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Aspergillus fumigatus is an important pathogen of immunocompromised hosts, causing pneumonia and
invasive disseminated disease with high mortality. The factors contributing to the predominance of A. fumigatus
as an opportunistic pathogen are largely unknown. Since the survival of conidia in the host is a prerequisite
for establishing disease, we have been attempting to identify factors which are associated with conidia and,
simultaneously, important for infection. Therefore, an A. fumigatus mutant strain (white [W]) lacking conidial
pigmentation was isolated. Scanning electron microscopy revealed that conidia of the W mutant also differed
in their surface morphology from those of the wild type (WT). Mutant (W) and WT conidia were compared with
respect to their capacities to stimulate an oxidative response in human phagocytes, their intracellular survival
in human monocytes, and virulence in a murine animal model. Luminol-dependent chemiluminescence was
10-fold higher when human neutrophils or monocytes were challenged with W conidia compared with WT
conidia. Furthermore, mutant conidia were more susceptible to killing by oxidants in vitro and were more
efficiently damaged by human monocytes in vitro than WT conidia. In a murine animal model, the W mutant
strain showed reduced virulence compared with the WT. A reversion analysis of the W mutant demonstrated
that all phenotypes associated with the W mutant, i.e., altered conidial surface, amount of reactive oxygen
species release, susceptibility to hydrogen peroxide, and reduced virulence in an murine animal model,
coreverted in revertants which had regained the ability to produce green spores. This finding strongly suggests
that the A. fumigatus mutant described here carries a single mutation which caused all of the observed
phenotypes. Our results suggest that the conidium pigment or a structural feature related to it contributes to
fungal resistance against host defense mechanisms in A. fumigatus infections.

Aspergillus fumigatus is becoming increasingly important as a
causative agent of life-threatening infections in immunocom-
promised hosts (reviewed in references 7, 10, 13, 34, and 43).
During the last 3 decades, the number of invasive Aspergillus
infections has risen dramatically, and the incidence has been
reported to vary between 5 and 19% in transplantation patients
(19, 29). A. fumigatus is the most prominent pathogen in the
Aspergillus family, accounting for more than 90% of human
Aspergillus infections.

Several groups have initiated attempts to identify factors
associated with pathogenicity of A. fumigatus. Specific interac-
tions of the fungus with fibrinogen and basement membrane
laminin, as well as the elaboration of proteases, are being
considered in this context (9, 18, 30–32, 37, 38, 42, 44). In
addition, production of a cytotoxin by A. fumigatus has been
studied at the molecular level (1, 2, 23, 33). However, the toxin
apparently did not contribute to virulence, as demonstrated in
experiments using toxin-deficient mutants (13, 35).

In studies with Cryptococcus neoformans, a yeast pathogen
which causes life-threatening infections particularly in AIDS
patients (51), it has been shown that production of a melanin-
like pigment is a virulence-determining factor (20, 21, 46). One
mechanism by which pigment might contribute to virulence

derives from its ability to confer some resistance to reactive
oxygen species (ROS), a major host antimicrobial effector sys-
tem also active against Aspergillus conidia (4, 47, 48). A similar
biological function of a fungal pigment has been established
for the dematiacous fungus Wangiella dermatitidis, a causative
agent of phaeohyphomycosis (14, 15).

In aspergillosis, the initial event is the uptake of conidia by
the respiratory system. As the survival of conidia and onset of
germination are prerequisites for establishing disease, conidial
pigmentation could also represent a factor contributing to re-
sistance against host defense mechanisms.

In this study, an A. fumigatus mutant strain with loss of
conidial pigmentation (white [W]) was generated by UV mu-
tagenesis. Besides a structural change of the conidial wall, the
mutant conidia displayed a higher susceptibility to oxidative
attack in vitro. This was paralleled by markedly reduced viru-
lence. A reversion analysis of the W mutant strain showed that
all phenotypes of W conidia had coreverted in the revertants,
strongly suggesting that a single mutation caused all pheno-
types in the W mutant strain.

MATERIALS AND METHODS

Aspergillus media and growth conditions. As a minimal medium, the previously
described Aspergillus minimal medium (AMM) with 1% (wt/vol) glucose as the
carbon source was used (8, 26). To obtain distinct colonies, deoxycholate (0.06%,
wt/vol) was added to agar plates. Aspergillus complete medium agar plates were
prepared as previously described (41). A. fumigatus strains were grown at 37°C.

Preparation of conidium suspensions. After subculture on Sabouraud agar
(Becton Dickinson, Heidelberg, Federal Republic of Germany [FRG]), conid-
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ium suspensions were prepared as described by Roilides et al. (40). In brief,
plates were washed with a physiological saline solution (0.9% [wt/vol] NaCl), and
the conidium suspension was filtered twice through a sterile 40-mm nylon mesh
(Falcon, Heidelberg, FRG). Penicillin and streptomycin (100 U/ml each) (An-
tibiotic Mix; Gibco, Karlsruhe, FRG) were added, and suspensions were stored
at 4°C.

Mutagenesis. Conidia of the A. fumigatus wild-type (WT) strain ATCC 46645
were exposed to 254-nm UV irradiation in 0.1 M MgSO4 solution until the viable
count was decreased to 2 to 5%. The irradiated conidium suspension was diluted,
plated on AMM agar plates, and incubated at 37°C in the dark. Revertants
producing grey-green spores were generated by subjecting W mutant conidia to
UV mutagenesis as described above.

Molecular typing. For small-scale preparation of A. fumigatus chromosomal
DNA, the technique of Raeder and Broder, developed for Aspergillus nidulans,
was used (36). Molecular typing of A. fumigatus strains and mutants was per-
formed essentially as described by Aufauvre-Brown et al. (3). As a primer, R151
(59-GCTGTAGTGT-39) was used. PCRs were performed essentially as de-
scribed by Aufauvre-Brown et al. (3), with the following modifications: the
annealing temperature for chromosomal DNA and primers was 30°C, the
amount of oligonucleotides used in a 50-ml reaction mixture was 20 pmol, and 2
U of Taq polymerase from Eurogentec (Silverstar, Belgium) was used. PCR
products were subjected to agarose gel electrophoresis and ethidium bromide
staining according to standard procedures. The oligonucleotide R151 gave re-
producible products which allowed the A. fumigatus strains analyzed to be dis-
tinguished.

Scanning electron microscopy. Conidia were plated on slides coated with
AMM agar. The slides were incubated at 37°C for 72 h. Colonies were fixed with
2.5% (vol/vol) glutaraldehyde in 75 mM cacodylate buffer (pH 7.0), postfixed
with osmium tetroxide, dehydrated in a graded series of acetone solutions,
critical-point dried from liquid CO2, mounted on stubs, and coated with 3- to
5-nm gold-palladium with a magnetron sputter coater. All chemicals were ob-
tained from Sigma (Munich, FRG). The specimens were examined with a Hitachi
S-4100 field emission scanning electron microscope operated at 15 kV.

In vitro determination of fungal susceptibility to oxidants. Hydrogen peroxide
and sodium hypochlorite were applied as oxidants in phosphate-buffered saline
(PBS). Conidium suspensions were adjusted to 106/ml in PBS buffer. One hun-
dred microliters of an oxidant and 100 ml of conidium suspension were pipetted
in round-bottom microtiter plates (Greiner, Nürtingen, FRG), centrifuged at
1,000 3 g for 5 min, and incubated at 30°C for 14 h. Thereafter, the fluid was
carefully aspirated and replaced by 50 ml of RPMI 1640 (Biochrom, Berlin,
FRG) containing 0.5 mg of MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] (Serva, Heidelberg, FRG) per ml and 100 mM menadione
(Sigma). The incubation was continued for another 3 h to allow the formation of
formazan by viable conidia (16). Formazan crystals were dissolved by addition of
150 ml of acidic isopropanol (95 ml of isopropanol and 5 ml of 1 N HCl) per well
and vigorous shaking for 10 min. Aliquots (150 ml) were transferred to enzyme-
linked immunosorbent assay reader plates (Greiner), and measurements were
made immediately in a microplate reader (EAR400; SLT, Crailsheim, FRG) at

550 nm. Wells containing the respective oxidant concentrations without conidia
served as background controls. Conidia cultivated without oxidants were used as
growth controls. The oxidant-induced growth inhibition (GIox) was determined
by the following equation: GIox 5 1 2 [(ODox1s 2 ODox)/ODs], where ODox1s
is the optical density in wells after incubation of conidia with oxidant, ODox is the
optical density in wells containing medium and the respective oxidant concen-
tration only, and ODs is the optical density in wells containing conidia without
oxidant as a growth control. Susceptibility to the oxidant was expressed as the
50% inhibitory concentration (IC50), which is the concentration leading to a
growth inhibition of 50%.

Preparation of phagocytes. Human polymorphonuclear leukocytes (PMN)
were prepared from freshly drawn heparinized blood, and monocytes were iso-
lated from buffy coat as previously described (27, 28).

Measurement of ROS release by phagocytes. Release of ROS was assessed by
employing a modified luminol-dependent chemiluminescence assay, as described
by Watson et al. (49). Freshly isolated cells were resuspended to give a final
concentration of 2.5 3 106/ml in Hanks balanced salt solution–20 mM HEPES
buffer (pH 7.3) containing luminol (Sigma) at 125 mM. Two hundred microliters
of cell suspension was mixed with 20 ml of conidium suspension in white flat-
bottom microtiter plates (Greiner) at effector/target (E/T) ratios of 1:0.16 to
1:10. The plates were placed in a microplate luminometer (Microlumat LB96p;
EGG Berthold, Bad Wildbad, FRG) equipped with a temperature device to keep
plates at 37°C. Cells treated with 10 nM phorbol-12-myristate-13-acetate (PMA)
(Sigma) served as positive controls; cells incubated without conidia served as
background controls. ROS release was measured at 5-min intervals for 45 min.
All assays were performed in duplicate.

Measurement of fungal damage mediated by monocytes. The measurement of
mitochondrial activity as a parameter for fungal damage has been established for
adherent hyphae (24, 39). Conidia, however, are nonadherent and would be lost
during the detergent lysis and washing steps. Therefore, we developed a novel
approach for the release of phagocytized conidia by permeabilizing the cells with
the pore-forming toxin streptolysin O (SLO). SLO treatment for 30 min leads to
membrane permeabilization and killing of phagocytes (5). Fungal mitochondrial
activity was unaffected by SLO and could be quantified without further washing
steps in a menadione-augmented MTT test, as previously described (16, 17).
Monocytes (3 3 105) were incubated with A. fumigatus conidia at an E/T ratio of
1:2 in minimal essential medium (MEM) supplemented with 10% normal human
serum at 37°C with 5% CO2 for 12 h. Incubations were carried out in flat-bottom
microtiter plates (Nunc, Wiesbaden, FRG). The medium was then removed and
replaced by 50 ml of MEM per well containing SLO at a final concentration of 20
mg/ml. After 30 min at 37°C, the monocytes were completely permeabilized and
killed. Ten microliters of MEM containing 2.5 mg of MTT per ml and 0.5 mM
menadione was added to each well, and after a further incubation at 37°C for 3 h,
the MTT test was continued as described above. For comparison of strains, a
damage index (DI) was calculated by applying the following equation: DI 5 1 2
[(ODc1s 2 ODc)/ODs], where ODc1s is the optical density in wells containing
conidia and cells, ODc is the optical density in wells with cells only, and ODs is
the optical density in wells containing conidia only.

FIG. 1. Scanning electron microscopy photographs of conidia of the WT (A) and W mutant (B) strains. Bar, 1.5 mm.
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In vivo testing of virulence. An intravenous murine animal model of invasive
aspergillosis was employed according to standard procedures (12, 45, 50). A. fu-
migatus strains were grown on malt extract agar slopes (Difco, Detroit, Mich.) for
20 days at 28°C in the dark. Conidia were washed off with PBS containing 5 ml
of Tween 20 (Sigma) per ml by using a Vortex mixer. This suspension was washed
twice with PBS and further diluted with PBS to a final inoculum size of 2 3 107

conidia/ml, as determined by cell counting in a Neubauer chamber. Eight-week-
old, specific-pathogen-free, male CFW1 mice (Hsd Win: CFW1; Harlan-Winkel-
mann, Paderborn, Germany) weighing 20 g were housed in groups of five in type
two Macrolon cages (Ehret, Emmendingen, Germany). A group of 15 animals
was infected with the A. fumigatus WT and W strains by injecting 0.2 ml of an
inoculum suspension containing 4 3 106 conidia into the lateral tail vein with an
0.45- by 23-mm needle. In experiments with revertant strains WRV1 to -4, groups
of five animals per strain were infected. The environmental temperature was kept
constant at 23°C. Rat-mouse diet (Sniff, Soest, Germany) and water were pro-
vided ad libitum. Light-dark periods were adjusted to 12 h of light and 12 h of
darkness daily. The acclimatization time before the experiment was 1 week.
Animals were observed for mortality twice daily over a period of 9 days.

Statistical analysis. Statistical analysis was performed with Prism software
(GraphPad Inc., San Diego, Calif.). Determination of statistical significance in

the in vitro experiments was done by the two-tailed Student t test for unpaired
samples. Mortality data in animal experiments were evaluated by Kaplan-Meyer
plot analysis.

RESULTS

Isolation of an A. fumigatus mutant with altered conidia.
The mutagenesis experiments described in Materials and
Methods led to the isolation of a mutant strain which appar-
ently lacked the ability to produce pigmented conidia and was
therefore designated the white (W) strain. On AMM agar
plates with glucose as the sole carbon source, at 28 and 37°C no
difference between the growth rates of the W mutant strain
and the WT was observed. Furthermore, the germination rates,
as assessed by microscopy, and MTT conversion in submerged
cultures were found to be the same for both strains.

Conidia of both the WT and the W mutant were analyzed by
scanning electron microscopy (Fig. 1). WT conidia showed a
rough surface covered with ornaments. In contrast, conidia of
the W mutant had a smooth surface with hardly any ornaments
on the conidial wall (Fig. 1). Further inspection of the whole
conidiophore of the W mutant did not reveal additional major
structural changes in its morphology compared with the WT
(data not shown).

Fungal susceptibility to oxidants. Isolation of the W mutant
strain enabled us to analyze whether the conidial pigment is
important as protectant against ROS. Hence, viability of con-
idia after treatment with H2O2 and NaOCl was determined by
the menadione-augmented MTT test (Fig. 2). For WT conidia,
the IC50 of hydrogen peroxide was determined to be 40 mM,
whereas for W conidia, the IC50 was 2 mM (Fig. 2A). A similar
result was obtained when NaOCl was used: the IC50 for WT
conidia was 35 mM, whereas that for W conidia was only 2.5
mM (Fig. 2B). Thus, nonpigmented W conidia were 10- to

FIG. 2. Susceptibility of W (E) and WT (F) conidia to damage by oxidants.
Conidia (105/well) were incubated at 30°C for 14 h with H2O2 (A) or NaOCl (B),
and then an MTT test was performed. Wells incubated without oxidants served
as a growth control; wells containing the oxidants only served as background
controls. The calculated damage, given as relative growth inhibition, was plotted
against the oxidant concentration. All assays were run in triplicate. Data are
given as means and standard deviations.

FIG. 3. Release of ROS caused by A. fumigatus conidia. PMN (h) or mono-
cytes (■) (5 3 105/well) were incubated with 5 3 106 conidia of either the WT
strain or strain W at 37°C for 20 min. Release of ROS was assessed by luminol-
mediated chemiluminescence. Cells incubated without conidia served as a back-
ground control. Stimulation of cells with 10 nM PMA was employed as a positive
control. Data represent means and standard deviations. All assays were run in
duplicate. rlu, relative light units.
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12-fold more susceptible to oxidants than WT conidia, suggest-
ing that the pigment plays an important role as a protectant
against ROS.

ROS release by phagocytes caused by A. fumigatus WT and
mutant conidia. Phagocytes are known to be a key component
of the host defense against Aspergillus. To assess activation of
phagocytes by both the W mutant and the WT, ROS release
was measured after challenge with the respective conidia. Co-
incubation of phagocytes with W conidia resulted in a 10-fold
increase in the amount of detectable ROS compared with that
observed with WT conidia. This increase in ROS provoked by
W conidia was comparable to that observed following stimu-
lation of phagocytes with a standard inducer of the oxidative
burst, 10 nM PMA (Fig. 3). WT conidia caused the release of
only a small amount of ROS by PMN, and no ROS were
measured after incubation of monocytes with these conidia
(Fig. 3). The release of ROS was detectable after 5 min and
reached a maximum after 15 to 20 min. After 30 min, ROS
release decreased slowly (Fig. 4A) Incubation with WT conidia
led to a small but constant ROS release during the whole
incubation period (Fig. 4A). A dose-dependent release was
observed for W conidia with E/T ratios of 1:0.3 to 1:5 (Fig. 4B).

Monocyte-mediated damage to outgrowing A. fumigatus mu-
tant conidia. To evaluate potential differences between the
WT and W mutant strains with regard to their susceptibility to
intracellular anticonidial activity in monocytes, we assessed the
damaging effects on conidia of both strains after ingestion and
reisolation from human monocytes in vitro. Ingestion of mu-
tant and WT conidia by monocytes was equally effective as
seen by phase-contrast microscopy. However, marked differ-
ences in the growth-inhibitory effect of monocytic cells on the
different conidia were observed. In the MTT test, inhibition of

FIG. 4. Dose-response relationship and kinetics of ROS release by PMN induced by A. fumigatus conidia. PMN (5 3 105 per well) were incubated with W (E) or
WT (F) conidia at 37°C for 40 min. PMA (10 nM) (å) was used as a positive control; PMN alone (■) served as a background control. (A) Kinetics. All assays were
run in triplicate (n 5 3). (B) Dose-dependent curves. The E/T ratio was varied in a range of 1:0.16 to 1:10. A linear increase in ROS production by PMN was detected
with W conidia up to an E/T ratio of 1:5. Further increases in the E/T ratio did not significantly augment the ROS response. WT conidia induced small amounts of
ROS, and no clear dose dependency could be established. Data are given as means and standard deviations. rlu, relative light units.

FIG. 5. In vitro damage of A. fumigatus conidia by monocytes. WT and W
conidia were incubated with and without monocytes in MEM–10% normal hu-
man serum for 12 h at an E/T ratio of 1:1. For lysis of monocytes, wells were
treated with SLO for 30 min and the MTT test was performed. The mean relative
damage and standard deviation were calculated for each strain (n 5 3). p, P ,
0.05.
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W conidia was 71%; this was significantly higher (P , 0.05)
than that of WT conidia, which were inhibited by only 52%
(Fig. 5). These findings suggest that the mutant strain was
more effectively damaged by monocytes than the parental WT
strain.

The W mutant displays reduced virulence in mice. To test
the virulence of the W mutant, mice were injected with defined
numbers of conidia and survival of animals was monitored over
9 days. No immediate reactions were observed directly after
intravenous application of the conidia. As shown in Fig. 6,
conidia of the WT strain caused death of all animals within 8
days. The virulence of conidia of the W strain was significantly
reduced, to approximately 50%, as shown by the mortality of 7
of 15 for animals infected with W conidia (Fig. 6).

Isolation and analysis of revertants of the W mutant. The W
mutant exhibited two phenotypes: lack of pigmentation and
altered surface structure. These phenotypes could be due to
several different mutations or a single mutation. In order to be
able to elucidate the molecular basis of the reduced virulence
of this strain, it was prerequisite to analyze how many muta-
tions in the mutant caused these phenotypes. Because A. fu-
migatus as a deuteromycete lacks a sexual cycle and also be-
cause classical genetic methods based on parasexuality are
poorly developed, a classical reversion analysis was performed.
For this purpose, W conidia were subjected to UV mutagen-
esis, and among 4 3 104 colonies screened, four colonies that
showed WT pigmentation, i.e., had reverted from the W to the
green phenotype, were obtained. They were designated WRV1
(for W revertant 1) to WRV4. To rule out contamination with
unrelated Aspergillus strains, revertants were analyzed by mo-
lecular typing according to the method of Aufauvre-Brown et
al. (3). Chromosomal DNAs of the different A. fumigatus
strains, control strains, and also related species were isolated
and subjected to PCRs with oligonucleotide R151, as outlined
in Materials and Methods. As shown in Fig. 7, the oligonucle-
otide allowed discrimination between the different A. fumiga-
tus strains and also between A. fumigatus and the other ana-
lyzed Aspergillus species. The molecular typing demonstrated
that all revertants, the W mutant, and the ancestor strain
ATCC 46645 have the same molecular pattern, indicated by a
DNA band of about 680 bp (Fig. 7).

Scanning electron microscopy revealed that reversion of pig-

mentation was paralleled by reversion of the smooth surface
characteristic of W conidia to the rough WT conidial surface
(Fig. 8). Since both phenotypes coreverted to the WT pheno-
type, this strongly suggests that both phenotypes are due to a
single mutation. The IC50s for W revertants exposed to hydro-
gen peroxide were the same as for WT conidia (data not
shown). Furthermore, the ability of revertant conidia to stim-
ulate the oxidative burst was also significantly lower than that
of W conidia and reached the level of WT-induced ROS re-
lease (Fig. 9). The revertants were also tested in a murine
animal model (Fig. 6). The mortality of animals infected with
revertant conidia was 100% (five of five), as shown, for exam-
ple, for WRV1 and WRV2 (Fig. 6). Similar results were ob-
tained with conidia of WRV3 and WRV4 (data not shown).
Taken together, these data demonstrated that both the host
response against conidia of the revertants in vitro and the
virulence of the conidia were restored and corresponded to
those seen with WT conidia.

DISCUSSION

In most cases, inhalation of A. fumigatus conidia is the initial
event of infection. Then, for establishing disease, the conidia
need to germinate, which requires metabolic adaptation. They
also must be able to withstand a possible attack by phagocytes.
To gain insight into putative conidium-specific factors involved
in virulence, an A. fumigatus mutant producing conidia that
had lost conidial pigmentation was isolated. The conidia were
tested for their ability to cause ROS production in human
monocytes and PMN. Conidia of the WT strain led to only a
small release of ROS, which agreed well with previous results
reported by Levitz and Diamond (25). In contrast, however,
conidia of the W mutant caused a strong ROS release by both
cell types. Two explanations for this observation have to be
considered. First, it could be due to the fact that conidia of
both strains induced an oxidative burst to the same extent, but
the produced ROS were scavenged by the pigment present in
WT conidia and thus were not detected by chemiluminescence.
For some fungal pigments the ability to scavenge ROS has
been already shown (14, 47), and here this assumption was
supported by the observation that W conidia were 10- to 12-

FIG. 6. Survival of mice after infection with A. fumigatus conidia. Animals
were infected with conidia of A. fumigatus W (E), WT (F), WRV1 (■), and
WRV2 (h) by lateral tail vein injection. For W and WT, 15 animals each were
used, whereas for WRV strains, 5 animals each were infected. Survival was
monitored for 9 days.

FIG. 7. DNA fragments amplified from genomic DNA samples from differ-
ent Aspergillus strains. Numbers on the left and right indicate sizes of the com-
ponents of a 100-bp DNA ladder. A 1.8% agarose gel was used. Lanes: 1, 100-bp
ladder; 2, control reaction in which target DNA was omitted; 3, A. fumigatus
revertant 1; 4, A. fumigatus revertant 2; 5, A. fumigatus revertant 3; 6, A. fumiga-
tus revertant 4; 7, A. fumigatus WT strain ATCC 46645; 8, A. fumigatus W
mutant; 9, A. fumigatus WT strain CBS 113.26; 10, A. fumigatus CBS 386.75
(albino); 11, A. nidulans R21; 12, A. niger N402; 13, 100-bp ladder.
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fold more sensitive to both hydrogen peroxide and NaOCl than
WT conidia. This indicates that ROS scavenging also occurs in
pigmented A. fumigatus conidia and thus confers relative pro-
tection against damage caused by ROS.

Alternatively, it is conceivable that W conidia were better
recognized by phagocytes because the conidial surface of the
W mutant differed markedly from that of the WT. This might
result in a more efficient and stronger activation of phagocytes,
which would explain the observed increase in production of
ROS when the immune cells were challenged with W mutant
conidia. As the two mechanisms, i.e., lack of quenching ability
and activation by an altered conidial surface, are functionally
independent, the observed difference in ROS release may well
result from a combined effect of both mutant properties.

To quantify the damage of A. fumigatus conidia after their
ingestion by monocytes, a modified MTT assay for conidial
mitochondrial activity was developed. The results obtained
with this test revealed that conidia of the W mutant were more
efficiently damaged after phagocytosis than WT conidia. These
in vitro findings obtained with monocytes correlated well with
the results of in vivo experiments with immunocompetent
mice. For the in vivo studies, an intravenous murine model of
invasive aspergillosis was chosen because it is well standardized
and reproducible. This animal model obviated the induction of
immunosuppression with the risk of concomitant bacterial in-
fections and allowed an exact definition of the infection dose
(50). It is worth noting that the systemic intravenous applica-

FIG. 8. Scanning electron microscopy photographs of conidia of revertant strains WRV1 (A), WRV2 (B), WRV3 (C), and WRV4 (D).

FIG. 9. Relative induction of oxidative burst by W revertant conidia. Cells
(5 3 105 per well) were incubated with 106 conidia of revertant strains (WRV1
to WRV4), the W mutant, or the WT at 37°C for 20 min. Release of ROS was
assessed by luminol-mediated chemiluminescence. Cells incubated without
conidia served as a negative control. The value obtained with W conidia was set
at 1.00. The relative values given for conidia of each strain represent the means
and standard deviations for two independent experiments.
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tion leads to typical granulomatous foci with macrophages and
neutrophils as predominant cell types (22, 50), and results
comparable to those with the inhalation model have been ob-
tained in various pharmaceutical studies (11). In the intra-
venous animal model of invasive aspergillosis used here, a
significant reduction of virulence was observed with the W
mutant. Hence, these in vivo studies supported our model
based on the in vitro data; i.e., loss of pigmentation renders
conidia more susceptible to ROS, and/or W conidia were bet-
ter recognized by phagocytes.

The mutant strain described here was generated from a
defined parental American Type Culture Collection strain by
UV mutagenesis. An important genetic question concerned
the number of mutations present in the W mutant and causing
the observed phenotypes. A classical reversion analysis of the
W mutant led to the finding that, most likely, a single mutation
caused both phenotypes of the conidia, i.e., lack of conidial
pigmentation and smooth cell surface structure.

Compared with W conidia, all of the isolated revertant
conidia also had a reduced ability to induce an oxidative burst
in both PMN and monocytes. The amount of ROS released
upon challenge with revertant conidia was comparable to that
seen with WT conidia (Fig. 9). In addition, when the revertant
conidia were tested for virulence in the mouse model, the same
mortality rate as observed after infection with WT conidia was
attained. Taken together, these data show that all phenotypes
attributed to W conidia, i.e., altered conidial surface, amount
of ROS release, damage by monocytes, and reduced virulence
in a murine animal model, coreverted in all four revertants
which had regained the ability to produce green spores. This
finding strongly suggests that the A. fumigatus mutant de-
scribed here carried a single mutation which caused all of the
observed phenotypes. Hence, we propose that this feature of
WT conidia which is lost in W conidia, apparently by a single
mutation, contributes to pathogenicity of A. fumigatus.

Whether this mutation directly interfered with pigment syn-
thesis remains to be elucidated. It is also conceivable that a
factor required for correct processing or embbeding of pig-
ment into the cell wall was mutated, thus resulting in altered
surface structures of W conidia. Previously, a spontaneous
white-spored mutant strain of A. fumigatus was isolated (6).
The mutation was complemented by transforming the strain
with a plasmid containing the wA gene from A. nidulans, sug-
gesting that the mutant carries a defective wA gene (6). At
present, the molecular basis of the W mutant characterized
here with regard to virulence has not been analyzed. The
cloning of the corresponding W gene, however, which is cur-
rently in progress, will help to answer questions related to its
structure and function.
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