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Nonribosomal peptide synthesis (NRPS) is a documented virulence factor for the opportunistic pathogen
Aspergillus fumigatus and other fungi. Secreted or intracellularly located NRP products include the toxic
molecule gliotoxin and the iron-chelating siderophores triacetylfusarinine C and ferricrocin. No structural or
immunologically relevant NRP products have been identified in the organism. We investigated the function of
the largest gene in A. fumigatus, which encodes the NRP synthetase Pes3 (AFUA_5G12730), by targeted gene
deletion and extensive phenotypic analysis. It was observed that in contrast to other NRP synthetases, deletion
of pes3 significantly increases the virulence of A. fumigatus, whereby the pes3 deletion strain (4. fumigatus
Apes3) exhibited heightened virulence (increased Kkilling) in invertebrate (P < 0.001) and increased fungal
burden (P = 0.008) in a corticosteroid model of murine pulmonary aspergillosis. Complementation restored
the wild-type phenotype in the invertebrate model. Deletion of pes3 also resulted in increased susceptibility to
the antifungal, voriconazole (P < 0.01), shorter germlings, and significantly reduced surface 3-glucan (P =
0.0325). Extensive metabolite profiling revealed that Pes3 does not produce a secreted or intracellularly stored
NRP in A. fumigatus. Macrophage infections and histological analysis of infected murine tissue indicate that
Apes3 heightened virulence appears to be mediated by aberrant innate immune recognition of the fungus.
Proteome alterations in A. fumigatus Apes3 strongly suggest impaired germination capacity. Uniquely, our data
strongly indicate a structural role for the Pes3-encoded NRP, a finding that appears to be novel for an NRP

synthetase.

Aspergillus fumigatus is an opportunistic pathogen of immu-
nocompromised individuals, exhibiting a 50 to 95% mortality
rate, with the severity of disease depending on the immune
status of the host (1, 17, 35). Nonribosomal peptide synthesis
(NRPS) is a key mechanism for the biosynthesis of bioactive
metabolites in bacteria and fungi (45, 50) and has been found
to contribute to A. fumigatus virulence (1). Sequencing of the
A. fumigatus genome has revealed the presence of at least 14
genes encoding putative nonribosomal peptide (NRP) synthe-
tases (16, 50). NRP synthetases are modular or multimodular
enzymes that direct the biosynthesis of NRPs independently
of the ribosome (38, 66). Together with polyketides and ter-
penoids, NRPs constitute a class of structurally diverse second-
ary metabolites, which are generally considered to be compo-
nents of the chemical arsenal necessary for adaptation to
ecological niches (11, 22).

Each module within an NRP synthetase is responsible for
the recognition, via an adenylation (A) domain, and incorpo-
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ration of a single amino acid into the cognate peptide product
(66); however, the basis of this recognition system is poorly
understood. Furthermore, elucidating the specific NRP synthe-
tase responsible for directing the biosynthesis of an NRP is
nontrivial and defining the primary biochemical function of the
NRP is challenging. Therefore, because few fungus-specific A
domain substrates and NRP roles, particularly in A. fumigatus,
have been established to date (20), it is imperative to assign
functionality to the fungal NRP products. A few A. fumigatus
NRP synthetases encoding secreted or intracellularly located
peptides have been elucidated to date, mainly facilitated
through targeted gene deletion and comparative metabolomic
studies. Two NRP synthetases, SidC and SidD, were found to
be essential for siderophore biosynthesis in A. fumigatus (58,
60). GliP, a bimodular NRP synthetase, was shown to be re-
sponsible for gliotoxin biosynthesis (5, 15); however, the
contribution to organismal virulence remains to be definitely
established. FtmA (brevianamide F synthetase) makes the
diketopiperazine scaffold, brevianamide F, which is the precur-
sor of the fumitremorgin family of tremorgenic secondary me-
tabolites (39). A multimodular NRP synthetase pesI was iden-
tified to be important for virulence and protection against
oxidative stress (57). Importantly, where virulence studies have
been undertaken, the disruption of a particular NRP synthe-
tase has generally led to virulence attenuation, highlighting the
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importance of NRPS in the pathogenicity of A. fumigatus and
other fungi (51, 57, 60, 68). To our knowledge, no structural
role for an A. fumigatus NRP has been identified or proposed
to date.

pes3 (CADRE locus identifier, AFUA_5G12730 [http://www
.cadre-genomes.org.uk/index.html]; NRPS8 [16]), encoding a
multimodular NRP synthetase (8,515 amino acids), is the larg-
est gene (25 kb) in A. fumigatus, representing 0.01% of the
genome (16, 65, 66). In addition, a recombinant Pes3 module
was a target for posttranslational modification via solid-phase
4'-phosphopantetheinylation, thereby confirming the likeli-
hood of in vivo functionalization via this process (65). BLAST
searching of pes3 revealed no sequence orthologs in any or-
ganism for which the full genome sequence is available, making
it difficult to predict the NRP produced by Pes3 by comparison
to other organisms (16, 66). Pes3 contains six A domains and
is predicted to encode a peptide with 6 amino acids, if each A
domain exhibits unique substrate specificity. However, it has
been proposed that the nonlinear modular and domain ar-
rangement of Pes3 may suggest repetitive or nonlinear use of
modules (16), confounding in silico prediction of cognate NRP
structure, location, and function (45). Phylogenomic and ex-
pression analysis of all 4. fumigatus NRP synthetase genes
revealed that pes3 exhibited a unique pattern of expression
compared to all other A. fumigatus NRP synthetase genes,
whereby pes3 transcripts were most abundant in ungerminated
spores, in contrast to all other NRP synthetase genes examined
(16). This suggested that pes3 may be involved in germination;
however, no further characterization of pes3 was carried out
during that study.

We set out here to identify the role of the NRP synthetase
Pes3 in A. fumigatus and to assess its contribution to virulence.
Disruption of pes3 (resulting in a Apes3 strain) resulted in an
augmented virulence phenotype in invertebrate and hydrocor-
tisone acetate immunosuppressed models for invasive asper-
gillosis (IA). Unexpectedly, this virulence appears to be medi-
ated by an immunologically silenced phenotype for Apes3. We
propose that Pes3 biosynthesizes an NRP with a structural role
within A. fumigatus conidia that is essential for effective innate
immune recognition.

MATERIALS AND METHODS

Strains, growth conditions, and general DNA manipulation. A. fumigatus
strains were grown at 37°C in Aspergillus minimal medium (AMM), and fungal
culturing was carried out as described in Schrettl et al. (61). Fungal strains used in
the present study are listed in Table 1.

PCRs for generation of DNA manipulation constructs were performed using the
Expand long-range template kit (Roche). For general cloning procedures, the bac-
terial strain Escherichia coli DH5o was used (33); this strain was cultivated in LB
(1% Bacto tryptone, 0.5% yeast extract, 1% NaCl [pH 7.5]) medium. A. fumigatus
genomic DNA was purified using a ZR fungal/bacterial DNA kit (Zymoresearch).

Gene deletion and compl tation of A. fu pes3. A. fumigatus trans-
formation was carried out according to the method of Tilburn et al. (70). For the
disruption of pes3 and generation of the Apes3 mutant strain, a bipartite marker
technique was used (49). The strategy designed for pes3 disruption in the present
study led to the deletion of 1.5 kb of pes3 at the 5’ region of the gene. In A. fumigatus
Apes3, the deleted region comprises amino acids 688 to 1163 of pes3.

Briefly, A. fumigatus ATCC 46645 was transformed with two DNA constructs,
each containing an incomplete fragment of a pyrithiamine resistance gene (ptrA4) (31,
32), fused to 1.2 and 1.3 kb of the pes3 coding sequences, respectively, which flanked
the region to be deleted. The marker fragments shared a 557-bp overlap within ptrA4,
serving as a potential recombination site during transformation. Two rounds of PCR
generated each fragment. Table 2 provides a complete list of the primers used in the
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TABLE 1. Fungal strains and plasmid constructs

Strain or plasmid Description Source or
reference
Strains
ATCC 46645  Aspergillus fumigatus wild-type strain 24
pes3 Apes3 deletion mutant (pes3::ptrA) This study
pes3€ pes3 complemented strain This study
Plasmids
pSK275 Plasmid containing ptrA cassette 30
conferring resistance to
pyrithiamine
pPAN 8.1 Aspergillus marker cassette

conferring resistance to
phleomycin (“gpdA::ble/tk::trpC)

present study. First, each flanking region was amplified from ATCC 46645 genomic
DNA by using the primer pair 0Afpes3-1 and oAfpes3-4 for flanking region A (1.2
kb) and the primer pair oAfpes3-2 and oAfpes3-3 for flanking region B (1.3 kb).
Subsequent to gel purification, the fragments were digested with EcolCRI and
HindIII, respectively. The ptrA selection marker was released from plasmid pSK275
(kindly provided by Sven Krappmann, Goettingen, Germany) by digestion with
EcolCRI and HindIII and ligated with the two flanking regions A and B described
above. For transformation, two overlapping fragments were amplified from the
ligation products by using the primers 0Afpes3-5 and optr4-2 for fragment C (2.6 kb)
and the primers 0Afpes3-6 and optrA-1 for fragment D (2.3 kb). Subsequently, A.
Sfumigatus ATCC 46645 was transformed simultaneously with the overlapping frag-
ments C and D. In order to obtain homokaryotic transformants, colonies from single
homokaryotic spores were picked, and single genomic integration was confirmed by
PCR (data not shown) and Southern blot analysis.

For complementation of A. fumigatus Apes3, a bipartite strategy was also used to
precisely replace the deleted region in Apes3, thus leading to pes3©. Two overlapping
PCR fragments were amplified by using the primer pairs oAfpes3-5/Afpes3Compl
(fragment 1) and Afpes3Comp2/oAfpes3-6 (fragment 2) (Table 2). These fragments
overlapped by 405 bp, and recombination of these fragments should restore pes3,
resulting in the removal of pir4 from the genome of pes3“. To achieve this, A.
fumigatus Apes3 was cotransformed with fragments 1 and 2 and a plasmid, Pan8.1,
containing a phleomycin resistance gene (ble”) for selection. Positive deletion and
reconstituted strains were screened by Southern analysis, and digoxigenin-hybridiza-
tion probes were generated by using the primers 0Afpes3-5 and 0Afpes3-4 (Table 2).
Complementation of pes3 was further verified by restriction mapping part of the pes3
locus. PCR was carried out using the primer pair oAfpes3-5 and oAfpes3-6, and
either wild-type, Apes3 or pes3© genomic DNA as a template, leading to PCR
products spanning the specific area of pes3 that was targeted for deletion (3,737 bp
in wild-type and pes3© strains and 4,285 bp in the Apes3 strain). These PCR
products were restricted with Agel to yield a range of expected fragment sizes
as detailed in Table 3.

RNA isolation and real-time PCR. Fungal RNA was isolated and purified from
A. fumigatus hyphae crushed in liquid nitrogen by using the RNeasy plant minikit
(Qiagen). RNA was treated with DNase 1 (Invitrogen), and cDNA synthesis from
mRNA (500 ng) was performed using a first-strand transcription cDNA synthesis
kit (Roche) with oligo(dT) primers. The gene encoding calmodulin (calm)
(AFUA_4G10050), which is constitutively expressed in A. fumigatus, served as a
control in reverse transcription-PCR (RT-PCR) experiments (10).

Real-time PCR was performed using LightCycler 480 Sybr green 1 master mix
(Roche) on a LightCycler 480 real-time PCR system. PCRs were carried out in
96-well plates in a reaction volume of 20 pl containing 5 pl of template cDNA.
Standard curves were prepared for calm and pes3 by generating 5 orders of 10-fold
serial dilutions of cDNA in H,O and performing five replicate PCRs on these
dilutions. The primer pairs calm F/calm R or Pes3RT-F/Pes3RT-R were used for
real-time PCR experiments (Table 2). Cycling conditions for PCRs were calculated
using the recommendations from Roche, and 40 cycles of PCR were performed.
Standard curves with a PCR efficiency of =1.8 and with an error value of <0.2 were
accepted, and the cycling conditions were used for subsequent real-time PCR anal-
ysis by relative quantification using LightCycler 480 software. For real-time PCRs, a
1/10 dilution of cDNA from each sample was used as a template, and each reaction
was performed in triplicate.

Metabolite extraction and analysis by reversed-phase HPLC. Metabolite ex-
traction was performed according to the micro extraction procedure of Smedsgaard
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TABLE 2. Oligonucleotides used in this study

Primer Orientation® Sequence (5'-3") PCR usage
0Afpes3-1 F GAGGCGGAACGTTGGAA PCR 1, first-round PCR
0Afpes3-4 R CAGTGCTATGTTCCGCCAC pes3 5'DIG probe
0Afpes3-3 F TTGGAGATGCGGTACTCG
0Afpes3-2 R AAGCTGCGCTTCAACCTC PCR 2, first-round PCR
0Afpes3-5° F GGAACCGATCACTCAAGAC
optrA-2 R CATCGTGACCAGTGGTAC PCR 3, second-round PCR
optrA-1 F GAGGACCTGGACAAGTAC
0Afpes3-6° R CGACGTAGATGAGCGATC PCR 4, second-round PCR
0Afpes3-5° F GGAACCGATCACTCAAGAC
Afpes3Compl R CCAGAGATCGGCTAAGTGTCA pes3 Comp 5’
Afpes3Comp2 F CGGAGGTTTTATTAGACGCCTG
0Afpes3-6° R CGACGTAGATGAGCGATC pes3 Comp 3’

Pes3RT-F F CTCTGGCACTCCTCCAAGTC

Pes3RT-R R AGCAATCTATCCCACGGATG pes3 RT-PCR

0Afpes3-5° F GGAACCGATCACTCAAGAC

0Afpes3-6° R CGACGTAGATGAGCGATC 3.7-kb pes3 replacement construct
calm F F CCGAGTACAAGGAAGCTTTCTC calm RT-PCR

calm R R GAATCATCTCGTCGATTCGTCGTCTCAGT

“F, forward; R, reverse.
 Some primers were used for multiple purposes as indicated.

(64). Plugs (0.6 cm?) were taken from petri dish cultures and extracted with either 1
ml of methanol-dichloromethane-ethyl acetate (1:2:3 [vol/vol/vol]) or 1 ml of 25%
(volvol) CH;CN in water. These extracts were evaporated, and the residues were
redissolved in 400 pl of methanol and stored at —20°C until analysis. Ultra-high-
performance liquid chromatography-diode array detection (WHPLC-DAD) analyses
were performed on a Dionex RSLC Ultimate 3000 (Dionex, Sunnyvale, CA). Sep-
aration was obtained on a Kinetex C,z column (150 by 2.1 mm, 2.6 um; Phenome-
nex, Torrance, CA) maintained at 60°C using a linear gradient starting from 15%
(vol/vol) CH5CN in water (containing 50 ppm of trifluoroacetic acid) increasing to
100% (volvol) CH;CN over 7 min at a flow rate of 0.8 ml/min. The injection volume
was 1 pl. LC-DAD-mass spectrometry (MS) analysis was performed on an LCT
0aTOF mass spectrometer (Micromass, Manchester, United Kingdom) as described
by Nielsen et al. (47, 48). Chromatography was performed on a 5 cm, 3 um, Luna Cyg
column (Phenomenex) (2) using a water-acetonitrile gradient from 15% (vol/vol)
CH;CN to 100% (volivol) CH;CN in 20 min, with both solvents containing 20 mM
formic acid.

Phenotypic analysis of A. fumigatus Apes3. For plate assays, conidia were har-
vested aseptically from 1-week-old malt extract agar plates and filtered through
sterile Miracloth (Calbiochem) to remove mycelial matter. Conidia (10*) were spot-
ted onto a variety of test plates as shown in Table 4. Plates were incubated at 37°C
unless otherwise stated. Colony diameter was measured periodically, and statistical
analysis was carried out using two-way analysis of variance.

Vegetative growth curves were performed according to the method of Reeves et
al. (56). Freshly harvested conidia were used to inoculate AMM cultures (107
conidia/100 ml). Cultures were incubated for 24, 48, 72, or 96 h, and the mycelial
biomass was collected. Mycelia were washed in sterile water and freeze-dried to
remove all liquid. Dry weights were recorded, and statistical analysis was performed
using a Student ¢ test.

To determine germination rates, under shaking and static conditions, AMM
cultures (10 ml) were inoculated with 4. fumigatus conidia (107/ml) and incubated
for at least 3 h to allow germination to commence. Subsequently, 500 pl of each
culture was transferred into a 2-ml screw-cap tube containing a 0.2-ml scoop of
0.1-mm glass beads, and the tubes were vortexed for 10 s. To quantify germination,
10 pl of each specimen was placed on a hemocytometer, and conidia and germlings
were counted up to 100 in total. Swollen conidia were not counted as germinated.
Each specimen was counted in duplicate, and the assay was performed in triplicate.
Germination was recorded every hour until germination rates became constant for

TABLE 3. Restriction mapping expected fragments

DNA type Fragment sizes (bp)
Wild-type genomic DNA .......cooviininininenne 1,197, 1,053, 694, 569, 224
Apes3 genomic DNA ... 2,197, 1,170, 694, 224

Complemented pes3 strain (pes3©) 1,197, 1,053, 694, 569, 224

all strains tested. Voriconazole (VFEND; Pfizer) MIC analysis was carried out
according to EUCAST guidelines (54).

Galleria mellonella infection experiments. G. mellonella larvac (n = 20) were
inoculated into the hind proleg with 107 A. fumigatus conidia in 20 pl (per larva) as
previously described (56). Mortality, defined by lack of movement in response to
stimulation and discoloration (melanization) of the cuticle, was recorded at 72 h
postinjection. Kaplan-Meier survival curves were analyzed by using a log-rank (Man-
tel-Cox) test for significance.

Murine infection experiments. Outbred male mice (strain CD1, 20 to 28 g;
Charles Rivers Breeders) were used for murine virulence analyses. For analysis of
the fungal burden in neutropenic mice, Immunosuppression was carried out by
subcutaneous injection of 112 mg of hydrocortisone acetate/kg on day —1 and by
intraperitoneal injection of 150 mg of cyclophosphamide/kg on days —3, —1, and 2.
For analysis of the fungal burden in corticosteroid-treated animals immunosuppres-
sion was induced with subcutaneous injections of hydrocortisone acetate (112 mg/kg
on days —3, —1, and 2). On day 0, inocula containing 7.5 X 10° or 1.5 X 10° conidia
were prepared for neutropenic and corticosteroid-treated animals, respectively, in 40
wl of saline. Spores were cultured on slants of solid ACM complete medium for 5
days at 37°C prior to harvest. Spores were filtered through Miracloth and washed
twice with saline prior to enumeration. Mice were anesthetized by inhalation of
isoflurane and infected by intranasal instillation. Bacterial infections were prevented
by adding 1 g of tetracycline/liter and 64 mg of ciprofloxicin/liter to drinking water.
The weights of the infected mice were monitored for 4 days, twice daily, before the
animals were culled. An A. fumigatus para-aminobenzoic (PABA) acid auxotroph
(referred to as 4. fumigatus H515) that is unable to germinate in the murine lung (8)
was used as a positive control for attenuated virulence. For histological analyses of
ATCC 46645 and Apes3 infections, corticosteroid-treated animals were immunosup-
pressed and infected with 107 spores as described above. The animals were sacrificed
at 14 and 24 h postinfection, and the lungs were fixed in 4% (vol/vol) formalin prior
to paraffin embedding. Lung sections (n = 4) were obtained at four independent
vertical sectioning levels per sample and stained with Grocotts methanamine silver
(GMS) for visualization of fungal elements and with hematoxylin and eosin (H&E)
for visualization of the host cells.

Measurement of the fungal burden in murine lungs. In order to assess fungal
burden as a quantitative virulence criterion, quantitative PCR was performed on
total genomic DNA extracted from homogenized whole lungs. The fungal burden
was assessed by quantitative PCR amplification using the oligonucleotides BT-F
(GAGCCCTTTTCCGACCTGAT) and BT-R (GGAACTCCTCCCGGATCTTG)
to amplify the B-tubulin (AFUA_7G00250) locus from the A. fumigatus genome, and
the oligonucleotides Actin-F (CGAGCACAGCTTCTTTGCAG) and Actin-R (C
CCATGGTGTCCGTTCTGA) were used to amplify the murine actin locus
(NM_007393). Quantification of both gene targets was performed in triplicate on
groups of four to five mice. A modified mathematical model (incorporating adjust-
ment for fungal inoculum) for relative quantification of the A. fumigatus actin and
murine B-tubulin was adopted for each mouse sample using the formula ratio (R) =
(E qrgey) 7 fungal actin = murine wbulin) where E is the efficiency of amplification of
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TABLE 4. Phenotypic plate assay agents and observations”

Phenotypic test Reagent(s) used

Concn(s) tested Phenotype

Role of pes3 in siderophore
biosynthesis
Oxidative stress

Iron stresses (low, high,
and no iron)

Menadione

Diamide

Hydrogen peroxide

Antifungal susceptibility Voriconazole

0.25, 0.5, 0.75, and 1.0 wg/ml

10 uM, 1.5 mM, and 200 uM BPS N

20, 30, 40 pM N
0.1, 0.2, 0.4, 1, and 2 mM

Y (Apes3 more resistant to diamide [0.1
mM, P < 0.05] than the wild type)

1, 2, and 3 mM N

Y (Apes3 more sensitive to voriconazole
[0.5 wg/ml, P < 0.001] than the wild

type)
Amphotericin B 0.125, 0.25, 0.5, and 1.0 pg/ml N
Caspofungin 0.2, 0.5, and 1.0 pg/ml N
Cell wall stress Caffeine 2 and 5 mM N
Congo red 5, 10, and 15 pg/ml N
Calcofluor white 100 and 200 wg/ml N
High temp (48°C) NA N
Membrane stress SDS 0.01 and 0.02% (wt/vol) N

“ BPS, bathophenanthroline sulfonate; SDS, sodium dodecyl sulfate; NA, not applicable; Y, yes; N, no.

target gene and is equal to 2, based on the mean of eight independent murine
infections (53). The R values were log,, transformed and corrected for inoculum
size, and reciprocal values were plotted (1/log,, Rc). The statistical significance of
variances between fungal burdens was calculated by using a nonparametric Mann-
Whitney ¢ test. Genomic DNA, isolated from animals infected with attenuated A.
fumigatus H515 (8), was used as a positive control for attenuation.

Fungal stimulation of BMMd. Immortalized murine bone marrow-derived mac-
rophages (BMM¢) (62) were cultured in Dulbecco modified Eagle medium (Gibco)
supplemented with 10% (vol/vol) fetal calf serum 1% (wt/vol) penicillin-streptomy-
cin, and 0.5 ml of gentamicin solution. Cells were cultured in T175 flasks at 37°C with
5% CO,. For stimulation with A. fumigatus, BMM¢ were washed in phosphate-
buffered saline (PBS), counted, seeded onto 24-well plates containing Opti-MEM at
a cell density of 10° cells per well, and left to adhere to 24-well plates overnight. A.
fumigatus conidia (107) or germlings (5 X 10°) were added to BMMd, followed by
incubation for 18 h at 37°C. Supernatants were subsequently collected for cytokine
determination by enzyme-linked immunosorbent assay (ELISA). Germling forma-
tion was achieved as described above. Preparatory experiments indicated that be-
tween 90 and 100% of conidia had formed dichotomous germ tubes after 9 h of
incubation. BMM¢ were also exposed to filter sterilized culture supernatant (600 l)
from A. fumigatus strains. Aliquots of filter-sterilized Aspergillus culture supernatant
were inoculated onto malt extract agar, and lack of fungal growth after 72 h con-
firmed that the supernatant was completely cell-free. Commercially available ELISA
systems for tumor necrosis factor alpha (TNF-«), interleukin-6 (IL-6), IL-10, and
RANTES determination (Peprotech UK) were used according to the manufactur-
er’s instructions.

SEM. Dormant conidia and germlings (9 h) were Miracloth filtered and fixed
using formaldehyde and glutaraldehyde in 100 mM sodium phosphate (pH 7.0) at
room temperature (2 h) and 4°C (16 h). After being washed in 50 mM NH,CI and
deionized water, the specimens were analyzed by scanning electron microscopy
(SEM) by commercial arrangement (CMA, Trinity College Dublin, Dublin, Ire-
land).

Confocal microscopy. Germlings (9 h) were fixed with 4% (vol/vol) formaldehyde
prior to two washes with PBS and blocking with bovine serum albumin (BSA; 50
mg/ml) in PBS. Incubation with murine monoclonal antibody to linear-(1,3)-B-
glucan (Biosupplies; 1 pg/ml) for 1 h followed (13). The specimens were then
washed twice with BSA (50 mg/ml) in PBS prior to staining with Alexa Fluor 488
goat anti-mouse IgG (H+L; Invitrogen) at 1/200 for 1 h. Germlings were washed
twice with BSA (50 mg/ml) in PBS before image acquisition using an Olympus
FluoView 1000 confocal microscope. Images were processed with FV10-ASW Soft-
ware (v.01.07).

2D-PAGE and protein MS. A. fumigatus ATCC 46645 and Apes3 germlings (9 h)
were harvested, washed, and disrupted in lysis buffer (1 ml/g germlings) (12) using
bead beating (30 Hz; three times for 5 min each time on ice) in the presence of glass
beads (0.4 g; 0.1 mm), followed by centrifugation (13,000 X g, 10 min), two-dimen-
sional polyacrylamide gel electrophoresis (2D-PAGE) fractionation (pH 4 to 7
Immobiline dry strips), and image analysis using Progenesis software (Nonlinear

Dynamics, Newcastle upon Tyne, United Kingdom). Protein identification was car-
ried out using a model 6340 ion trap LC mass spectrometer (Agilent Technologies,
Santa Clara, CA) in which peptide separation was achieved by using a Nanoflow
Agilent 1200 LC system and proteins were identified using Mascot MS/MS ion
search (Matrix Science, London, United Kingdom).

RESULTS

Disruption and complementation of pes3 in A. fumigatus. In
order to gain insight into the biological role of Pes3, a pes3
mutant strain (Apes3) was generated by homologous recombi-
nation by using the bipartite marker technique (49). Southern
blot analysis was used to identify pes3 (negative) and prA
(positive) colonies by probing for a 1,568-bp EcoRI restriction
fragment in the Apes3 strain and a 4,139-bp fragment in the
wild-type strain (Fig. 1A). Southern analysis of 14 isolates
confirmed the disruption of pes3, and one representative clone
was selected for further analysis. A complemented strain,
pes3€, was generated by cotransformation of A. fumigatus
Apes3 with bipartite pes3 fragments and plasmid Pan8.1 using
selection on phleomycin-containing media (Fig. 1B). Southern
blot analysis of the complemented strains (pes3) produced the
expected wild-type 4,139-bp fragment due to restoration of
the pes3 locus (Fig. 1A and B). Restriction mapping of part of
the pes3 locus also confirmed the integrity of the pes3 locus
following complementation (Fig. 1C). Two complemented
strains (pes3©), termed pes3<’ and pes3“2, exhibited wild-type
features in all subsequent experiments. RT-PCR and real-time
PCR confirmed that pes3 transcripts were absent in the Apes3
strain but present in wild-type and pes3€ strains (Fig. 2). The
culture conditions used for pes3 expression analysis were as
described previously by Cramer et al. (16). pes3 transcripts
were detected in wild-type and pes3€ strains, but not in Apes3
cultures, following 48 h of growth in RPMI medium (Fig. 2).
The resulting set of strains was subjected to phenotypic anal-
ysis under various growth conditions (Table 4).

Phenotypic analysis of A. fumigatus Apes3 reveals voricona-
zole susceptibility and diamide resistance. Antifungal suscep-
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FIG. 1. Disruption and complementation of A. fumigatus pes3. (A) Schematic representation of Southern blot and probe hybridization,
displaying the pes3 loci in A. fumigatus wild-type, Apes3, and pes3€ strains. A 1.5-kb region close to the 5’ end of pes3 (gray) was deleted and
replaced by ptrA as indicated. EcoRI-restricted DNA was probed with a digoxigenin (DIG)-labeled probe corresponding to a region at the 5’ end
of pes3, leading to fragments of 4,139 bp in wild-type DNA and 1,568 bp in Apes3 DNA, respectively. Probe hybridization region is indicated as
black lines. The full pes3 coding sequence is 25.5 kb in length. For clarity, only a portion of pes3 is shown here, indicated by continuous arrows.
(B) Southern blot analysis of A. fumigatus wild-type, Apes3, and pes3€ strains confirms pes3 disruption and subsequent complementation in A.
fumigatus by the presence of the expected hybridization patterns as described in panel A. M, DIG-labeled marker VII (Roche); Apes3, A. fumigatus
Apes3; wt, A. fumigatus wild type; lanes 3 and 4, pes3<” and pes3“2. Loss of the Apes3 fragment (1.5 kb) in lanes 3 and 4 indicates complementation
of pes3. (C) Agel restriction mapping of the region with pes3 deleted yields the expected restriction pattern (Table 3), confirming the integrity of
pes3 locus following complementation. M, Roche VII marker; lanes 1 to 3, Agel-digested PCR products (lane 1, A. fumigatus wild type; lane 2,
Apes3, lane 3, pes3<7).

tibility testing indicated that strain Apes3 exhibited increased to that of the wild type upon exposure to other antifungal
susceptibility to the azole, voriconazole. The addition of vori- agents (amphotericin B and caspofungin). With the exception
conazole (0.25 to 1.0 wg/ml) led to a significantly reduced of enhanced resistance to diamide (P < 0.05), A. fumigatus
growth phenotype of A. fumigatus Apes3 compared to wild-type Apes3 grew at a rate identical to that of the wild type under all
A. fumigatus, and growth was restored in pes3©. This increased other conditions tested (Table 4).

sensitivity of Apes3 toward voriconazole was most significant at With the observation that pes3 transcripts were most abun-
0.5 g of voriconazole/ml at 62 and 72 h postinoculation (P < dant in ungerminated spores (16), germination and vegetative
0.001) (Fig. 3A). The MICs of voriconazole were 0.125 and growth rates were compared for 4. fumigatus wild-type and
0.0625 wg/ml for the A. fumigatus ATCC 46645 and Apes3 Apes3 strains. Overall, A. fumigatus wild type and Apes3 exhib-
strains, respectively. A. fumigatus Apes3 grew at a rate identical ited similar growth rates under shaking conditions (Fig. 3B).
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FIG. 2. Real-time PCR analysis of pes3 expression. A. fumigatus wild-
type, Apes3, pes3<7, and pes3<? strains were cultured for 48 h in RPMI
medium, and real-time PCR analysis was undertaken on resultant cDNA
samples. The relative abundances of pes3 and a housekeeping gene (calm)
transcripts are given. The lack of pes3 expression (Apes3) and the resto-
ration of pes3 expression (pes3“” and pes3“?) can be observed. The means
of three replicate PCRs for each strain are shown.

Conidial germination for both strains commenced after 3 h
growth in liquid AMM, with ca. 5% germination for both
strains by 5 h. By 6 h, germination had commenced for ca. 25
and 35% of the wild-type and Apes3 conidia, respectively. Ger-
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mination of A. fumigatus Apes3 was significantly impeded un-
der static conditions at 8 and 10 h, respectively (P < 0.01);
moreover, only 10 to 20% of the conidia had germinated by
10 h (Fig. 3C). Vegetative growth determination by measuring
the dry weights of the mycelial biomass for A. fumigatus wild-
type and Apes3 strains over a 96-h period indicated that both
strains exhibited similar growth rates, with the exponential
growth phase lasting until 48 h, and the growth rates remained
stationary after this point (Fig. 3D).

pes3 does not encode a secreted peptide. Availability of the
A. fumigatus Apes3 mutant facilitated comparative metabolite
analysis to identify a Pes3-encoded NRP. To this end, 4. fu-
migatus wild-type and Apes3 were cultivated in a variety of
conditions, including all conditions (Table 5) under which pes3
expression was detected. Comparative metabolite analysis, via
LC-MS, of extracts from A. fumigatus wild-type and Apes3
strains were identical and showed that there were no differ-
ences in the types or extents of metabolite production between
both strains (Fig. 4). The fact that no products and/or peaks
were missing in mutant samples, when analyzed using electro-
spray in the positive mode during MS, strongly indicates that
pes3 is not responsible for the synthesis of a soluble NRP that
is secreted by, or stored intracellularly within, A. fumigatus,
since such a product should easily be protonated and thereby
detected.

B
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% Germination

Time (h)
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FIG. 3. A. fumigatus Apes3 is more sensitive to voriconazole compared to the wild type, but the growth rate is not affected in A. fumigatus

Apes3. (A) Conidia (10%) of A. fumigatus wild-type and Apes3 strains were spotted onto AMM plates in the presence or absence of

voriconazole (0.25 to 1.0 pg/ml). Colony diameter was measured after 72 h of incubation at 37°C. The means * the standard errors of three

determinations are shown. ***, P < 0.001. (B) Germination rate analysis of A. fumigatus wild-type and Apes3 strains indicates that both of

them germinate at the same rate. Germination was first recorded in both strains at 3 h, and by 9 h ca. 90% of the conidia in both strains
had germinated. The means * the standard errors of three determinations are shown. (C) Analysis under static conditions confirmed that
A. fumigatus Apes3 germinates significantly slower than does the wild type (P < 0.01). Germination was first recorded in both strains at 6 h,
and by 8 to 10 h only 10 to 20% of the mutant conidia had germinated. The means = the standard errors of three determinations are shown.
(D) Vegetative growth rates of A. fumigatus wild-type and Apes3 strains over 96 h. No significant differences were observed between strains.

The means * the standard errors of three experiments are shown.
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INFECT. IMMUN.

TABLE 5. Conditions used for comparative metabolite analysis

Condition Description (all at 37°C) Extraction solvent

A RPMI liquid, 48 h of incubation (i) Organic extraction of culture supernatant (SN) with SN-chloroform
in a 1:1 ratio

B Czapek liquid, 48 h of incubation (ii) Neat culture supernatant injection

C AMM liquid, 48 h of incubation

D Incubation on AMM agar for 6 days Conidial extraction method (44)

E Incubation on AMM supplemented with H,O,

(final concn, 2 mM) for 6 days

F Incubation on AMM agar for 6 days Plug extraction method (64) using either 1 ml of methanol-
dichloromethane-ethyl acetate (1:2:3 [vol/vol/vol]) or 1 ml of 25%
(vol/vol) CH;CN in water

G Incubation on Czapek agar for 6 days

Disruption of pes3 leads to increased virulence in G. mello-
nella and a murine model of pulmonary aspergillosis. G. mel-
lonella larvae infected with A. fumigatus wild type exhibited
significantly lower mortality compared to those infected with

A 100 -

o/
0 Ty ey Py ey
2.00 6.00 10.00 14,00  Time (min)
B 100,
| M
0 ARAasaaaasasans et L Aasachacas:  amaanaesant
2.00 6.00 10.00 14.00  Time (min)

FIG. 4. A. fumigatus wild-type and Apes3 strains exhibit identical me-
tabolite profiles, indicating that Pes3 does not encode a secreted peptide.
Total ion chromatograms (0 to 15 min) representative of metabolites
detected from A. fumigatus wild-type (A) and Apes3 (B) strains after 6
days of growth on Czapek agar. Metabolites were extracted according to
condition G (see Table 5) with 1 ml of 25% (vol/vol) CH;CN in water.

A. fumigatus Apes3 (P < 0.001), thereby revealing heightened
virulence of the mutant strain. The percent larval survival is
shown in Fig. 5. At 24 h after infection, ca. 95% of the larvae
infected with the wild-type strain remained alive, whereas an
85% survival rate was observed for those infected with A.
fumigatus Apes3, indicating increased mortality associated with
A. fumigatus Apes3. At 48 h postinfection, 55% of the larvae
infected with the wild type remained alive, in contrast to only
30% of larvae infected with Apes3. By 72 h, only 3% of larvae
infected with Apes3 were viable versus 23% in the wild-type
group. Larval survival levels associated with A. fumigatus wild-
type were restored in both complemented strains (pes3<? and
pes3<?), and the overall differences in survival proportions
between larvae infected with A. fumigatus wild type or Apes3 is
highly significant (P < 0.001).

Two murine models of pulmonary aspergillosis were used to
assess the comparative virulence of the A. fumigatus wild-type and
Apes3 strains by analysis of the fungal burden. Groups of five
corticosteroid-treated or neutropenic animals were infected with
7.5 X 10° or 1.5 X 10° conidia, respectively. Comparative survival
(A. fumigatus ATCC 46645 versus Apes3) was assessed in a total
of 10 mice for each strain (in two independent experiments).
Although there was a tendency toward increased virulence of A.

100 ¥ *> -

-+ wild-type
§ I yp
< 804 = Apes3
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E 60 *peS3CZ
3 <+ PBS
D 40;
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s 204
-
0 T T ™ N
0 24 48 72 96
Time (h)

FIG. 5. Disruption of A. fumigatus Apes3 leads to hypervirulence in
an invertebrate model of invasive aspergillosis. The survival propor-
tions of larvae (n = 20) infected with A. fumigatus wild-type, Apes3,
and pes3° strains are shown. Larval viability (%) was assessed at 24-h
intervals after infection. A. fumigatus Apes3 is more virulent than the
wild type and is associated with reduced larval survival (P < 0.001) at
all time points. Virulence is restored to wild-type levels in the two
complemented strains (pes3<? and pes3<’). PBS was used as an injec-
tion control, and all larvae in this group remained viable for the entire
experiment.
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FIG. 6. Analysis of murine pulmonary aspergillosis after infection with 4. fumigatus wild-type and Apes3 conidia. (A) Survival of corticosteroid-
treated mice (n = 10 per group) after infection with 10° 4. fumigatus wild-type (solid line) or Apes3 (dotted line) spores. (B and C) Fungal burden
analysis corticosteroid (B) and neutropenic (C) models of pulmonary aspergillosis indicate a significantly heightened fungal burden in Apes3-
infected corticosteroid treated mice. The lungs of animals infected with Apes3 exhibited greater fungal burden as observed by a lower threshold
cycle (Cy) value for A. fumigatus Apes3 (P = 0.008). The fungal burden was quantified, relative to murine B-tubulin, by quantitative PCR using
genomic DNA isolated from whole, homogenized murine lungs harvested from animals sacrificed on day 5. An attenuated p-amino benzoic acid
auxotroph, H515 (8), was included as a control for attenuation. (D) Histological analysis of wild type- and Apes3-infected mice demonstrates rapid
germination of Apes3 spores in the lungs of corticosteroid-treated animals. Animals were sacrificed at 14 and 24 h postinfection, and the lungs were
fixed in 4% formalin prior to paraffin embedding. Lung sections (n = 4) were obtained at four independent vertical sectioning levels per sample
and stained with GMS for visualization of the fungal elements and with H&E for visualization of the host cells.

fumigatus Apes3, the effect was not significant as determined by
log-rank analysis (P = 0.32) (Fig. 6A). However, corticosteroid-
treated animals infected with Apes3 demonstrated a rapid decline
in weight relative to the day of infection; every animal infected
with A. fumigatus Apes3 exhibited weight loss over the course of
the infection. Two A. fumigatus Apes3-infected animals exhibited
>20% weight loss by day 4 of the experiment, whereas animals

infected with A. fumigatus wild type displayed moderate fluctua-
tions in weight during infection, but none dropped below 20% of
starting weight (see Fig. S1 in the supplemental material). The
mean weights of animals at day 5 of the infection were signifi-
cantly lower for the A. fumigatus Apes3 infection group (93.00 +
25% of the starting weight) than the wild-type counterpart
(106.2% = 1.62% of the starting weight) (P < 0.01) (see Fig. S1
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in the supplemental material). Animals in the A. fumnigatus H515
control group remained at a steady weight over the course of the
experiment (see Fig. S1 in the supplemental material). The fungal
burden was quantified, relative to murine B-tubulin, by quantita-
tive PCR using genomic DNA isolated from whole, homogenized
murine lung harvested from animals sacrificed on day 5. An at-
tenuated p-amino benzoic acid auxotroph, H515 (8), was included
as a control for attenuation. Infection of hydrocortisone acetate-
treated animals with strain Apes3 resulted in significantly height-
ened fungal burden (Fig. 6B, P = 0.008) relative to infection with
ATCC 46645. In contrast, the fungal burdens following infection
of neutropenic mice with Apes3 and ATCC 46645 were compa-
rable (Fig. 6C, P = 0.9).

In order to determine the basis of increased fungal burden in
Apes3-infected animals, we studied the histological progression
of aspergillosis in the lungs of corticosteroid-treated animals at
14 and 24 h postinfection (Fig. 6D). The major difference
between wild-type and Apes3 infections was earlier germina-
tion of the Apes3 spores. At 14 h postinfection, the majority of
Apes3 spores had germinated and produced germ tubes. Ger-
minating spores were observable in the lung alveoli and in the
bronchioles, and inflammatory cell infiltrates were observed in
regions of spore deposition (Fig. 6D). In contrast, lungs in-
fected with the wild-type isolate exclusively harbored ungermi-
nated spores at 14 h postinfection. Large regions of inflamma-
tory infiltration were observable in which the ultrastructure of
the lung tissue was barely visible and spores were distributed
throughout the lung parenchyma, including within the bron-
chioles that were heavily infiltrated with inflammatory cells. At
24 h postinfection, the observed disparate germination was
limited to areas of high inflammation. Although a trend toward
lessened inflammation in Apes3-infected lungs was clearly dis-
cernible, the difference between wild type- and Apes3-infected
lungs was not dramatic, and quantitation of the difference was
therefore not attempted from the lung sections. In summary,
the heightened virulent phenotype observed for Apes3 in the
hydrocortisone acetate model is associated with a reduction in
weight loss and an increase in fungal burden in the murine
lung.

A. fumigatus Apes3 exhibits an immunologically silent phe-
notype compared to the wild type. In order to test the hypoth-
esis that increased virulence of A. fumigatus Apes3 in both
insect and murine models could be due to immunological si-
lencing and a consequent attenuated immune response, we
monitored cytokine production following coincubation of
BMMo with A. fumigatus 9-h germlings. This analysis revealed
a reduction in four cytokines TNF-a (30% reduction; 2,592 +
290 versus 3,686 = 1,719 pg/ml [mean * the standard devia-
tion]), IL-6 (68% reduction), RANTES (25% reduction), and
IL-10 (10% reduction) after coincubation of BMMd with A.
fumigatus Apes3 compared to coincubation of BMMd with the
wild type (Fig. 7; see Fig. S2 in the supplemental material). The
level of TNF-a produced in response to Apes3 germlings re-
sembled that of the response toward A. fumigatus conidia,
either live or dead (2,000 to 2,500 pg/ml), and similar levels of
TNF-a were produced in response to A. fumigatus wild-type
and A. fumigatus Apes3 conidia. Cytokines were not detected
from BMM¢ in response to A. fumigatus wild-type or Apes3
culture supernatants (data not shown). These data suggest that
the recognition of Apes3 by pattern recognition receptors
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FIG. 7. Coincubation of murine macrophages with A. fumigatus
Apes3 leads to a reduction in IL-6 secretion compared to A. fumigatus
wild type. BMMd were stimulated with the TLR ligands lipopolysac-
charide (LPS; TLR4 ligand) and Pam-2-cys (TLR2 ligand), as well as
A. fumigatus wild-type and Apes3 germlings/conidia for 9 h. Cytokine
secretion was then assessed by ELISA. Less IL-6 (68% reduction) was
detected from BMM¢ after incubation with A. fumigatus Apes3 (Apes3 -
9 h) compared to wild-type germlings (wild-type - 9 h). The means *+ the
standard errors of two biological replicates are shown.

(PRRs) of the innate immune system may be less efficient than
recognition of the wild type, leading to diminished cytokine
secretion in BMM¢ upon coincubation with A. fumigatus
Apes3, and this may, in part, explain the increased virulence
and increased fungal burden compared to Apes3.

Loss of pes3 impairs germ tube formation. SEM pretreat-
ment resulted in visible germling aggregation for A. fumigatus
Apes3. Comparative SEM analysis revealed impeded germina-
tion of A. fumigatus Apes3 germlings. The hyphae of mutant
germlings appeared smoother, compared to the wild type (Fig.
8A), and the rod-like strands apparent on the hyphal surface of
wild-type germinating conidia were effectively absent from the
shorter hyphae of A. fumigatus Apes3. No structural differences
were apparent between ungerminated A. fumigatus wild-type
and Apes3 conidia (data not shown).

A. fumigatus Apes3 exhibits proteome alteration. 2D-PAGE,
quantitative image analysis, and tandem MS (MS/MS) confirmed
the up- and downregulation of 15 and 10 proteins, respectively, in
A. fumigatus Apes3 compared to the wild type (Table 6). Upregu-
lated proteins (1.6- to 4.1-fold) included the Rab11 GTPase and
ribosomal, heat shock, and electron transport chain proteins,
while those downregulated (1.6- to 3.1-fold) included the penta-
functional polypeptide AroM (AFUA_1G13740) and spermidine
synthase (AFUA_1G13490).

DISCUSSION

Sequencing of the A. fumigatus genome has revealed the
presence of at least 14 genes encoding NRP synthetases (16,
50). However, specific data relating the majority of these NRP
synthetases to an NRP product has not been forthcoming (66).
The pes3 gene was disrupted and subsequently complemented
in the A. fumigatus ATCC 46645 strain, with the aim of eluci-
dating the peptide encoded by Pes3, a strategy used by others
to identify the peptides encoded by NRP synthetases (15, 36,
39, 60). Unlike several other fungal NRP synthetases charac-
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A. fumigatus

ATCC46645

<!

Apes3

FIG. 8. SEM and confocal microscopy analysis of A. fumigatus ATCC 46645 and Apes3 germlings (9 h). (A) A. fumigatus wild-type germlings
exhibit longer germ tubes and undergo a higher degree of germination compared to Apes3 (X500 magnification). (B) A. fumigatus wild-type
germlings exhibit narrower germ tubes than Apes3 germlings (X2,000 to X3,000 magnification) (C) The surface appearance of 4. fumigatus Apes3
is smoother than that of the wild type and lacks distinctive rod-like strands (10,000 magnification). (D) Surface B-glucan expression on germlings
is significantly different between A. fumigatus wild-type and Apes3 strains; less B-glucan is present on mutant germlings (P = 0.0325). The difference

in germling length is also clearly evident.

terized to date, Pes3 is not primarily involved in the protection
of A. fumigatus against oxidative stress and does not secrete an
NRP product, as evidenced by the lack of peptide identifica-
tion following exhaustive metabolite analysis. A. fumigatus
Apes3 displayed increased sensitivity toward the antifungal

voriconazole compared to the wild type. A. fumigatus Apes3
was hypervirulent in an invertebrate and showed heightened
virulence in an HCA murine model of pulmonary aspergillosis,
and stimulation of murine macrophages with A. fumigatus
Apes3 resulted in reduced cytokine production compared to
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TABLE 6. Comparative proteomic analysis of A. fumigatus wild-type versus Apes3 germlings

INFECT. IMMUN.

Fold No. of % Sequence
Protein No.* Annotation name Gene identity »  tpl© M4 peptides q
change' coverage
matched
Upregulated in A. fumigatus Apes3 328  Glycine dehydrogenase AFUA_4G03760 1.8 6.71 116,116 11 12
698  t-Complex protein 1, zeta subunit AFUA_3G09590 22 6.31 59,081 2 6
1108  NGGTI interacting factor Nif3 AFUA_6G12480 1.7 6.08 42,126 7 23
1291  ATP synthase gamma chain, AFUA_1G03510 1.8 8.31 32,530 14 47
mitochondrial precursor

1352 Glucosamine-6-phosphate deaminase ~ AFUA_1G00480 32 8.35 40,181 1 4
1478  GTP-binding nuclear protein Ran AFUA_6G13300 1.9 6 23
1497 Heat shock protein 70 AFUA_1G07440 2.6 5.09 69,792 3 2
1512 Heat shock protein Hsp30/Hsp42 AFUA_3G14540 1.6 6.09 20,450 7 46
1534 Ubiquinol-cytochrome c reductase AFUA_5G10610 1.8 9.20 33,111 12 33

iron-sulfur subunit precursor
1547  Ubiquinol-cytochrome ¢ reductase AFUA_5G10610 2.7 9.20 33,111 1 7

iron-sulfur subunit precursor
1557  Ras GTPase Rabl1 AFUA_1G02190 3.6 5.95 22,568 8 43
1562 40S ribosomal protein S5 AFUA_1G15020 32 9.35 25,886 1 6
1566  Mitochondrial ATPase subunit ATP4 AFUA_8G05440 2.0 9.36 29,767 9 33
1668  60S Ribosomal protein L5 AFUA_1G12890 4.1 8.59 35,519 3 14
1771 Molecular chaperone Hsp70 AFUA_1G07440 2.1 5.09 69,792 4 7
1948  Enolase/allergen AspF 22 AFUA_6G06770 2.1 5.39 47,392 16 42
Downregulated in A. fumigatus Apes3 128  Pentafunctional polypeptide (AroM)  AFUA_1G13740 2.9 6.15 175,521 13 12
244  Pyruvate carboxylase AFUA_4G07710 22 6.23 132,003 16 16
576  Transketolase TktA AFUA_1G13500 3.1 6.12 75,245 15 24
585  Transketolase TktA AFUA_1G13500 25 6.12 75,245 22 31

714 Phosphoglucomutase
1060  Actin
1242 Spermidine synthase
1457  Phosphoserine phosphatase

1494 Glycerol-3-phosphate phosphatase
1773 Nascent polypeptide-associated

complex (NAC) subunit
1923 Aminopeptidase

AFUA_3G03020 22 5.78 56,680 8 18
AFUA_6G04740 2.1 5.37 43,397 17 52
AFUA_1G13490 1.8 NA“ NA 8 28
AFUA_4G12730 1.6 5.67 33,442 6 26
AFUA_1G10570 2.5 5.48 25,765 7 34
AFUA_6G02750 2.0 5.32 20,591 7 27

AFUA_5G04330 2.0 6.26 109,277 16 22

“ No., spot number following 2D-PAGE.

® The fold change upward is given for proteins that are upregulated in 4. fumigatus Apes3, and the fold change downward is given for proteins that are downregulated

in A. fumigatus Apes3.
¢ tpl, theoretical isoelectric point.
4 tM,, theoretical molecular weight ratio.
¢ NA, not applicable.

stimulation with the wild type. We hypothesize that this is due
to a structural alteration in A. fumigatus Apes3, occurring in the
vicinity of the cell wall which abrogates a pathogen associated
molecular pattern (PAMP), thereby leading to defective rec-
ognition by innate immune receptors. With respect to the his-
tology observed in infected animals, there are several plausible
explanations for such a deficiency. Although we observed a
slight reduction in inflammation associated with Apes3 infec-
tion in corticosteroid-treated animals, recruitment of host in-
flammatory cells is evidently only marginally affected. This
would imply that, rather than being “invisible” to host immu-
nity (as, for instance, in the case of A. fumigatus ArodA [2]), the
Apes3 strain is resistant to killing by the host. This might
feasibly result from either or both of (i) an altered local cyto-
kine environment or (ii) the enhanced growth rate of Apes3,
which may outgrow macrophages and thereby avoid killing or
possibly only transiently display a PAMP. In any case, the lungs
of mice infected with A. fumigatus Apes3 exhibited greater
fungal burden compared to mice infected with the wild type,
suggesting inefficient clearance of A. fumigatus Apes3 by the
immune system. Taken together, these data indicate a struc-
tural role for an NRP synthetase product, which represents a
novel finding for an NRP synthetase in A. fumigatus.

Since relatively little is known about the biological role of
NRP synthetases in A. fumigatus, a starting point for investi-
gation was to probe pathways in which fungal NRP synthetase

involvement has already been demonstrated. Phenotypic ana-
lyses eliminated a role for pes3 in siderophore biosynthesis and
protection against oxidative stress, despite widely reported
roles for A. fumigatus and other fungal NRP synthetases in
these processes (36, 51, 57, 58, 60). Expression of pes3 was
detected at low levels in liquid cultures in our study, in agree-
ment with an earlier study by Cramer et al. (16). The high level
of pes3 expression observed in ungerminated spores (16)
hinted at a possible role for pes3 in germination or cell wall
structure in A. fumigatus. Analysis of both vegetative and ger-
mination growth rates revealed that A. fumigatus Apes3 grew at
an rate identical to that of the wild type, ruling out an essential
role for pes3 in conidial germination and mycelial growth.
Exposure of A. fumigatus wild-type and Apes3 strains to a range
of cell wall-damaging agents in the present study according to
a recently described protocol for identifying fungal cell wall
mutants (55) revealed no altered phenotypes for Apes3, there-
fore eliminating a major role for pes3 in modeling cell wall
architectures affected by these agents. However, A. fumigatus
Apes3 did exhibit significantly increased sensitivity toward the
antifungal voriconazole (P < 0.001), possibly caused by in-
creased entry of voriconazole into conidia due to absence of
the Pes3-encoded NRP. The increased voriconazole sensitivity
of A. fumigatus Apes3 may be related to the significantly re-
duced B-glucan presence on hyphal surfaces, if B-glucan acts to
sequester antifungal drugs. Our observations are consistent
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with previous work which demonstrated that antifungal drug
resistance in Candida albicans requires extracellular (1,3)-B-
glucan, which acts to sequester and prevent fluconazole uptake
into the cell (46). Thus, we hypothesize that altered B-glucan
presence on hyphal surfaces, consequent to pes3 disruption,
sensitizes A. fumigatus Apes3 to voriconazole. Moreover, resis-
tance to diamide may be due to decreased intracellular gluta-
thione in A. fumigatus Apes3.

Genes encoding secondary metabolites are often organized
into clusters, and at least 22 such clusters have been identified
in A. fumigatus (28, 50, 52). A master regulator of secondary
metabolism, LaeA, has been identified in A. fumigatus (6), and
this was found to transcriptionally regulate at least 13 second-
ary metabolite clusters in A. fumigatus (6, 52). Interestingly,
pes3 was not found to be under LaeA regulation (52), which
suggested it might not be responsible for the production of a
secreted metabolite. Extensive comparative metabolite analy-
sis between the wild-type and Apes3 strains showed that this
was in fact the case, with metabolite profiles for wild-type and
Apes3 identical under all of the conditions explored (Table 5).
The metabolite extraction and analysis method used in the
present study was sufficient to determine all known secreted
secondary metabolites from 395 fungal isolates (64). Further-
more, the comparative analysis included conditions in which
pes3 expression was confirmed in the present study and others,
including analysis of ungerminated spores, where pes3 expres-
sion was most abundant (16). Taken together, these results
unambiguously infer that Pes3 does not produce either a se-
creted or an intracellularly located metabolite in A. fumigatus.

NRP synthetases have been widely implicated in mediating
fungal virulence. Surprisingly, in vivo virulence testing indi-
cated that A. fumigatus Apes3 exhibited increased virulence in
both an invertebrate model, G. mellonella, and in an HCA
immunosuppressed murine model of IA, demonstrating that
deletion of pes3 augments the virulence of A. fumigatus. In
order to explain the virulence of A. fumigatus Apes3, several
hypotheses were explored. A reduced growth rate of A. fumiga-
tus Apes3 compared to the wild type could result in augmented
virulence of A. fumigatus Apes3 by invoking an attenuated
immune response due to reduced availability of fungal com-
ponents for immune recognition. Alternatively, increased stim-
ulation of the immune response could result from an acceler-
ated growth rate, leading to greater inflammation, and/or
greater production of toxic secondary metabolites. However,
the identical growth rates observed between A. fumigatus wild-
type and Apes3 eliminate this hypothesis. Second, we found
that Pes3 does not appear to encode a secreted metabolite, and
the uniformity of metabolite profiles for wild-type and A4. fu-
migatus Apes3 makes it unlikely that an alteration in secondary
metabolite biosynthesis is responsible for the increase in viru-
lence of A. fumigatus Apes3. A more plausible hypothesis is
that A. fumigatus Apes3 is immunologically silenced compared
to the wild type, and support for this hypothesis was obtained
from immune signaling data, whereby a reduction in cytokine
induction (TNF-a, IL-6, RANTES, and IL-10) was observed in
murine macrophages stimulated with A. fumigatus Apes3 com-
pared to those stimulated with the wild type. These results
indicate that the NRP encoded by Pes3 may be necessary for
efficient recognition of A. fumigatus by the innate immune
system. No increase in virulence was observed between A.
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fumigatus wild-type and Apes3 in a neutropenic model of IA,
with similar weights and fungal burdens in the lungs of animals
(n = 5) infected with either wild-type or Apes3, indicating that
neutrophil presence is required for the increased virulence of
Apes3, and that the role played by Pes3 in immune recognition
leads to an immune response mediated largely by neutrophils.

Innate recognition of fungal pathogens involves specific rec-
ognition of invariant molecular components of pathogens,
known as PAMPs, by PRRs (42, 72). Dectin-1, a type II trans-
membrane protein that belongs to the NK-like C-type lectin-
like family, is a known receptor for fungal B-glucans (7). Since
the initial discovery of dectin-1, this receptor has received
significant attention for its essential role in the pulmonary
innate immune response against A. fumigatus (25, 67, 75). The
role of Toll-like receptors (TLRs) in the immunological rec-
ognition of A. fumigatus has also been studied, with TLR2 and
TLR4 being implicated (40, 43, 74, 76). Several discrepancies
have been documented between the role of TLR2 and TLR4 in
recognition of A. fumigatus and, to date, no A. fumigatus
PAMPs that are recognized by TLRs have been described (14),
highlighting the importance of this research area. In fact, with
the exception of C. albicans phospholipomannan, the fungal
ligands stimulating TLR activation remain undefined (37). It
has been suggested that the ligands activating TLRs in re-
sponse to A. fumigatus may be of carbohydrate, lipid, or pro-
tein origin (25). Given the observations made during the pres-
ent study, it is likely that this is the case and that Pes3 encodes
a peptide with a structural role that is necessary for the rec-
ognition of A. fumigatus.

There is one other report describing a fungal NRP synthe-
tase gene that is likely to encode an NRP with a structural role.
AbNPS?2 in the plant pathogen Alternaria brassicola was iden-
tified to encode a large multimodular NRP synthetase (29).
Deletion of AbNPS?2 resulted in several altered phenotypes in
the resultant mutant; reduced virulence on cabbage leaves,
lower conidial germination rates, reduced hydrophobicity of
conidia, and an altered conidial surface. The conidial surface in
the wild type was smooth and had a compact cell wall, whereas
the surfaces of AbNPS2 mutant conidia were fluffy, and the cell
wall layers were separated as determined by transmission elec-
tron microscopy (29). The authors of that study hypothesized
that the AbNPS2-encoded peptide may be a component of, or
facilitate linkage to, the outermost layer and the middle layer
of the fungal conidial cell wall, a hypothesis that may also be
relevant for the Pes3-encoded peptide. Dormant A. fumigatus
conidia are covered by a hydrophobic rodlet layer (69). The
rodlet layer is composed of hydrophobic proteins, and this
layer maintains A. fumigatus conidia in an immunologically
silenced state (2). Recently, it has been shown that one of the
rodlet proteins, RodA, prevents A. fumigatus conidia from
triggering NET formation by human neutrophils (9), indicating
the importance of rodlet removal in leading to a neutrophil-
mediated immune response. To our knowledge, the processes
involved in linkage and removal of the rodlet layer to the cell
wall have not yet been described, and we speculate that Pes3
may biosynthesize a peptide which is involved in removal of the
rodlet layer from the surface of A. fumigatus conidia. Loss of a
Pes3-encoded peptide could lead to incomplete or delayed
removal of the rodlet layer during conidial germination,
thereby maintaining A. fumigatus Apes3 in an immunologically
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silenced state, leading to the phenotypes observed here. Alter-
natively, Pes3 might encode a peptide that functions in linking
the rodlet layer to the cell wall. Loss of Pes3 could result in
aberrant linking of the rodlet layer to the cell wall and may
hinder the removal of the rodlet (e.g., RodAp) layer upon
germination. Either hypothesis would result in a reduction in
the exposure to fungal cell wall components and explain the
reduced immune recognition of and observed virulence for A.
fumigatus Apes3. It has been proposed that RodA may be
antiphagocytic, either via steric blocking and/or by impeding
macrophage recognition of conidia (19).

Interestingly, the majority of A. fumigatus mutants for which
hypervirulent phenotypes have been reported relate to a defect
in the cell wall or conidial surface. For example, disruption of
the glycosylphosphatidylinositol-anchored protein ECM33 re-
sulted in hypervirulence in a murine model of IA, which was
possibly due to a softer cell wall, allowing faster germination
(59). Hypervirulent phenotypes were also observed following
mutations in the a(1-3)-glucan synthase AGS3, the transcrip-
tion factor ACE2, and the trehalose biosynthesis genes tpsA
and fpsB, and in all cases defects could be detected at the cell
walls of these mutants (3, 21, 41). The ACE2 mutant was
hypervirulent in a non-neutropenic murine model of IA, but no
difference in virulence was observed in a neutropenic model of
IA (21), indicating that, as with A. fumigatus Apes3, the pres-
ence of neutrophils was necessary for the increased virulence
of the Aace?2 strain. A. fumigatus ppoA to ppoC encode dioxy-
genases responsible for prostaglandin biosynthesis, and it has
been shown that a triple A. fumigatus ppo mutant, generated
using RNA interference, exhibited increased virulence in a
murine model of invasive pulmonary aspergillosis (71). Like A4.
fumigatus Apes3, this mutant indicated few phenotypes, how-
ever a ppoC deletion mutant exhibited an altered conidial size
and retarded germination in static cultures compared to the
wild type (18). In addition, A. fumigatus AppoC virulence was
not significantly altered in a non-neutropenic mouse model,
and yet it exhibited a greater susceptibility to macrophage
killing than did the wild type. Together, these findings suggest
an altered cell wall composition (18)—as we speculate for A.
fumigatus Apes3.

Proteome alterations in A. fumigatus Apes3 (Table 6) reveal
interesting insights into Pes3-encoded peptide functionality
and the interplay between membrane-endosome trafficking
and morphogenesis. Rab11 (AFUA_1G02190) shares up to
75% identity with mammalian orthologs, regulates plasma
membrane-endosome trafficking in Drosophila melanogaster
(4), and is upregulated (3.6-fold) in A. fumigatus Apes3 (Table
6). This linkage between Pes3 loss and possible perturbation in
endocytic trafficking is significant in the context of increased
voriconazole sensitivity of this mutant (Fig. 3 and Table 4) and
suggests a role for the Pes3-encoded peptide in membrane-cell
wall interactions. Elevated expression of ribosomal, heat
shock, and electron transport proteins in A. fumigatus Apes3
(Table 6) suggest generalized cell stress and an increased en-
ergy requirement and is probably a consequence of impaired
conidial germination. Downregulation of protein expression in
A. fumigatus Apes3 is correspondingly illuminating: decreased
actin expression (2.1-fold) in A. fumigatus Apes3 is in accor-
dance with impaired germ tube length. The pentafunctional
AroM protein interconverts metabolites of quinic acid in the

INFECT. IMMUN.

shikimate pathway, to produce aromatic amino acids, by cata-
lyzing the conversion of 3-deoxy-p-arabinoheptulosonic acid
7-phosphate into 5-enolpyruvylshikimate 3-phosphate (23).
Previous work in 4. nidulans showed that the constitutive over-
expression of AroM inhibited conidial germination (34); thus,
it is plausible that AroM downregulation in A. fumigatus Apes3
(Table 6) represents a systems strategy to overcome the atten-
uated conidial germination due to Pes3 absence. Spermidine
synthase in Ustilago maydis is required for both morphogenesis
(yeast-to-mycelium transition) and fungal survival during the
infection of plants (73); moreover, deletion mutants were
auxotrophic for both lysine and spermidine. In addition, Jin et
al. (26) demonstrated that spermidine synthase deletion in A.
nidulans caused morphological defects and altered germina-
tion, as we observed for A. fumigatus Apes3 (Fig. 8A). Given
that spermidine synthase is downregulated in A. fumigatus
Apes3, we speculate that it may be downstream of, or affected
by, Pes3 function; otherwise, increased expression would have
been observed to counteract the inhibitory effects of Pes3 ab-
sence.

The exact nature of the Pes3-encoded peptide remains to be
elucidated, as does that encoded by AbNPS2 (29), thereby
highlighting the significant challenge that exists for relating
NRP synthetases, particularly those with a structural role, to
their respective NRP products. However, all of the data gen-
erated in the present study strongly suggest a structural role for
the Pes3-encoded NRP in A. fumigatus, and elucidation of the
exact nature of this peptide will be the focus of future studies.
The agreement between the G. mellonella and the murine
virulence data further consolidates the robustness of the larval
model in discriminating between the virulence potential of
different fungal isolates, a topic that has recently attracted
much attention (27, 63).
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