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Aspergillus fumigatus is the most common pathogenic mold infecting humans and a significant cause of morbidity and mortality
in immunocompromised patients. In invasive pulmonary aspergillosis, A. fumigatus spores are inhaled into the lungs, undergo-
ing germination and invasive hyphal growth. The fungus occludes and disrupts the blood vessels, leading to hypoxia and even-
tual tissue necrosis. The ability of this mold to adapt to hypoxia is regulated in part by the sterol regulatory element binding pro-
tein (SREBP) SrbA and the DscA to DscD Golgi E3 ligase complex critical for SREBP activation by proteolytic cleavage. Loss of
the genes encoding these proteins results in avirulence. To identify novel regulators of hypoxia sensing, we screened the Neuro-
spora crassa gene deletion library under hypoxia and identified a novel rhomboid family protease essential for hypoxic growth.
Deletion of the A. fumigatus rhomboid homolog rbdA resulted in an inability to grow under hypoxia, hypersensitivity to CoCl2,
nikkomycin Z, fluconazole, and ferrozine, abnormal swollen tip morphology, and transcriptional dysregulation—accurately
phenocopying deletion of srbA. In vivo, rbdA deletion resulted in increased sensitivity to phagocytic killing, a reduced inflam-
matory Th1 and Th17 response, and strongly attenuated virulence. Phenotypic rescue of the �rbdA mutant was achieved by ex-
pression and nuclear localization of the N terminus of SrbA, including its HLH domain, further indicating that RbdA and SrbA
act in the same signaling pathway. In summary, we have identified RbdA, a novel putative rhomboid family protease in A. fu-
migatus that mediates hypoxia adaptation and fungal virulence and that is likely linked to SrbA cleavage and activation.

The filamentous fungus Aspergillus fumigatus grows as an envi-
ronmental saprophyte but can infect humans and animals

through its dispersed asexual conidia. Upon inhalation by an im-
munocompromised host, conidia can germinate to form hyphae
which infiltrate the surrounding lung tissue, causing often fatal
invasive aspergillosis (IA). It is estimated that worldwide, more
than 200,000 individuals suffer from life-threatening IA, with
mortality rates ranging between 30 to 95% (1). These alarming
statistics are a result of the generally poor health status of the
patients, limited diagnostic and therapeutic options, and the arse-
nal of virulence-promoting properties of this ubiquitous mold (2,
3). Besides the abilities of the fungus to produce potent mycotox-
ins and to escape from the host innate immune cells, thermophilic
growth and versatile nutrient acquisition are further general phys-
iological attributes which favor growth on decaying matter as well
as in the human host (4, 5). Adaptation to O2 concentrations
below normal atmospheric levels of 21% is an additional challenge
that A. fumigatus must cope with during colonization. O2 levels
can drop to 2 to 4% on the surface of healthy alveolar tissue and be
further diminished to less than 1% upon inflammation (6). Such
levels of hypoxia are normally no threat for many aspergilli, as
trace oxygen levels are often sufficient to support their growth. To
sustain electron flow during such conditions, A. fumigatus fine-
tunes components of its respiratory machinery (7–10). Enzymatic
steps requiring molecular O2 in heme or ergosterol biosynthesis
are highly sensitive to hypoxia and are under the control of the
sterol regulatory element binding proteins (SREBPs) SrbA and
SrbB. In the absence of both of these transcription factors, fungal
growth is fully eliminated even at mildly hypoxic conditions of 1%

O2, and its ability to cause disease in different mouse models for IA
is abolished, suggesting a direct connection between virulence and
hypoxia adaptation (11, 12). Further support is provided through
the principal target genes of these transcription factors, which
encode enzymes of the ergosterol biosynthetic pathway (13, 14).
Azole-based antifungals inhibit these enzymes, and hence, the
srbA-null mutant is highly sensitive to such treatments. Sterol bio-
synthesis is highly dependent on molecular O2, and the level of
sterols can therefore be exploited as an indirect measure of O2

availability by SREBPs. This connection was first described for the
fission yeast Schizosaccharomyces pombe (15) and later for Crypto-
coccus neoformans (16). The N-terminal helix-loop-helix (HLH)
transcription factor domain is anchored to the membrane of the
endoplasmic reticulum (ER) by two consecutive transmembrane
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segments and transported to the Golgi apparatus upon hypoxia-
induced reduction of membrane sterols. Unlike mammals, fungi
depend on the multisubunit machinery Dsc (defective for SREBP
cleavage) consisting of a least six different membrane proteins
(Dsc1 to -6 [Dsc1-6]) for sterol-mediated control at the Golgi
apparatus (17, 18). The essential role of the Dsc complex in SrbA-
dependent regulation is also conserved in A. fumigatus (19) and
marks an important difference between higher mammals and the
pathogenic fungus. The Dsc proteins are presumed to enable the
proteolytic cleavage of SrbA that releases the N-terminal tran-
scription factor domain to activate the hypoxic response. The
identity of the SrbA-cleaving protease is not known. Here, we have
exploited the Neurospora crassa gene deletion library (20) to iden-
tify genes which function during hypoxic growth. Besides gene
members of the dsc complex, we have identified RbdA, a con-
served putative rhomboid type protease that is essential for SrbA-
dependent hypoxic growth in A. fumigatus and that is likely linked
to SrbA cleavage and activation.

MATERIALS AND METHODS
Screening of the N. crassa genome deletion library. The library, contain-
ing 121 96-well plates and 11,512 deletion strains (Fungal Genetics Stock
Center, Kansas State University), was replicated twice with a 96-pin stain-
less steel replicator on 96-well plates containing 150 �l YAG broth medi-
um/well. The plates were screened under normoxic or hypoxic (5% CO2,
1% O2, 94% N2) conditions for 24 h at 37°C. Results were recorded as
growth or no growth when viewed under �10 magnification. An srbA-
null strain of A. fumigatus was used as a positive control under hypoxic
conditions. Suspected hypoxia mutants were streaked on YAG-Triton
0.1% agar plates. Isolated colonies were inoculated on YAG agar plates
and retested under normoxic and hypoxic conditions.

Strains and media. The strains used in this study are detailed in Table
S1 in the supplemental material. A. fumigatus conidia were harvested in
0.2% (vol/vol) Tween 20, resuspended in double-distilled water (DDW),
and counted with a hemocytometer. Growth was performed in either (i)
minimal medium (MM) containing 70 mM NaNO3, 1% (wt/vol) glucose,
12 mM potassium phosphate (pH 6.8), and 4 mM MgSO4, supplemented
with trace elements and vitamins (1.5% [wt/vol] agar was added for MM
agar plates); (ii) RPMI-MOPS containing RPMI 1640 medium (Biological
Industries, Beit Haemek, Israel) plus 0.165 M MOPS buffer at pH 7.0; or
(iii) rich YAG medium, which consists of 0.5% yeast extract, 1% glucose,
and 10 mM MgCl2, supplemented with trace elements and vitamins (1.5%
agar was added for both MM and YAG agar plates).

Generation of A. fumigatus mutant strains. Generation of gene de-
letion/reconstituted strains and GFP-tagged strains was performed as de-
scribed in Fig. S1 and S2 in the supplemental material. Transformation
was performed as previously described (21).

MIC determination. The MIC (the lowest drug concentration to
completely inhibit fungal growth) was determined with the 2-fold mi-
crodilution method in a 96-well plate. A total of 2.5 � 103 A. fumigatus
conidia per well were added in a total volume of 200 �l MM or RPMI-
MOPS liquid medium per well. The plates were incubated at 37°C for 48 h
unless otherwise specified. MIC values were determined by light micros-
copy.

Droplet growth inhibition assay. Freshly harvested A. fumigatus
conidia were diluted to 107, 106, 105, 104, and 103 spores/ml. A 10-�l
droplet of spore suspension was placed on YAG plates containing 0, 1, 3,
or 6 mg/ml CoCl2 (Sigma). Plates were incubated for 48 h at 37°C.

A. fumigatus organelle staining. A total of 1.5 � 105 spores/ml were
grown on rich YAG medium in a 6-well plate, containing round cover-
slips, for 8 h at 37°C. The coverslips were then washed twice with DDW
and treated accordingly. Untreated coverslips were used for light micros-
copy. Fluorescence microscopy was used to determine differences in or-
ganelle morphology. Nuclear staining was performed for 20 min at room

temperature using a DAPI (4=,6-diamidino-2-phenylindole) solution (50
mM KPO4 [pH 6.8], 0.2% [vol/vol] Triton X-100, 5% [vol/vol] glutaral-
dehyde, 0.05 �g/ml DAPI). Membrane staining was performed for 30 min
at room temperature using FM4-64 solution (Invitrogen; final concentra-
tion, 4 �g/ml in rich YAG medium). Mitochondrial staining was per-
formed for 30 min at 37°C using MitoTracker green FM solution (Invit-
rogen; final concentration, 1 �M). Cell wall staining was performed for 5
min at room temperature using calcoflour white (CFW) solution (Sigma;
final concentration, 0.1 mg/ml). Dye staining was performed in the dark
and was followed by two wash cycles in DDW, before imaging.

Biofilm formation. Biofilm formation was assessed as previously de-
scribed by Gravelat et al. (22). A. fumigatus spores/105 ml were inoculated
in 50 ml RPMI-MOPS liquid medium in 250-ml Erlenmeyer flasks and
incubated at 37°C with shaking at 250 rpm for 24 h. Biofilm formation on
the glass rim was estimated visually.

Isolation of RNA and Northern hybridization. For isolation of total
RNA, mycelia were harvested by filtration through Miracloth tissue
(Merck Chemicals GmbH, Darmstadt, Germany) and flash-frozen in liq-
uid N2. Mycelia were disintegrated using a FastPrep 24 system (MP Bio-
medicals, Illkirch, France) in the presence of TRIsure (Bioline GmbH,
Luckenwalde, Germany). After the addition of chloroform and phase sep-
aration centrifugation, RNA was precipitated and solubilized in H2O.
RNA preparations were used for nonradioactive Northern hybridizations
with DIGoxigenin (Jena Bioscience GmbH, Jena, Germany)-labeled PCR
products as probes. Primers used for DNA amplification and DIG
(digoxigenin) labeling of gene-specific probes are listed in Table S2 in the
supplemental material. Semidry blotting, hybridization, and fluores-
cence-based detection were all performed as described previously (9).

Fluorescence microscopy. For microscopic imaging of green fluores-
cent protein (GFP)-expressing A. fumigatus, hyphae were grown at 37°C
on coverslips for 16 h in MM containing 1% (wt/vol) glucose and 20 mM
glutamine. Xylose was added at the concentrations indicated in the fig-
ures, and hyphae were either left in air or transferred to a hypoxic work-
station (model H35; Don Whitley Scientific Limited, West Yorkshire,
United Kingdom) for 3 h. Before imaging, cells were fixed for 10 min in
3.7% (vol/vol) formaldehyde and nuclei were stained with Hoechst 33342
solution at a final concentration of 0.1 mg/ml. All images were captured
using an Axio Imager M2 microscope (Carl Zeiss, Jena, Germany) with a
63� oil immersion objective lens (numerical aperture, 1.40). Images were
documented using an AxioCam MRm camera (Carl Zeiss, Jena, Ger-
many) and processed using ZEN 2012 imaging software (Carl Zeiss).

Galleria mellonella larval model of infection. Sixth-instar-stage G.
mellonella larvae were injected through the last proleg with 5 �106 A.
fumigatus conidia, which had been suspended in 10 �l of phosphate-
buffered saline (PBS) as previously described (23). The larvae were kept
for 8 days at 37°C, and death was monitored by visual inspection and
prodding with a toothpick.

Immunocompromised murine model of aspergillosis. Six-week-old
female ICR mice were immunocompromised by subcutaneous injection
with cortisone acetate (300 mg/kg) 3 days prior to infection, on the day of
infection, and 3, 7, and 11 days postinfection. The mice were infected
intranasally with 5 �105 dormant spores, which had been suspended in 20
�l of PBS plus 0.2% Tween 20 (10 �l in each nostril). Mortality was
monitored for 12 days. Experiments were ethically approved by the Min-
istry of Health (MOH) Animal Welfare Committee, Israel.

Nonimmunocompromised murine model of aspergillosis. Six- to
8-week-old C57BL/6 mice purchased from Charles River (Calco, Italy)
and genetically engineered homozygote Cftr�/� (Cftrtm1Unc) mice in the
C57BL/6 background (24) were bred under specific-pathogen-free con-
ditions at the Animal Facility of San Raffaele Hospital, Milan Italy. Murine
experiments were performed according to the Italian Approved Animal
Welfare Authorization 360/2015-PR and Legislative Decree 26/2014 un-
der an animal license obtained from the Italian Ministry of Health lasting
for 5 years (2015 to 2020). Viable conidia (95%) of A. fumigatus wild-type
(WT) and mutant strains were obtained by growth on Sabouraud dex-
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trose agar (Difco Laboratories, Detroit, MI, USA) supplemented with
chloramphenicol for 4 days at room temperature. Mice were anesthetized
by intraperitoneal (i.p.) injection of 2.5% 2,2,2-tribromoethanol (Aver-
tin; Sigma Chemical Co, St. Louis, MO) before intranasal instillation of a
suspension of 2 � 107 resting conidia/20 �l saline/mouse. Mice were
monitored for fungal growth and histology. Fungal growth was expressed
as log10 CFU per organ (CFU; mean � standard deviation [SD]). For
histology, paraffin-embedded sections (3 to 4 �m) were stained with pe-
riodic acid-Schiff (PAS). Histology sections and cytospin preparations
were observed using a BX51 microscope (Olympus, Milan, Italy), and
images were captured using a high-resolution DP71 camera (Olympus).

Conidiocidal assay. Peritoneal polymorphonuclear leukocytes
(PMNs) were incubated with unopsonized resting conidia at a 1:1 ratio at
37°C for determinations of conidiocidal activity (percentage of CFU in-
hibition, mean � standard error [SE]) at 60 min.

Reverse transcriptase PCR (RT-PCR). Total RNA extraction (TRIzol;
Invitrogen Srl Life Technologies, Milan, Italy) and synthesis and PCR of
cDNA were done as described previously (24). The PCR primers were as
listed in Table S2 in the supplemental material. The mRNA-normalized
data were expressed as the gene mRNA in mice infected with the WT
strain relative to that in mice infected with the mutant strains.

RESULTS
Identification of novel hypoxia-sensitive mutants in N. crassa.
To identify novel genes involved in hypoxia adaptation in a fila-
mentous fungus, we took advantage of the unique N. crassa gene
knockout library. All 11,512 N. crassa library strains were pin-
replicated into 96-well YAG liquid plates and grown in parallel
under normoxic or hypoxic (1% O2) conditions for 24 h at 37°C.
Six strains that grew under normoxia and did not grow under
hypoxia were identified (Fig. 1A). Of these, four strains contained
deletions in homologs of the previously discovered srbA, dscB,
dscD, and dscE genes involved in hypoxia adaptation. dscE was
selected for preliminary analysis in A. fumigatus since it has not
been previously studied in the filamentous fungi. One strain con-
tained a deletion in a gene encoding a homolog of Aspergillus
nidulans DigA, which is involved in nuclear migration, mitochon-
drial morphology, and polarized growth (25). However, it is an
essential gene in N. crassa that can survive only as a heterokaryon,
and we were unable to generate digA deletion strains in A. fumiga-
tus (data not shown). Another strain contained a deletion in a gene
encoding a rhomboid family protease (NCU02371). This gene was
selected for further detailed study in A. fumigatus, and we named
it rbdA. Rhomboid family proteases are present in nearly all of
the sequenced genomes of archaea, bacteria, and eukaryotes
and function in diverse processes, including quorum sensing in
bacteria and mitochondrial membrane fusion, apoptosis, and
stem cell differentiation in eukaryotes (26). There are four pu-
tative rhomboid family members in A. fumigatus (Afu6g12750
[rbdA], Afu6g12610, Afu2g16490, and Afu1g09150), none previ-
ously studied. rbdA is closely related to Saccharomyces cerevisiae
RBD2 (YPL246C) (27) and Schizosaccharomyces pombe RBD2
(SPCC790.03) (28) (Fig. 1B). Like all rhomboid family members,
it is comprised of a conserved core structure of six transmembrane
segments that contain the catalytic serine-histidine proteolytic
pair (Fig. 1C).

rbdA and dscE are required for hypoxia adaptation in A. fu-
migatus. To identify the roles of rbdA and dscE in hypoxia adap-
tation in A. fumigatus, we generated null mutants of these genes
and examined their growth under hypoxia in comparison to the
well-characterized phenotype of the srbA deletion mutant (see the
supplemental material for details on strain construction and ver-

ification). The �rbdA, �dscE, and �srbA mutant strains grew nor-
mally under normoxic conditions but failed to grow under hyp-
oxia (Fig. 2A). Furthermore, as previously shown for the �srbA
mutant strain, the �rbdA mutant strain was hypersensitive to the
hypoxia-mimetic compound CoCl2 (Fig. 2B).

The �rbdA and �srbA mutant strains do not form a biofilm.
A. fumigatus biofilms are formed under hypoxic conditions dur-
ing lung infection, and the ability to form a biofilm is a key viru-
lence determinant. We therefore examined the ability of the
�rbdA and �srbA mutant strains to form a biofilm rim while
growing in shaking liquid culture (Fig. 2C). For a negative control,
we included the A. fumigatus �stuA mutant, which does not form
a biofilm (29). Results show that the AkuBKU80 parental strain and
the rbdA knock-in (rbdA-KI) reconstituted strains form thick bio-
film rims whereas the �rbdA and �srbA mutant strains do not.

The �rbdA and �srbA mutant strains are hypersensitive to
CoCl2, nikkomycin Z, azoles, and ferrozine. An extended pheno-
typic analysis was then performed on the �rbdA mutant strain, the
focus of this report (Table 1). The reconstituted rbdA-KI control
strain was prepared by ectopic integration of the rbdA gene under
its endogenous promoter and terminator, as elaborated in the
supplemental material. The AkuBKU80, �rbdA, rbdA-KI, and
�srbA strains were grown under increasing concentrations of var-
ious compounds in liquid MM or RPMI-MOPS, and MICs were
determined (Table 1). Results show that the �rbdA and �srbA
mutant strains demonstrate identical hypersensitivities to CoCl2,
azoles (ergosterol biosynthesis inhibitors), ferrozine (ferric iron
chelator), and nikkomycin Z (chitin synthase inhibitor).

The �rbdA and �srbA mutant strains exhibit abnormal tip
branching and nuclear distribution. We compared the micro-
scopic structures of the �rbdA and �srbA mutant strains under
normoxic conditions. The �srbA mutant strain was previously
shown to display abnormal swollen-tip morphology (11). We
found that the �rbdA mutant strain exhibited an identical swol-
len-tip phenotype (Fig. 3, differential interference contrast [DIC]
images) and that in both �rbdA and �srbA mutant strains, nuclei
were abnormally clumped along the hyphae and in the swollen
hyphal tips (Fig. 3, DAPI). Based on the hypersensitivity of the
�rbdA and �srbA mutant strains to nikkomycin Z and flucona-
zole, we also examined cell wall carbohydrate staining with calco-
fluor white and membrane staining with FM4-64. The swollen
hyphal tips in both �rbdA and �srbA mutant strains appeared to
be stained to a greater extent by calcofluor white (Fig. 3, CFW).
There were no differences in membrane staining with FM4-64
between the AkuBKU80 parental strain, the rbdA-KI reconstituted
strain, and the �rbdA and �srbA mutant strains (Fig. 3). We also
examined mitochondrial morphology, because deletion of S.
cerevisiae RBD1 results in the loss of mitochondrial integrity (27).
However, the �rbdA and �srbA mutant strains retained their nor-
mal wild-type mitochondrial morphology (Fig. 3, MitoTracker
staining).

Hypoxic induction of SrbA target genes requires RbdA. Since
the �rbdA and �srbA mutant strains displayed identical sensitiv-
ities under hypoxia and in the presence of sterol-targeting anti-
fungals, we analyzed whether these phenotypic similarities were
consequences of the same regulatory defects. Hypoxic expression
of the genes encoding 14� sterol demethylase (erg11A) and C-4
sterol methyl oxidase (erg25A), two major monooxygenases of the
ergosterol biosynthesis pathway, are under direct transcriptional
control of SrbA (12). Northern hybridizations of erg25A and
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erg11A revealed that in wild-type cells, both genes are weakly ex-
pressed under normoxic conditions and are activated under hyp-
oxia (Fig. 4). As expected, expression levels for both genes were
just above detection levels in the �srbA mutant and hypoxic in-
duction was also fully abrogated in this strain (Fig. 4). Identical
expression patterns were observed for erg11A and erg25A in the
absence of RbdA, suggesting that the function of this protein is
essential for SrbA-dependent gene regulation. Expression of the
gene encoding hypoxia-inducible alcohol dehydrogenase, alcC,
also depends at least partially on SrbA (12). Without SrbA, alcC
mRNA expression was nearly silent, whereas some hypoxic induc-
tion of alcC mRNA expression was still functional in the �rbdA

mutant strain, suggesting that the mode of regulation could be
different than for the erg genes (Fig. 4). In contrast, regulation of
the flavohemoprotein gene fhpA, whose transcription was found
to be commonly responsive to NO and hypoxia (8, 30), did not
depend on either SrbA or RbdA. These results suggest that RbdA is
tightly connected to the transcriptional activator function of
SrbA. SrbA is strongly upregulated in response to hypoxia in both
the AkuBKU80 parental and �rbdA mutant strains, suggesting that
srbA transcription is not affected by rbdA absence (see Fig. S3 in
the supplemental material). Taken together, the identical chemi-
cal sensitivities, microscopic abnormalities, and transcriptional
dysregulation of the �rbdA and �srbA mutant strains suggest that

FIG 1 Identification of novel hypoxia-sensitive mutants of N. crassa. (A) Screening of the N. crassa gene knockout library identified six mutant strains with
wild-type (WT) growth under normoxia (upper panel, 21% O2) and impaired growth under hypoxia (lower panel, �1% O2). Strains were point inoculated on
YAG agar plates and incubated for 48 h at 37°C. (B) Identification of rhomboid proteases in fungal genomes. (Left) Proteins containing the peptidase S54 domain
rhomboid (IPR002610) were identified from the sequenced genomes of S. cerevisiae (Sc), S. pombe (Sp), A. fumigatus (Af), and A. nidulans (An) using an InterPro
domain scan, and the sequences were aligned with those of rhomboid-like proteins from human (Hs), Arabidopsis thaliana (At), Plasmodium falciparum (Pf),
Bacillus subtilis (Bs), and Escherichia coli (Ec) using MUltiple Sequence Comparison by Log-Expectation (MUSCLE). Transmembrane helices (TMH) containing
the conserved HXXXXHXXXN motif and the putative catalytic residues serine and histidine in THM 4 and 6 are indicated. The three potentially catalytically
inactive, fungal rhomboid-like proteins are marked with an asterisk and shaded in gray. (Right) Phylogenetic tree of the aligned rhomboid-like proteins,
generated using the tree explorer function within MEGA version 6. (C) A. fumigatus RbdA contains six transmembrane (TM) domains. The catalytically
conserved serine protease residues S138 and H191 are contained within TM domains 4 and 6, respectively.
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the two genes are components of a shared hypoxia-sensing path-
way.

The HLH domain of SrbA rescues the hypoxic growth of the
�rbdA mutant strain and localizes to the nucleus. Based on the
assumption that SrbA and RbdA are part of the same regulatory
machinery, we hypothesized that correct processing and nuclear
targeting of SrbA depends on a functional RbdA protein. If so,
ectopic expression of the N terminus of SrbA, including its HLH
domain, would complement the phenotype of the �rbdA mutant
strain. To test this, we ectopically expressed myc-tagged N-termi-
nal SrbA (NsrbA-myc, encoding the N-terminal 425 amino acids
of SrbA [N-SrbA], under the endogenous srbA promoter and ter-
minator) into the AkuBKU80, �rbdA, and �dscE strains to generate
AkuBKU80-NsrbA-myc, �rbdA-NsrbA-myc, and �dscE-NsrbA-myc

strains, respectively. For a control, we also ectopically expressed
C-terminal myc-tagged full-length SrbA (srbA-myc, under the en-
dogenous srbA promoter and terminator) to generate AkuBKU80-
srbA-myc, �rbdA-srbA-myc, �dscE-srbA-myc, and �srbA-srbA-
myc strains (see the supplemental material for strain details). Both
the �rbdA and �dscE mutant strains were functionally comple-
mented for growth under hypoxia by transformation with the
truncated N-terminally tagged NsrbA gene and not by the full-
length srbA gene encoding SrbA-myc. The �srbA strain was func-
tionally complemented for growth under hypoxia by transforma-
tion with the full-length srbA gene encoding SrbA-myc, indicating
that the SrbA-myc full-length protein is functional (Fig. 5). These
results confirm that both the RbdA and DscE proteins are in-
volved in cleavage and subsequent activation of SrbA. Despite

FIG 2 Phenotypic in vitro characterization of the mutant strains. (A) rbdA and dscE are required for hypoxia adaptation in A. fumigatus. �rbdA, �dscE, and
control AkuBKU80 and �srbA strains were grown on YAG plates for 48 h at 37°C under normoxic (upper panel, 21% O2) and hypoxic (lower panel, �1% O2)
conditions. (B) The �rbdA and �srbA mutant strains are hypersensitive to CoCl2. The droplet dilution assay was used to evaluate strain sensitivity toward
hypoxia. The strains were grown on YAG rich plates for 48 h at 37°C under increasing concentrations of CoCl2, as indicated above the images. An increase in
sensitivity toward hypoxia was observed for the �rbdA and �srbA mutant strains, whereas for the reconstituted strain, rbdA-KI, this sensitivity was restored and
is similar to that of the AkuBKU80 background strain. (C) The �rbdA and �srbA mutant strains do not form a biofilm rim. Strains were grown in shaking liquid
culture (YAG) for 48 h at 37°C. AkuBKU80 control and reconstituted rbdA-KI strains form a biofilm rim (indicated by white arrows), whereas the �rbdA and �srbA
mutant strains do not. The �stuA mutant strain, which does not form a biofilm, was used as a negative control.
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repeated attempts, we could not visualize the full-length SrbA-
myc protein by Western blotting and so cannot at this stage dem-
onstrate that deletion of RbdA results in defective SrbA cleavage.

To follow the intracellular targeting of the N-SrbA domain, we
fused it to GFP under the control of the endoxylanase promoter
(xylp) from Penicillium chrysogenum to generate GFP-SrbANterm.
The xylp promoter allows the xylose-inducible expression of tar-
get genes in A. fumigatus (31). Xylose-inducible expression of the
GFP-SrbANterm domain in a wild-type background did not affect
growth of A. fumigatus. The �rbdA mutant, in turn, failed to
grow in a hypoxic atmosphere of 1% (vol/vol) O2 in the absence
of the inducer, while xylose addition rescued the phenotype of
the �rbdA mutant (Fig. 6A). At 0.5% xylose, hypoxic growth of
the �rbdA mutant was nearly indistinguishable from that of the
wild type. Phenotypic rescue of the �rbdA mutant coincided

with the nuclear localization of GFP-SrbANterm (Fig. 6B) in the
mutant, indicating that loss of the RbdA protein can be over-
come by expression of the transcription factor SrbA in the nu-
cleus.

SrbA-GFP does not undergo nuclear translocation in the
�rbdA mutant. To follow SrbA-GFP targeting to the nucleus in
the AkuBKU80 control and �rbdA mutant strains, they were trans-
formed with GFP-SrbA (full length; see the supplemental mate-
rial), under the control of the endoxylanase promoter (xylp).
Surprisingly, in both strains, GFP-SrbA showed a perinuclear
localization under both normoxia and hypoxia, possibly as a
result of the high level of expression induced by xylose (not
shown). We therefore used itraconazole to reduce cellular ergos-
terol and strongly induce SrbA nuclear translocation. Results
show that itraconazole (2.5 �M for 3 h) strongly induced SrbA

TABLE 1 Hypersensitivity of �rbdA and �srbA mutant strains to CoCl2, nikkomycin Z, fluconazole, voriconazole, and ferrozine

Stressor compounda

MIC for:

AkuBKU80 strain �rbdA strain rbdA-KI strain �srbA strain

CoCl2 5 mM 0.3 mM 2.5 mM 0.3 mM
Calcofluor white 200 �g/ml 200 �g/ml 200 �g/ml 200 �g/ml
Congo red 12.5 �g/ml 12.5 �g/ml 12.5 �g/ml 6.25 �g/ml
Caspofunginb 0.5 �g/ml 0.5 �g/ml 0.5 �g/ml 0.5 �g/ml
Nikkomycin Zb 	240 �g/ml 120 �g/ml 	240 �g/ml 120 �g/ml
Voriconazole 0.3 �g/ml 0.03 �g/ml 0.6 �g/ml 0.03 �g/ml
Fluconazole 	16 �g/ml 8 �g/ml 	16 �g/ml 8 �g/ml
Menadione 0.6 �g/ml 0.3 �g/ml 0.3 �g/ml 0.3 �g/ml
H2O2 3.125 mM 6.25 mM 6.25 mM 6.25 mM
DTT 10 mM 10 mM 10 mM 10 mM
Ferrozine 	10 mM 0.6 mM 	10 mM 0.6 mM
a Ferrozine and nikkomycin Z were tested in RPMI-MOPS medium, and all other stressors were tested in liquid MM. DTT, dithiothreitol.
b The minimal effective concentration (MEC), i.e., the lowest drug concentration to visibly inhibit fungal growth, was determined for caspofungin and nikkomycin Z.

FIG 3 The �rbdA and �srbA mutant strains exhibit abnormal tip branching and nuclear distribution. Conidia were germinated on rich YAG medium under
normoxic growth conditions for 16 h at 37°C. Swollen and split hyphal tips are evident in the �rbdA and �srbA mutant strains in comparison to the hyphal tips
of the AkuBKU80 background strain. This phenomenon is restored in the rbdA-KI reconstituted strain. The hyphae of the �rbdA and �srbA strains contained
unevenly distributed nuclei (DAPI). Moreover, the swollen hyphal tips of the �rbdA and �srbA mutant strains contain large clusters of nuclei compared to the
AkuBKU80 background strain or the rbdA-KI reconstituted strain. No other changes are evident in membranes stained with FM4-64, in mitochondria stained with
MitoTracker green FM, or in cell wall carbohydrates stained with calcofluor white (CFW).
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nuclear translocation in the AkuBKU80 wild-type strain (Fig. 6C).
In marked contrast, SrbA remained in a perinuclear location in
the itraconazole-treated �rbdA strain, indicating that RbdA is es-
sential for nuclear translocation of SrbA upon reduction of ergos-
terol levels.

The �rbdA mutant strain shows reduced virulence in in-
fected Galleria mellonella larvae and mice. The �srbA mutant
has been previously shown to be avirulent in murine models of
pulmonary aspergillosis (11). We therefore compared the levels of
virulence of the AkuBKU80 parental and �srbA, �rbdA, and
rbdA-KI strains when injected into Galleria larvae or when admin-
istered intranasally into the lungs of cortisone acetate-immuno-
compromised mice, in which strong hypoxia is observed (32).
Results show reduced virulence of the �rbdA strain in comparison
to the AkuBKU80 parental strain in both Galleria mellonella (P �
0.0001) (Fig. 7A) and mice (P 
 0.0005) (Fig. 7B). There was no
statistically significant difference in the mortality rates of mice
infected with either the �srbA or �rbdA mutant strains. Histolog-
ical examination of mouse lungs showed reduced hyphal growth,
fungal colony size, host tissue damage, and inflammatory cell in-
flux for mice infected with the �srbA and �rbdA strains compared
to those infected with the AkuBKU80 background strain and the
reconstituted rbdA-KI strain (Fig. 7C). The lung fungal burdens of
mice infected with the �srbA and �rbdA mutant strains were sig-
nificantly reduced in comparison to those of mice infected with
the AkuBKU80 background strain (P � 0.01) (Fig. 7D). Taken to-
gether, these results indicate that the �srbA and �rbdA mutant
strains exhibit almost identical phenotypes of reduced virulence.

The �rbdA and �srbA mutant strains induce a weakened in-
flammatory response in the lungs of infected mice and are more
sensitive to phagocytic killing. We evaluated the susceptibility of
noncompromised C57BL/6 and Cftr�/� mice to infection with the
Aspergillus mutant strains and evaluated the parameters of infec-
tion, lung inflammation, and cytokine production. We analyzed
Cftr�/� mice because they are characterized by a marked hypoxic
status in the lung compared to C57BL/6 parental strain mice (24).
After intranasal infection of the mice, fungal growth in the lungs
could not be detected with the hypoxic �srbA and �rbdA mutant
strains in either the Cftr�/� or control mice (Fig. 8A and B). A
sustained inflammatory response, as revealed by the significantly
heightened PMN influx, was observed in the lungs of C57BL/6 and

FIG 4 Expression of SrbA target genes in the AkuBKU80,�rbdA, and�srbA strains.
Northern blot analysis of the mRNA levels of SrbA target genes is shown for the
AkuBKU80 wild-type and �rbdA and �srbA mutant strains before (0 h) and after
(3 h) a shift to a hypoxic atmosphere. All strains were initially cultivated for 16 h in
MM (106 spores/ml inoculum) under normoxic conditions and then shifted for 3
h to hypoxic conditions (0.2% O2). Ten micrograms of RNA was loaded per lane,
and rRNA bands are shown as a control for equal loading.

FIG 5 The �rbdA and �dscE mutant strains are rescued for hypoxic growth by expression of cleaved N-SrbA but not full-length SrbA. AkuBKU80, �rbdA, and
�dscE strains were transformed with plasmids expressing N-SrbA-myc (cleaved activated form) or full-length SrbA-myc under the endogenous srbA promoter.
�rbdA-NsrbA-myc and �dscE-NsrbA-myc strains show partially restored growth under hypoxia, whereas �rbdA-srbA-myc and �dscE-srbA-myc strains do not,
suggesting that RbdA and DscE are involved in srbAp activation by cleavage of its C-terminal domain.
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Cftr�/� mice infected with the parental AkuBKU80 or the rbdA�

revertant strain (Fig. 8C). In contrast, A. fumigatus �srbA and
�rbdA mutant strains did not induce significant lung inflamma-
tion. The inflammatory response appeared to be higher in Cftr�/�

mice than in C57BL/6 mice, as revealed by the significantly in-
creased expression of the neutrophil chemoattractant CxCl1 (Fig.
8D) in the former. Effector phagocytes showed a greater ability to
kill the �srbA and �rbdA mutant strains than the WT strain

FIG 6 Hypoxic growth complementation and nuclear targeting of GFP-SrbANterm and GFP-SrbA. (A) A total of 105 conidia of parental A. fumigatus (AkuBKU80)
or the �rbdA mutant strain expressing GFP-SrbANterm (GFP-SN) were point inoculated on MM with the indicated concentrations of xylose. After an initial
incubation for 16 h in air, the plates were left in air (21% O2) or transferred to a hypoxic atmosphere (1% O2) for an additional 24 h. (B) Nuclear localization of
GFP-SrbANterm was monitored by fluorescence micoscopy in the same strains using green and blue fluorescence channels for GFP- and Hoechst-stained nuclei,
respectively. Bar, 50 �m. (C) Nuclear localization of GFP-SrbA is induced by azole treatment in the AkuBKU80 control strain and not in the �rbdA mutant strain.
Bar, 20 �m.
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(Fig. 8E). The reduced lung inflammatory response observed with
the �srbA or �rbdA mutant compared to that with the parental
AkuBKU80 or rbdA� revertant strain was associated with lower
levels of Tnfa and Il1b (Fig. 8F) and RAGE/S100b gene expression
(Fig. 8G), particularly in Cftr�/� mice, possibly reflecting the
more hypoxic conditions in their lungs and the adverse effect of
these conditions on �srbA or �rbdA mutant growth.

For the assessment of Th cell activation, we used quantitative
PCR (qPCR) to measure the mRNA levels of Th cytokines in the
lungs and the corresponding transcription factors in the draining

thoracic lymph nodes of infected C57BL/6 and Cftr�/� mice.
Gamma interferon (IFN-�) (Th1), interleukin-17A (IL-17A)
(Th17), and IL-4 (Th2) cytokine mRNA expression was signifi-
cantly reduced in C57BL/6 mice infected with the �rbdA and
�srbA mutant strains (Fig. 8H). IL-17A (Th17) and IL-4 (Th2)
cytokine mRNA expression was significantly reduced in Cftr�/�

mice infected with the �rbdA and �srbA mutant strains, whereas
the IFN-� (Th1) response to any of the fungal strains was low in
these mice. Finally, Il10 mRNA expression (anti-inflammatory/
Treg) was strongly increased in C57BL/6 mice infected with the

FIG 7 The �rbdA mutant strain exhibits reduced virulence in the Galleria mellonella and murine models of infection. (A) G. mellonella larvae infected with the
rbdA-null strain (�rbdA) showed a significant increase in their survival rates compared to those infected with the AkuBKU80 background strain or the rbdA-KI
reconstituted strain (P � 0.0001, for both). (B) Survival curve of infected, cortisone acetate-immunocompromised mice, infected intranasally with A. fumigatus
conidia. Mice infected with the �rbdA and �srbA mutant strains showed a significant increase in their survival rates compared to the mice infected with the
AkuBKU80 background strain (P 
 0.0005) or the rbdA-KI reconstituted strain (P 
 0.0033). (C) Mice infected with the �rbdA and �srbA mutant strains showed
reduced fungal colonization and lung pathology. Mice were infected as described in Materials and Methods. Three days after infection, the mice were sacrificed,
and their lungs were removed and sent for histological staining with Grocott’s methenamine silver stain (GMS; fungal staining) and hematoxylin and eosin (H&E;
tissue and nuclear staining). The infecting �rbdA and �srbA mutant strains showed reduced hyphal growth, colony size, tissue damage, and inflammatory cell
influx compared to the AkuBKU80 background strain and the rbdA-KI reconstituted strain. (D) Mice infected with the �rbdA and �srbA mutant strains showed
reduced lung fungal loads. Infected mice were sacrificed on the third day postinfection, their lungs were removed and homogenized, and the homogenates were
plated on YAG. The plates were incubated for 16 h, and the numbers of CFU were counted.
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FIG 8 Susceptibility and cytokine response of Cftr�/� mice to A. fumigatus hypoxia mutant strains. C57BL/6 and Cftr�/� mice were infected intranasally with
2 �107 live conidia. (A) Fungal growth (log10 CFU, mean � SD) in the lungs. (B) Lung histology (periodic acid-Schiff staining). Photographs were taken with
a high-resolution microscope (Olympus DP71) equipped with a 20� objective. Scale bar, 200 �m. (C) Cell count of PMNs from bronchoalveolar lavage (BAL)
fluid determined by May-Grünwald Giemsa staining. (D) Cxcl1 gene expression (RT-PCR on total lung cells). (E) Conidiocidal activity (percentage of CFU
inhibition) of PMNs from naive mice. (F to H) Cytokine (F and H) and Rage/S100b (G) gene expression (RT-PCR on total lung cells). Assays were done at 7 days
postinfection. Data from three experiments were pooled and are presented as mean � SD for all bar graphs. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P �
0.0001. Two-way analysis of variance (ANOVA) with Bonferroni’s posttest.
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�srbA or �rbdA mutants and even more so in the Cftr�/� mice
(Fig. 8H).

DISCUSSION

The SREBP/SrbA-mediated pathway in A. fumigatus is required
for sensing and survival under hypoxia, adaptation to low iron
levels, susceptibility to azoles, and virulence (11, 13, 33). A central
unanswered question in our understanding of this pathway in
ascomycete fungi is the identity of the proteases which cleave the
DNA-binding N-terminal domain of SrbA, allowing it to translo-
cate into the nucleus to activate selective gene expression. The
SREBP pathway is best understood in mammals, where it acts via
SREBP1 and SREBP2 to regulate fatty acid and cholesterol synthe-
sis, respectively (34). SREBP1 and -2 are synthesized as inactive
precursor proteins on the endoplasmic reticulum (ER) mem-
brane, bound to the sterol-sensing protein Scap which anchors
them to the ER-resident protein INSIG. A reduction in fatty acid
or cholesterol levels disrupts the binding of Scap to INSIG, releas-
ing the SREBP-Scap complex and allowing it to be transported to
the Golgi apparatus via COPII vesicle-mediated transport. In the
Golgi apparatus, SREBP is cleaved by a site-1 serine protease and a
site-2 zinc metalloprotease, releasing the N-terminal transcription
factor domain into the cytosol, where it is transported into the
nucleus to drive gene expression leading to fatty acid (SREBP1) or
cholesterol (SREBP2) synthesis.

In fungi, our understanding of the SREBP pathway and of Sre1/
SrbA proteolytic cleavage is less complete. In the pathogenic ba-
sidiomycete fungus C. neoformans, release of the CnSre1 N-termi-
nal transcription factor domain is apparently mediated by a single
site-2 protease, Stp (16, 35). The model ascomycete yeast S. pombe
lacks homologs of site-1 and site-2 proteases and instead utilizes
the Dsc1-6 E3 ligase complex of proteins that are presumed to
deliver Sre1 to its candidate protease, the proteasome (17, 18).
However, it is unlikely that the proteasome is the target Sre1 pro-
tease. The proteasome usually completely degrades targeted pro-
teins into short peptides, whereas Sre1 needs to be accurately and
partially cleaved to generate the functional Sre1N transcription
factor. In the filamentous ascomycete A. fumigatus, cleavage of the
SREBP homolog SrbA to release the N-terminal transcription fac-
tor domain is mediated by DscA to DscD, but like S. pombe, it lacks
homologs of site-1 and site-2 proteases and the identity of the
protease responsible for SrbA cleavage has remained enigmatic
(19).

In this report, we screened the N. crassa gene deletion library
(20) to identify genes which function during hypoxic growth. We
chose this approach because there is no full genome deletion li-
brary for A. fumigatus and N. crassa is the only filamentous asco-
mycete for which such a library exists. Six N. crassa mutant strains
(�srbA, �dscB, �dscD, �dscE, �digA, and �rbdA mutants) that
were unable to grow under hypoxia were identified from the
11,512 deletion strains screened. Gene deletions of the previously
uncharacterized A. fumigatus dscE, digA, and rbdA homologs re-
vealed that DscE (homologous to S. pombe Dsc5) and RbdA are
essential for hypoxic growth. DscE contains a UBX domain found
in ubiquitin regulatory proteins. In S. pombe, the Dsc5 UBX do-
main binds Cdc48 and recruits it to the Dsc complex (18). Cdc48
is an essential molecular chaperone with multiple cellular func-
tions. In S. pombe, it is believed to promote conformational
changes to Sre1 under hypoxia, allowing its dislocation for deliv-
ery to the proteasome.

Our work focused on the analysis of the RbdA rhomboid fam-
ily protease, which has not been previously described. Rhomboid
family proteases are one of four classes of unrelated intermem-
brane cleaving proteases (I-CLiPs) that also include the site-2
metalloproteases, presenilin aspartic proteases, and signal peptide
peptidases (SPPs) (36). Uniquely, these diverse membrane-em-
bedded proteases all carry out hydrolysis on the transmembrane
region of their substrates. Rhomboid-like proteases are conserved
throughout evolution from bacteria to humans. They exist in mul-
tiple copies in all examined genomes. They perform various func-
tions, including metazoan growth factor signaling and inflamma-
tion, S. cerevisiae mitochondrial dynamics, apicomplexan parasite
invasion, and the machinery of protein quality control (37).

Two functional rhomboid-like proteases have been identified
in S. cerevisiae and were shown to control either membrane re-
modeling in mitochondria (PCP1/RBD1) or lipid organization
and actin assembly (RBD2) (27, 38). Genome-based analysis re-
vealed that RBD2 and PCP1 homologous proteins are conserved
in S. pombe, A. fumigatus, and A. nidulans. Based on amino acid
similarities, RbdA of A. fumigatus is a homologue of RBD2 and
AFUA_1G09150 is likely to encode PCP1 (Fig. 1B). Unexpectedly,
all three organisms encode two further rhomboid-like proteins, of
which only one of each contains the essential catalytic residues and
could therefore be functional. However, no putative function can
be inferred from homology, and for both aspergilli, this third po-
tential rhomboid protease clusters outside the PCP1 and RBD2
branches.

Here we demonstrate a novel function for the rhomboid family
protease RbdA in the hypoxic response of A. fumigatus. A mutant
rbdA deletion strain failed to grow under hypoxic conditions and
was avirulent in murine models of infection. Several lines of evi-
dence suggest that RbdA functions in the SrbA pathway. (i) The
�rbdA mutant accurately phenocopies the �srbA mutant in
chemical sensitivity to iron, cell wall and ergosterol synthesis
stresses, aberrant tip morphology, and avirulence in the infected
host, including the induction of a reduced inflammatory Th1 and
Th17 response in infected lungs and increased susceptibility to
phagocytic killing. (ii) Hypoxic induction of the SrbA target genes
erg11A and erg25A requires RbdA. This transcriptional dysregula-
tion shared by the �rbdA and �srbA mutant strains suggests that
the two genes are components of a shared hypoxia-sensing path-
way. (iii) The �rbdA strain is partially rescued for hypoxic growth
by expression of cleaved active N-SrbA and is not rescued by ex-
pression of full-length SrbA. This bypass phenomenon was previ-
ously shown for the �dscA mutant and has been shown here for
the �dscE strain. (iv) Inhibition of ergosterol biosynthesis by ex-
posure to itraconazole induces SrbA nuclear translocation in wild-
type A. fumigatus and not in the �rbdA strain. Additional work is
necessary to confirm that full-length SrbA is not cleaved under
hypoxia in the �rbdA mutant as well as in a point-mutated pro-
tease-dead RbdA-expressing strain.

During the writing of this paper, a genetic screen of the S.
pombe nonessential haploid deletion collection identified the rhom-
boid protease Rbd2 as the candidate involved in proteolytic cleavage
and release of the Sre1 N-terminal transcription factor domain (28),
strengthening the validity of our results. Deletion of Rbd2 or muta-
tion of the Rbd2 conserved serine-histidine catalytic residues resulted
in a defect in Sre1 processing and an inability to grow under hypoxia.
Of the four rhomboid family proteins in S. pombe (SPBC13E7.11
[Rbd1], SPCC790.03 [Rbd2], SPBP4H10.10 [mitochondrial Rbd3],

Vaknin et al.

1876 iai.asm.org June 2016 Volume 84 Number 6Infection and Immunity

 on M
ay 30, 2016 by T

E
L A

V
IV

 U
N

IV
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


and SPAC19B12.06c [mitochondrial Rbd4]), A. fumigatus RbdA is
most closely related to Rbd2 (25% identity, 45% similarity), sug-
gesting that this subclass of rhomboid proteases enable hypoxic
growth by SrbA/Sre1 cleavage in both ascomycete yeast and
molds. This is unlike the case of the basidiomycete yeast C. neo-
formans, in which a different class of CLiP, a site-2 metallopro-
tease, performs this action.

Furthermore, our work expands our understanding regarding
the implications of RbdA/SrbA hypoxic signaling in the context of
fungal virulence. Indeed, the more efficient elimination of the
hypoxia-sensitive Aspergillus strains by effector phagocytes also
affects the local inflammatory/anti-inflammatory cytokine bal-
ance. Thus, targeting hypoxia on the side of both the host and the
fungus may help counteract pathogenic inflammation and micro-
bial pathogenicity in cystic fibrosis.

Our work raises numerous interesting questions for future
study. Where is the RbdA-dependent SrbA cleavage site? Are there
additional proteases involved in cleaving SrbA? Does cleavage ne-
cessitate the proteasome? Do the Dsc complex and RbdA physi-
cally interact? Our findings also suggest a therapeutic avenue to
treat invasive aspergillosis by inhibiting RbdA protease activity
and thus blocking the ability of the fungus to proliferate at the
hypoxic site of infection. Indeed, several potential selective rhom-
boid protease inhibitors have recently been identified, but their
effect on fungal rhomboids has not been assessed (39).
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