us to understand the mechanism of conidial germination
in filamentous fungi.

What is the role of tubular vacuoles in A. oryzae? Motile
tubular vacuoles were first discovered in the mycorrhizal fun-
gus P. tinctorius by electron microscopy and CFDA staining
(34), and it has been proposed that they are endosomal com-
partments involved in intra- and intercellular transport (for a
detailed discussion, see reference 2). We observed that a tu-
bular vacuole was formed from small punctate structures and
replaced vesicle-like structures. This result is consistent with
the previous report on CFDA staining of vacuoles (34) and
supports the notion that tubular vacuoles transport materials
such as nutrients. In mycorrhizal fungi, there is an urgent need
for bidirectional transport of nutrients; phosphorus and nitro-
gen compounds must be transported from hyphal tips to the
plant interface, while carbon compounds that are supplied by
plants should move to hyphal tips, where metabolic activity is
the highest (2). Consistent with this hypothesis, tubular vacu-
oles of P. tinctorius contain phosphorus compounds (6). Given
that tubular vacuoles are transport compartments, then why do
they also exist in other filamentous fungi that do not have such
a dependency on nutrients from other organisms? We found
that tubular vacuoles interconnected large vacuoles in old hy-
phae that were often evident in 2- to 3-day cultures. As these
vacuoles occupied the greater part of compartments and in-
cluded EGFP fluorescence in the entire lumen, autophagic
degradation of cytosolic materials and subsequent internaliza-
tion of the vacuolar membrane into the lumen had possibly
occurred in such compartments. An attractive explanation for
a role of these tubular vacuoles is that they transport the
degraded materials in old hyphae to more fresh and active
regions in the mycelium. We also discovered that tubular vacu-
oles and clusters of small punctate vacuoles were prominent in
hyphae that were not in contact with nutrients, especially in
glass surface hyphae. Since these hyphae should have a more
urgent requirement for nutrient transport, it is reasonable to
speculate that tubular vacuoles develop more extensively in
these hyphae and mediate transport of nutrients from hyphae
that are in contact with media.

To date, nothing is known about the molecular machinery
involved in the formation of tubular vacuoles, except the pos-
sible involvement of certain dynamin-like GTPases for tubule
formation (14). AoVam3p is the first protein to be discovered
that locates on the membrane of tubular vacuoles. As
AoVam3p is a putative vacuolar t-SNARE that may mediate
the heterotypic and homotypic fusion of vacuoles, it is quite
possible that AoVam3p has important roles in regulating fun-
gal pleomorphic vacuolar networks: fusion of small moving
structures and tubular vacuoles with spherical vacuoles may be

mediated by AoVam3p. The functional analysis of AoVam3p
and its possible interacting partners will lead to better under-
standing of the precise mechanisms and roles of vacuolar net-
works in filamentous fungi.

Aerial hyphae of filamentous fungi. Although filamentous
fungi can grow in liquid and on solid substrates, they are
perhaps best known for their fuzzy aerial appearance. How-
ever, studies on these aerial structures have so far mainly
focused on conidiation (see reference 1 for a review), and the
specific phenomenon of aerial hyphae is only known for hy-
drophobins (38). To the best of our knowledge, our research is
the first report on the observation of an organelle in the aerial
hyphae of filamentous fungi. As our data demonstrated, the
vacuolar morphology in aerial hyphae visualized by EGFP-
AoVam3p was essentially different in appearance from that of
hyphae in the medium. We assume that vacuolar morphology
is characteristically regulated in aerial and glass surface hyphae
to adapt to the unusual environment in terms of nutrients and
osmotic pressure. As mentioned above, vacuoles showed a
highly reticular-tubular appearance in aerial hyphae. As nutri-
ents and/or materials for cell elongation should be delivered to
aerial hyphae from basal compartments, vacuoles possibly me-
diate intra- and intercellular transport in these hyphae.

The characteristic vacuolar morphology is probably just an
aspect of aerial hyphae, and other physical activities such as
metabolism and morphogenesis are also differentially regu-
lated in these hyphae. To date, essentially nothing is known
about the molecular mechanisms regulating the metabolism
and morphology of aerial hyphae, presumably because, at least
in part, they are not well developed or clearly recognizable in
A. nidulans, a model filamentous fungus. In A. oryzae, aerial
hyphae grow approximately 5 mm in 2 days under our condi-
tions and are therefore easily observed using microscopy. Fur-
ther investigation of aerial hyphae in A. oryzae will compensate
for the lack of this feature in A. nidulans and bring new insights
to fungal physiology.
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