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A defect in the pksP gene of Aspergillus fumigatus is associated with the loss of conidial pigmentation, a
profound change of the conidial surface structure, and reduced virulence. The structural change of the conidial
surface structure was not observed in similar A. nidulans wA mutants. Our data indicate that the pigment of
both species is important for scavenging reactive oxygen species and for protection of conidia against oxidative
damage.

Aspergillus spp. are the predominant causative agents of in-
vasive pulmonary aspergillosis (IPA), an often lethal infection
of the immunocompromised host (4, 10, 13, 16). Since conidia
are the infectious agent in IPA, recent studies focused on the
elucidation of conidial factors contributing to pathogenicity (8,
17). Previously, we and others have shown that conidia lacking
pigmentation due to the defective polyketide synthase gene
pksP were less resistant to the attack by monocytes in vitro and
showed reduced virulence in a murine animal model (8, 9, 17,
18). During these studies, it became apparent that coincuba-
tion of human phagocytes with pksP mutant conidia resulted in
a marked increase in the release of reactive oxygen species
(ROS) compared with wild-type (wt) conidia (8). Since a de-
fective pksP gene not only impaired conidial pigmentation but
concomitantly resulted in profound alterations of the conidial
surface (8, 9), the question arose as to whether the large
amounts of ROS detected after incubation of phagocytes with
pksP mutant conidia were due to a change in the activation
pattern of the cells or, alternatively, reflected the lack of ROS
quenching capacity caused by the loss of conidial pigment. To
address this question, conidia of wt strains of both Aspergillus
fumigatus and the nonpathogenic fungus Aspergillus nidulans
were compared with their respective pigmentless mutant
strains.

The WA mutant of A. nidulans (strain WG370; wA3 bgaO
biA1) lacking the conidial pigment due to a defective
polyketide synthase gene (wA) was constructed by a sexual
cross of appropriate parental strains (12) using standard ge-
netic techniques (14). The wA gene product might have a
function similar to that of the pksP gene product of A. fumiga-
tus, although major differences between the pigment biosyn-
theses of the two Aspergillus species exist (2, 18; this study).

As previously reported, conidia of the A. fumigatus wt strain
showed a rough surface; i.e., they had an ornamentation which
was lacking in the pksP mutant strain (8, 9) (Fig. 1A and B).
The A. nidulans wt conidia showed a similar ornamentation
(Fig. 1C). In contrast to the pigmentless pksP mutant strain of
A. fumigatus, however, similar pigmentless conidia of A. nidu-
lans (wA) still exhibited the ornamentation characteristic of

wild-type conidia (Fig. 1D). Taken together, the difference in
surface structure between the A. fumigatus pksP mutant and
the A. nidulans wA mutant further supports the assumption
that different pathways exist for either conidial pigment bio-
synthesis or pigment deposition in the two species (1). As was
noted previously with both cell types, i.e., human polymorpho-
nuclear leukocytes (PMN) and monocytes, the amount of ROS
detected in response to pigmentless A. fumigatus pksP mutant
conidia was 10-fold higher than that of the respective wt
conidia (8, 9) (Fig. 2A and B). To analyze the release of ROS
upon incubation of the same cell types with A. nidulans
conidia, ROS were measured on the basis of luminol-depen-
dent chemiluminescence as was previously described (8). In
brief, human PMN were prepared from freshly drawn hepa-
rinized blood and monocytes were isolated from the buffy coat.
The cells were resuspended to give a final concentration of
2.5 3 106/ml in Hank’s balanced salt solution–20 mM HEPES
buffer (pH 7.3) containing 125 mM luminol (Sigma, Munich,
Germany). Two hundred microliters of cell suspension was
mixed with 20 ml of conidium suspensions in white flat-bottom
microtiter plates (Greiner, Nürtingen, Germany) at an effec-
tor-to-target ratio of 1:10. Plates were placed in a microplate
luminometer (Microlumat LB96p; EGG Berthold, Bad Wild-
bad, Germany) equipped with a temperature control device to
keep plates at 37°C. Cells treated with 10 nM phorbol myris-
tate acetate (PMA) (Sigma) served as positive controls, and
cells incubated without conidia served as background controls.
Wells were measured in 5 min intervals for 45 min. All assays
were performed in duplicate.

Results obtained with the A. nidulans conidia were similar to
those obtained for A. fumigatus; i.e., the pigmentless wA mu-
tant conidia led to a 10-fold increase in ROS release compared
with wt conidia (Fig. 2A and B). The amounts of ROS released
after coincubation of immune effector cells with pigmentless
conidia were comparable to those observed after stimulation of
the cells with PMA. Because the release of ROS was the same
for both pigmentless A. fumigatus and A. nidulans conidia, the
altered conidial surface of the A. fumigatus pigmentless mutant
may not be responsible for the increased ROS release.

Some fungal pigments are known to quench ROS. This was
shown, for example, in studies on oxidative damage of Wang-
iella dermatitidis and Cryptococcus neoformans and also on A.
fumigatus conidia (3, 6–8). Therefore, it was conceivable that
the apparent absence of oxidative burst by PMN in response to

* Corresponding author. Mailing address: Institute of Medical Mi-
crobiology and Hygiene, Hochhaus am Augustusplatz, D-55101 Mainz,
Germany. Phone: 49-6131-39-37376. Fax: 49-6131-39-22359. E-mail:
bjahn@mail.uni-mainz.de.

3736



wt conidia of A. fumigatus or A. nidulans was due to a quench-
ing effect of the wild-type pigments (11) (Fig. 2A and B). The
ROS might well be released during the interaction of A. nidu-
lans and A. fumigatus wt conidia with immune effector cells.
However, their detection might be impaired due to immediate
quenching of nascent ROS by the conidial pigment. To address
this question, the ROS quenching ability of conidia was ana-
lyzed. For this purpose, the phagocytes were stimulated with 10
nM PMA in the presence or absence of A. nidulans and A.
fumigatus wt as well as pigmentless mutant conidia (Fig. 2).
When phagocytes were stimulated with PMA in the presence
of wt conidia, the amounts of ROS detected decreased by 80 to

90% compared with the ROS release detected when PMA
alone was applied (Fig. 2A and B). By contrast, stimulation of
both PMN and monocytes by PMA in the presence of pksP or
wA mutant conidia resulted in a 1.6- to 1.8-fold increase in
detectable ROS compared with the stimulation observed with
PMA alone, respectively, suggesting that the latter conidia
cannot quench the ROS and, in addition, have an even additive
stimulatory effect on ROS release (Fig. 2A and B). Taken
together, these experiments strongly suggest that the pigments
of both A. fumigatus and A. nidulans have ROS quenching
ability.

Further support for the hypothesis that Aspergillus conidial

FIG. 1. Scanning electron micrographs of conidia. (A) A. fumigatus wild-type strain ATCC 46645. (B) A. fumigatus pksP mutant W (8, 9). (C) A. nidulans wild-type
strain AXB4A (1). (D) A. nidulans wA mutant WG370 (this study).
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pigment functions as a ROS quencher was obtained from ex-
periments on conidial damage by oxidizing agents. In a previ-
ous study, we had reported that pigmentless A. fumigatus pksP
conidia were damaged significantly more by exposure to both
H2O2 and NaOCl than were pigmented wt conidia (8). To test
whether this is also true for A. nidulans, 1 3 106 conidia per
microwell of both the pigmented wt and the pigmentless wA
strain of A. nidulans were coincubated with either H2O2 or
NaOCl at the concentrations indicated in Fig. 3. Subsequently,
conidial growth was assessed by conversion of MTT [3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide]
(Serva, Heidelberg, Germany), and the relative growth inhibi-
tion was calculated. For comparison, oxidant concentrations
leading to a 50% growth inhibition (IC50s) were determined.
All procedures were carried out exactly as described previously
(8). Exposure to H2O2 revealed an IC50 of 30 mM for A.
nidulans wt conidia and 6 mM for wA conidia (Fig. 3A). The
fivefold difference in IC50s observed here for A. nidulans pig-
mented and pigmentless conidia agreed well with previous
reports on A. fumigatus conidia that demonstrated 10-fold-
higher IC50s towards H2O2 or NaOCl of pigmented wt conidia
compared with pigmentless pksP mutant conidia (8). When the
susceptibility of A. nidulans conidia towards NaOCl was as-
sessed, IC50s were found to be 0.2 mM for wt conidia and 0.07

mM for wA conidia (Fig. 3B). These results show that the loss
of conidial pigment, in both A. nidulans and A. fumigatus, is
linked with an increased susceptibility of conidia towards oxi-
dizing agents. Taken together, these results strongly suggest
that the release of ROS from human monocytes and PMN in
response to pigmentless A. fumigatus conidia was not related to
the change of the conidial surface, which is associated with the
loss of the pigmentation only in A. fumigatus. Our findings
indicate that the conidial pigments of both A. fumigatus and A.
nidulans are potent quenching agents of ROS released from
PMN and monocytes. Therefore, pigments might contribute to
the relative resistance of conidia against the attack by neutro-
phils, as described for A. fumigatus (11). Furthermore, the lack
of pigmentation resulted in an increased susceptibility towards
oxidative attack, as seen in both A. nidulans and A. fumigatus
(8). These findings underline the important role of fungal
pigments, present in a variety of human mycopathogens, as
protective agents against oxidant-based host defense mecha-
nisms (5, 15, 19). However, they do not explain why A. fumiga-
tus conidia can be pathogenic whereas this is rarely the case for
A. nidulans conidia. Since the biosynthesis pathways of both
conidia apparently differ, i.e., A. fumigatus apparently produces
the conidial pigment via the 1,8-dihydroxynaphthalene (DHN)-
melanin pathway, which seems to be lacking in A. nidulans (2,

FIG. 2. ROS release by phagocytes detected following their confrontation
with conidia. Human monocytes (A) or human PMN (B) were incubated with
conidia of the indicated strain (x axis) in the presence (■) or absence (h) of
PMA. ROS release by untreated cells served as the background control. Data are
given as relative ROS release. The release by PMA-stimulated cells was set to 1.
The same strains described in the legend to Fig. 1 were used.

FIG. 3. Susceptibility of pigmented and pigmentless A. nidulans conidia to
damage by oxidants. The A. nidulans wt strain AXB4A (1) and the pigmentless
wA strain WG370 (see the legend to Fig. 1) were used. First, 1 3 106 conidia per
well of the wt (■) and wA (h) strains were incubated at 30°C for 14 h with H2O2
(A) or NaOCl (B), and then an MTT test (8) was performed on the wells. Wells
incubated without oxidants served as the growth control, and wells containing
only the oxidants served as background controls. The calculated damage, given as
relative growth inhibition (y axis), was plotted against the respective oxidant
concentration (x axis). All assays were run in duplicate (n 5 3).
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17, 18), an attractive hypothesis is that during pigment biosyn-
thesis A. fumigatus produces intermediates or shunt products
interfering with an appropriate host response. Contrary to this
hypothesis, Schnitzler et al. (15) recently reported that shunt
products of DHN-melanin-deficient E. dermatitidis strains had
no adverse effect on phagocytosis and intracellular killing by
human PMN. However, A. fumigatus melanin biosynthesis ap-
parently differs from the classical DHN-melanin pathway (18);
hence, the possibility that during pigment biosynthesis in A.
fumigatus compounds toxic to the immune effector cells con-
tribute to the pathogenic potential of this human mycopatho-
gen needs further elucidation. Alternatively, it is also conceiv-
able that in addition to the DHN-melanin, the pksP gene
product is also involved in the biosynthesis of other, yet un-
known, polyketides which might be toxic to immune effector cells.
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