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FIG. 6. Lung histopathology of BALB/cJ mice intranasally infected with the bioluminescent A. fumigatus strain C3. (A and B) Multifocal
inflammatory lesion, generally centered on bronchi and bronchioles (arrows) and rarely extending to alveoli and blood vessels (veins and arteries)
(arrowheads), characterized by infiltration of karyorrhectic neutrophils (suppuration) and erythrocytes (hemorrhage) (C), destruction of the
bronchial/bronchiolar overlying epithelium (necrosis) (C), and the presence of intralesional fungal hyphae (D). These hyphae generally did not
cross the bronchiolar wall (arrowheads in panel D). Panels A and C show hematoxylin and eosin staining, and panels B and D show Grocott’s

methenamine silver staining.

expression analysis of a mouse infected with the wild-type
strain showed that, even in the late stage of the infection
process, gpdA transcripts were present (Fig. 3B). p-Luciferin
injected into the lungs after the lungs were removed from
dead animals revealed an extremely high luminescence, con-
firming the presence of viable fungal cells (Fig. 5).

Infected-mouse necropsy revealed suppurative and hemor-
rhagic bronchopneumonia in all animals. By histology, we ob-
served a multifocal inflammatory lesion, centered on bronchi
and bronchioles. This was characterized by destruction of the
overlying epithelium and filling of the lumen by an acidophilic
amorphous material containing cell debris (necrosis), karyor-
rhectic neutrophils (suppurative lesion), extravasated erythro-
cytes (hemorrhage), and fungi, which were differentiated by
using Grocott’s methenamine silver method (Fig. 6).

Altogether, these results explain the clinical signs of respi-
ratory distress observed from day 2 until the death of the
animals. They also confirm previous experiments in which cor-
ticosteroid treatments led to hyperinflammation caused by
neutrophils at the site of infection (19).

DISCUSSION

In this study, we constructed a bioluminescent pathogenic A.
fumigatus strain to monitor the manifestation of invasive as-
pergillosis in live animals and to use this strain in different
assay systems to test antifungal drug efficiency. Since bacterial
luciferase operons have not been adapted for use in eukaryotic
systems, we utilized the luc gene from the firefly Photinus
pyralis to construct a strain constitutively producing luciferase.
Since only limited data on the nutrient consumption of patho-
genic fungi during tissue invasion are available, the promoter
region of the glyceraldehyde-3-phosphate dehydrogenase gene
(gpdA) was selected. GpdA functions in glycolysis and gluconeo-
genesis and catalyzes the interconversion of glyceraldehyde-3-
phosphate and 1,3-bisphosphoglycerate. Therefore, GpdA is
assumed to be indispensable for the pathogen. This is also
supported by investigations of the pathogenic yeast C. albicans.
Although enzymes involved in both glycolysis and gluconeo-
genesis are differentially regulated during pathogenesis of C.
albicans, they have been shown to be essential for full viru-
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lence, confirming the importance of both pathways during
pathogenesis (2).

To confirm the functionality of GpdA from A. fumigatus, we
produced the enzyme heterologously in E. coli. The purified
protein showed significant activity in the conversion of glycer-
aldehyde-3-phosphate to 1,3-bisphosphoglycerate, which en-
sured that the selected promoter region indeed belonged to a
functional gpdA gene. The fact that the promoter was active
during invasive growth, as shown by the detection of the gpdA
transcript from an infected mouse lung, also implies the im-
portance of glycolysis/gluconeogenesis during the infection
process of A. fumigatus.

Light emission from different 4. fumigatus transformants
correlated with the number of ectopic DNA integrations.
Strain C3 was judged most suitable for subsequent investiga-
tions, since no phenotypic growth effects became visible and
attenuation in virulence was not observed. In addition, lucif-
erase was produced under all growth conditions tested, al-
though some variations, depending on the available nutrients,
were observed. All strains displayed light emission not only
from cell extracts but also from whole cells, which confirms
that the cells take up p-luciferin efficiently. This observation
reveals an advantage for the A. fumigatus strain over the lucif-
erase-producing C. albicans strain, which was assumed to take
up D-luciferin efficiently only in the yeast growth state but not
in the hyphal growth state (11). In our model, the A. fumigatus
strain allowed the in vivo monitoring of luciferase production
in relation to the fungal growth state and the quantification of
the biomass produced. These parameters are essential prereq-
uisites for monitoring the antifungal efficiencies of different
drugs in our experiments.

Antifungal drug testing requires an easy and efficient read-
out system. Different standardized methods, such as the
M38-A test, agar diffusion assays, the Etest, and others, are
currently used to determine the susceptibility of filamentous
fungi against antifungals (21). All of these tests are quite la-
borious or expensive and are therefore difficult for the appli-
cation of screening attempts on drug libraries. Although our
luciferase-based assay system is limited to a single A. fumigatus
strain, the construction of additional luciferase-producing fun-
gal strains is under way. These luciferase-producing strains
may be suitable to prescreen drug libraries, at least in vitro, for
the presence of new antifungal compounds.

One of the most interesting features of the luciferase-based
system is the high correlation between light emission and fun-
gal growth and the possibility of gleaning information related
to the mode of action of an antifungal drug. In both treat-
ments, cycloheximide at 50 pg/ml and nystatin at 3 pg/ml, we
observed similar fungal growth indexes of 1.04 and 1.08, re-
spectively. However, light emission and thus luciferase activity
were strongly reduced with cycloheximide compared to levels
with nystatin. This difference may reflect the different modes of
action of these compounds.

In contrast to cycloheximide, which inhibits the de novo
synthesis of proteins, nystatin forms ion channels in the fungal
membrane by an interaction with ergosterol similar to the
action of the antifungal amphotericin B (17). This mode of
action may prevent the growth of the fungus but may leave the
synthesis of proteins unaffected. Therefore, nystatin allows
some de novo synthesis of luciferase, which explains the sig-
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nificantly increased luminescence signal compared to that with
cycloheximide.

Another positive task of the luciferase-based system was the
ability to screen the cultures several times, as shown in the
fluconazole experiment performed with the IVIS 100 system.
Samples were measured 9 and 11 h after inoculation, and
results revealed that fluconazole was able to delay spore ger-
mination at low concentrations but prevented germination only
at high concentrations. Therefore, the luciferase-based system
seems suitable to study the actions of different antifungals in
time-lapse studies.

A further application of our system was to monitor the in
vivo development of invasive aspergillosis by using a small
number of living animals. In the corticosteroid-treated mouse
infection model, the ability of alveolar macrophages to kill
conidia is reduced (6), leading to the early swelling and ger-
mination of conidia and the rapid onset of invasive growth.
This was confirmed in vivo by using the bioluminescent strain.
Light emission was strongly visible 1 day after infection, indi-
cating that conidia started to swell and germinate within the
lung. From 24 h after inoculation of conidia until the time of
death, a marked decrease in lung luminescence was observed,
although a high number of branched fungi were present in
histology at the end of the experiments. This phenomenon
could be explained by two factors: (i) the poor general condi-
tion of the mice and (ii) the pulmonary lesions.

Oxygen and p-luciferin are essential for the light-producing
reaction. From 24 h postinfection, mice started to display se-
vere clinical distresses (tachypnea, dyspnea, tachycardia,
weight loss, and apathy) that inevitably led to death due to
respiratory failure. These distresses were most probably re-
sponsible for the significant decrease in the efficacy of the
systemic distribution of intraperitoneally injected D-luciferin
but also for the decrease in the oxygen uptake. Moreover,
pulmonary lesions (in particular, the filling of bronchial/bron-
chiolar spaces with a suppurative and necrotic exudate) were
presumably severe enough to restrict oxygen dispersion in the
bronchoalveolar tree. The low oxygen and p-luciferin supplies
within necrotic areas are also supported by the fact that an-
aerobic bacteria causing pleuropulmonary infections are gen-
erally found within necrotic tissues (3, 23) and by the obser-
vation of a strong increase in light emission when D-luciferin
was directly injected ex vivo into the mouse lungs (Fig. 5).
Altogether, these clinical and pathologic observations were
severe enough to explain the luminescence decrease while a
high density of fungi could be observed in histology.

In further studies, we will use this new tool to compare the
impacts of different immunosuppression conditions on disease
development. Furthermore, investigations of the systemic dis-
semination of fungi will be studied using different routes of
inoculation. In our corticosteroid pretreatments, we never ob-
served dissemination of fungal elements, indicating that mice
died from their pulmonary lesions before fungal dissemination
occurred. Since antifungal drug efficiency is frequently tested
by use of disseminated infection models (28, 35, 38), the suit-
ability of our luciferase-based system as an in vivo screening
method in disseminated aspergillosis has to be tested. Last but
not least, we will also generate bioluminescent fungi from
other filamentous fungal species responsible for invasive fungal



VoL. 74, 2008

diseases in immunocompromised patients to broaden the spec-
trum of fungi for which antifungals can be tested.
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