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The Volatome of Aspergillus fumigatus

C. Heddergott, A. M. Calvo,® J. P. Latgé®

Unité des Aspergillus, Institut Pasteur, Paris, France®; Department of Biological Sciences, Northern lllinois University, Dekalb, lllinois, USA®

Early detection of invasive aspergillosis is absolutely required for efficient therapy of this fungal infection. The identification of
fungal volatiles in patient breath can be an alternative for the detection of Aspergillus fumigatus that still remains problematic.
In this work, we investigated the production of volatile organic compounds (VOCs) by A. fumigatus in vitro, and we show that
volatile production depends on the nutritional environment. A. fumigatus produces a multiplicity of VOCs, predominantly ter-

penes and related compounds. The production of sesquiterpenoid compounds was found to be strongly induced by increased
iron concentrations and certain drugs, i.e., pravastatin. Terpenes that were always detectable in large amounts were a-pinene,
camphene, and limonene, as well as sesquiterpenes, identified as a-bergamotene and [3-trans-bergamotene. Other substance
classes that were found to be present in the volatome, such as 1-octen-3-ol, 3-octanone, and pyrazines, were found only under
specific growth conditions. Drugs that interfere with the terpene biosynthesis pathway influenced the composition of the fungal
volatome, and most notably, a block of sesquiterpene biosynthesis by the bisphosphonate alendronate fundamentally changed
the VOC composition. Using deletion mutants, we also show that a terpene cyclase and a putative kaurene synthase are essential
for the synthesis of volatile terpenes by A. fumigatus. The present analysis of in vitro volatile production by A. fumigatus sug-
gests that VOCs may be used in the diagnosis of infections caused by this fungus.

Aspergillus fumigatus is an opportunistic fungal pathogen that
causes life-threatening invasive pulmonary infections (inva-
sive aspergillosis [IA]) among immunocompromised patients. A
sensitive, rapid, and accurate diagnostic assay for invasive asper-
gillosis is required to successfully fight this fungal infection (1). It
has recently been proposed that the detection of volatiles can be
used for the diagnosis of pulmonary infections (2, 3) and lung
cancer (4, 5). Several aspergilli, including A. flavus, A. ustus, and A.
versicolor, have been identified within the scope of environmental
studies, where room air was analyzed to detect fungal pollution in
houses (6-8). 2-Pentylfuran (2-PF) was detected in the breath of
patients with A. fumigatus infection (9). It was shown that A. fu-
migatus produces farnesene when grown in vitro (10), and the use
of terpene volatiles for the detection of IA has recently been pro-
posed (11). However, the spectrum of volatile organic compounds
(VOCs) produced by A. fumigatus and their synthesis have been
poorly described. In this work, we characterized the patterns of
volatile terpenes produced in vitro by A. fumigatus during growth
under saprophytic conditions. In addition, the molecular path-
ways responsible for the synthesis of terpenoid volatiles were de-
fined.

MATERIALS AND METHODS

Strains. Aspergillus fumigatus strain FGSC A1163 (= DAL = CBS144.89)
was used for wild type strain-based experiments. Gene deletions were
obtained on a CEA17 akuB*"® background (12). A terpene cyclase mu-
tant (the AFUA_8G00520 = AFUB_086050 mutant) has been already de-
scribed (13). To generate a mutant with a deletion of the gene encoding
the putative terpene synthase family protein AFUB_062550 (AFUA_
5G15060), up- and downstream flanking regions obtained with the prim-
ers 62550up-fwd (5'-ATTCGAGCTCGGTACGATATCTTATCACATC
GCCTGTCAACC-3"), 62550up-rev (5'-GGACCTGAGTGATGCATGT
CTGGCGTAGGCTTTGC-3"), 62550do-fwd (5'-TGGTCCATCTAGTG
CCCACAGCGATGTGATATGCAG-3'), and 62550do-rev (5'-CCAAGC
TTGCATGCCGATATCATCCACAAGCAAGCAGCACAG-3") were cloned
into the pUC19 vector together with the beta-rec/six Hph" recyclable hy-
gromycin resistance cassette (14) using a GeneArt seamless cloning and
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assembly kit (Life Technologies). The construct was transformed into A.
fumigatus CEA17 akuB*Y®° as described elsewhere (15).

Culture conditions. Fungal conidia were harvested from 7-day-old
malt agar slants (2% [wt/vol] malt extract [Difal, France], 2% [wt/vol]
agar-agar [Sobigel, France]) using a 0.05% (vol/vol) Tween 20 (Prolabo,
France) solution in water. Headspace vials with septate caps (40 ml; Sig-
ma-Aldrich) were cleaned by rinsing vigorously with ethanol and then
rinsing two times with deionized water before use. After autoclaving, the
vials were filled with 5 ml of medium. Conidia were added at a final
concentration of 10%/ml. The sealed vials were then incubated without
shaking at 37°C in an incubator, and the standard cultivation time was 48
h. For dry weight determination, mycelia were harvested onto round fil-
ters (no. 4; diameter, 55 mm; Macherey-Nagel) using vacuum filtration,
extensively washed with water, and dried at 50°C. We verified that the use
of sealed vials did not limit growth in our septate vials with Brian’s me-
dium, since fungal biomass increased up to day 3 of cultivation. There-
fore, our sampling time of 48 h occurred during the active phase of
growth. To analyze samples grown under aerated conditions, the poly-
tetrafluoroethylene septum was replaced by permeable stoppers
(Hirschmann, Germany). Growth in a fermentor was performed using 1
liter Aspergillus minimal medium (AMM,; see below). One hundred mil-
liliters of 24-h-old AMM preculture inoculated with 10° conidia per ml
was used as a starter culture; the fermentation was performed under stir-
ring (300 rpm) and aeration at a rate of 0.5 liter/min.

Media and additives. Three defined media were preassayed in terms of
their suitability to VOC analysis: Brian’s broth (16), AMM (17), and
RPMI 1640 (Sigma-Aldrich) supplemented with 0.3 g/liter glutamine and
buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid
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(MOPS; Sigma-Aldrich) (18). Brian’s medium contains (per liter) 50 g
D-glucose, 10 g r-asparagine, 2.4 g NH,NO,;, 10 g KH,PO,, 2 g
MgSO,-7H,0, 1.3 ml of a 5% (wt/vol) CaCl, solution, and 1.3 ml of a trace
element solution containing 2% (wt/vol) ZnSO,-7H,0, 0.2% (wt/vol)
CuSO,-5H,0, 0.1% (wt/vol) Co(NO;),6H,0, and 0.08% (wt/vol)
FePO,. The pH was set to 5.4. AMM was prepared using 6 g/liter sodium
nitrate as the sole nitrogen source. All media were filter sterilized using a
0.2-pm-pore-size syringe filter (Sartorius, Germany) or a Stericup/Steri-
top system (Millipore). Brian’s broth components were prepared as a 2X
stock (pH 5.4). Final reconstitution of Brian’s medium was performed by
combining the 2X concentrate, water, and (if applicable) the drug/com-
pound stock solutions. Metals were added as salt solutions in water.
CuCl,, Fe,(SO,);, FeSO,, and MnCl, were added at a final concentration
of 100 wM, and 1 mM ZnSO,-7 H,O was used. Preliminary assays have
shown the same volatile patterns in AMM, RPMI 1640, and Brian’s broth.
Brian’s medium was selected for use for determination of the volatome
composition in solid-phase microextraction (SPME) vial experiments be-
cause it induced the highest levels of mycelial growth. Drug stocks were
prepared as follows: pravastatin (Sigma-Aldrich), 1 mg/ml in water; alen-
dronate (Sigma-Aldrich), 10 mg/ml in water; voriconazole (Sigma-Al-
drich), 1 mg/ml stock in ethanol; and menadione (Sigma-Aldrich), 10
mg/ml in ethanol. They were used in a range of final concentrations that
affect growth (16.6 to 125 wg/ml pravastatin, 78 to 1,250 pg/ml alendro-
nate, 78 to 1,250 ng/ml voriconazole, and 0.5 to 4 pg/ml menadione).

SPME and GC. Fungal volatile extraction and analysis were carried
out as described elsewhere (7), with modifications. The SPME fiber as-
sembly divinylbenzene (DVB)-carboxene (CAR)-polydimethylsiloxane
(PDMS) (Sigma-Aldrich) was used for volatile extraction. Beside the car-
boxene-DVB-PDMS copolymer fiber, other coatings (7 pm PDMS, 100
pm PDMS, 85 pm polyacrylate from SPME fiber assortment kit 1; Sigma-
Aldrich) were assayed, but they have been less efficient than the copolymer
because the surface has less of a coating and limited affinities due to the
coating by a single polymer instead of the three polymers in the DVB-
CAR-PDMS fiber. As control analytes, stocks of 1% (vol/vol) terpene
standards (a-pinene [Sigma-Aldrich], camphene [Sigma-Aldrich],
D-limonene [Sigma-Aldrich], B-trans-bergamotene (13), and a mixture
of farnesene isomers [Sigma-Aldrich]) were prepared at 1% (vol/vol) in
tetrahydrofuran (THF; Sigma-Aldrich). From these stocks, 100 ppm
a-pinene, camphene, p-limonene, and B-trans-bergamotene and 1,000
ppm farnesene isomer mix were prepared in methanol.

The SPME fiber was mounted in a fiber holder for manual sampling
(Sigma-Aldrich). After piercing the septum, the needle was protruded 2.5
cm into the headspace of the culture vial (40 ml; Sigma-Aldrich). The
2-cm coated fiber was exposed at full length for 30 min at 37°C and im-
mediately submitted to measurement by gas chromatography (GC). In
SPME mock-ups obtained with the terpene control analytes, we found
that about 90% of these standards were extracted within 30 min; this
amount was equal to that achieved with longer extraction periods. Thus,
for maximal sample throughput, a 30-min extraction time was used for all
experiments. For fiber desorption, the inlet port of the Agilent 7890A GC
system was used together with a SPME inlet liner (78.5 by 6.5 by 0.75 mmy;
Sigma-Aldrich). The fiber was desorbed at 250°C with an injection pulse
pressure of 25 1b/ in? for 2 min. Between two extractions, the fiber was left
in the injection port for 15 min to ensure complete desorption and to
perform fiber conditioning. Using this desorption time, no carryover of
volatiles was observed. After each day (12 to 15 SPMEs), the fiber was
additionally cleaned by heating it to 270°C for 30 min. Each fiber was used
for approximately 100 extractions, and no reduction in quality was ob-
served during that time. GC/mass spectrometry (MS) analysis was carried
out on an Agilent 7890A GC system coupled to an Agilent 5975C inert XL
EI/CI MSD mass spectrometer. After injection/fiber desorption, volatiles
were separated on an Agilent J&kW HP-5ms GC column (30 m by 0.25 mm
by 0.25 wm) under helium flow (1.1971 ml/min). The oven heat ramp was
30°C for 4 min and then 10°C/min to 100°C, 3°C/min to 150°C, and
15°C/min to 250°C for 3 min. For the analysis of diterpenes, an alternative

August 2014 Volume 13 Number 8

Aspergillus fumigatus VOCs

program was used (40°C initial temperature, 9°C/min to 229°C, and 36°C/
min to 265°C with a hold for 5 min; 27 min in total). MS signals (electron
impact [EI] mode) were acquired in a mass range of 40 to 500 Da. Data
analysis was carried out wusing MSD ChemStation software
(v.E02.01.1177; Agilent). Signals were integrated with an RTE integrator.
Peaks were identified using the NIST database (v.8), and the compound
names given in Table 1 refer to these identifications. For statistical analy-
sis, peak area values from 3 triplicate experiments were compared using
Student’s 2-sided  test.

RESULTS

Volatome composition. The reference VOC profile was obtained
upon cultivation in Brian’s medium using septate vials, as de-
scribed in the Materials and Methods section. The volatome was
almost exclusively composed of monoterpenes and sesquiter-
penes. The GC profile of the A. fumigatus volatome on Brian’s
medium is shown in Fig. 1A to C, peak identifications are listed in
Table 1, and the corresponding EI spectra are listed in Table S1 in
the supplemental material. Figure 1A shows the whole GC profile
for growth on Brian’s medium and medium supplemented with
100 wM iron. Figures 1B and C show rescaled sections to visualize
the VOCs present in a lower abundance. Background signals that
originated from the GC column, the SPME fiber, or the lab ware
that was used, mostly dimethylsiloxanes, were determined by con-
trol measurements and are labeled with the @ symbol. Figure S1 in
the supplemental material shows a control measurement obtained
using Brian’s medium without inoculation; identifications for the
contaminants therein are given in Table S2 in the supplemental
material. In our GC programs, their signals did not interfere with
those of compounds produced by the fungus. VOC signals were
identified by submitting the EI fragment mass spectra obtained to
an NIST database search. The spectrum of each peak together with
the spectrum of the most probable compound from the database
is shown in Table S1 in the supplemental material. Several sub-
stance searches did not lead to significant hits.

The monoterpenes unambiguously identified were a-pinene
(peak 4), camphene (peak 5), and D-limonene (peak 8), since
commercial standards were used to verify retention times and EI
fragmentation patterns. These data also show that low probability
scores were not prejudicial to a correct identification, since stan-
dard pinene and limonene were identified with low scores of
about 10 to 15%. Compound 9 was absent from the NIST data-
base, and other putative monoterpenes (peaks 6, 7, and 10a) were
present in small amounts.

The major VOC (peak 16) was identified as -farnesene or
Z-B-farnesene with alow probability score. Recently, it was shown
that B-trans-bergamotene is the major sesquiterpene of A. fumiga-
tus (13). This terpene is not present in the NIST (v.8) database, but
the ion spectra and retention times of the VOC at peak 16 and the
B-trans-bergamotene standard were identical. The second-most-
abundant VOC (peak 13) was identified as its isomer, a-bergamo-
tene. Other putative sesquiterpene signals present in Brian’s me-
dium cultures were 8,9-dehydro-cycloisolongifolene (peak 11),
a-santalene (peak 12), (—)-B-santalene (peak 14), B-bisabolene
(peak 17),4,5,9,10-dehydro-isolongifolene (peak 18a), and B-vat-
irenene (peak 18b). The VOC at peak 15 was not found in the
NIST database.

Conditions affecting VOC production. (i) Cation supple-
mentation. The addition of iron to the culture medium highly
stimulated the production of terpenes (Fig. 1A to C, BRI/FE chro-
matograms). The maximal stimulation was observed with 100 uM
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FIG 1 VOCs produced by Aspergillus fumigatus. x axes, time (in minutes); y axes, ion count. Contaminants, mostly dimethylsiloxanes, are indicated by the o
symbol. (A to C) VOCs produced on Brian’s broth (BRI). (A) The whole chromatogram and early volatiles. The brackets marked B and C indicate those sections
for which detailed views of the profile are given in panels B (9.2 to 15.5 min) and C (17 to 32.4 min), respectively. Upper GC profiles, Brian’s broth with a normal
iron concentration (4.6 wM) (BRI); lower profiles, Brian’s broth with an iron concentration of 100 uM (BRI/FE). (D) Specific upregulation of VOCs (under-
lined) in the presence of iron and oxygen (BRI/FE/OX) compared to the regulation in the septate vial setup (BRI/FE). (E) Volatiles produced during growth in
a fermentor containing minimal medium and detected in the headspace of the fermentation vessel. (F, G) Specific production of terpenoid metabolites in the
presence of alendronate compared to that in Brian’s broth without the drug. The two sections of the chromatogram have different scales to visualize the peaks
with a low abundance (peaks 74 to 78).
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iron (data not shown). A further increase to 1 mM had no effect,
and there was no difference observed between Fe** and Fe’™ (data
not shown). The addition of iron did not fundamentally change
the terpene composition of the volatome or the produced bio-
mass, but overall it stimulated the release of terpenes in larger
amounts, especially sesquiterpenes. The relative proportion be-
tween the signals of terpenes with equal chain lengths remained
constant. For example, the absolute peak volume of camphene
(peak 5) throughout the study was approximately 25% higher
than that of a-pinene (peak 4), and the peak volume ratio between
sesquiterpenes 16 and 13 was about 8 with or without iron sup-
plementation. The larger amount of terpenes produced in iron-
enriched samples allowed us to identify compounds that were
present in trace amounts in the nonsupplemented medium. After
iron supplementation, 47 additional signals were detected, and a
multiplicity of them identified as terpenes (3 monoterpenes, 15
sesquiterpenes, and 5 diterpenes [Table 1]).

VOCs that are not terpenes were also found in iron-en-
riched cultures. The compounds at peaks 23 and 28 were iden-
tified as pyrazines, and in iron-enriched cultures, peak 10 con-
tained a putative pyrazine signal (peak 10b) that coeluted with
the monoterpene compound (peak 10a) present in medium
without iron supplementation. Peak 41 was identified as 2,4-
diacetylphloroglucinol, a product of polyketide biosynthesis.

Addition of manganese caused effects similar to the ones seen
with iron supplementation, but to a lesser extent. The induction of
sesquiterpene release was similar to that achieved with iron sup-
plementation, but the monoterpenes induced by iron were less
induced by manganese (Fig. 2A). In contrast to iron and manga-
nese, Cu”* (100 wM and 1 mM) and Zn** (1 mM) did not stim-
ulate the volatome composition; on the contrary, they slightly
reduced monoterpene release (Fig. 2A).

(ii) Aeration. Under aerated growth conditions, the amount of
terpene VOCs collected after 30 min was low (Fig. 1D, peaks 13,
15,and 16). However, when an SPME fiber was exposed during 48
h of culture, the same amounts of terpenes were collected from
plugged and septate vials. That indicates that the production of
terpenes itself was not affected by the presence of oxygen but they
were partially lost by evaporation through the permeable plug
(data not shown). In contrast, the abundance of volatiles that were
not identified as terpenes and that were specific for iron-enriched
cultures was substantially increased when A. fumigatus grew in
aerated cultures (Fig. 1D, peaks 23, 10, 64, 26 to 29, 31, and 41).

Under shake and aerated growth conditions (in a fermentor
with AMM and aeration of 0.5 volume of air/volume of medium/
min), the signals of abundant terpenes (peaks 4, 5, 13, and 16)
were present in samples extracted from the culture vessel head-
space. In addition, 1-octen-3-ol (peak 65) and 3-octanone (peak
66) were detected (Fig. 1E). Their concentrations increased over
time (see Fig. S2A in the supplemental material), and the com-
pounds were also present in the condensate collected in a chilled
trap (4°C) that was analyzed using SPME-GC/MS (see Fig. S2B in

the supplemental material). In contrast, no terpenes were ex-
tracted from the fermentor condensates (shown in Fig. S2C in the
supplemental material for B-trans-bergamotene).

Inhibition of terpene VOC biosynthesis. (i) Drugs. Inhibition
of the mevalonate pathway that is upstream of the terpene biosyn-
thesis pathway was investigated by addition of statins to the cul-
ture medium. Addition of pravastatin (Fig. 2C) and simvastatin
(data not shown) at moderately inhibitory concentrations unex-
pectedly resulted in a substantial increase in sesquiterpene pro-
duction, whereas monoterpene levels remained unchanged. Even
at concentrations causing high levels of growth inhibition (=62.5
pg/ml), terpene signals were detectable, and the weight-corrected
sesquiterpene production level did not drop below the control
values. No volatome alterations (e.g., novel compounds) were ob-
served, and the sesquiterpene induction pattern was very similar
to the one seen with Fe and Mn supplementation.

The bisphosphonate alendronate blocks the synthesis of farne-
syl pyrophosphate (19). Addition of alendronate led to substantial
changes in the volatome of A. fumigatus (Fig. 1F and G and 2D).
Unexpectedly, a strong increase in the release of sesquiterpenes
(represented by peaks 13 and 16 in Fig. 2) was observed up to a
concentration of 313 g/ml. At higher concentrations, sesquiter-
pene release was significantly reduced, whereas the concentrations
of monoterpenes reached 30- to 40-fold the amounts of the drug-
free control. At the same time, VOCs that were completely absent
in the absence of this drug arose: a new and highly abundant
monoterpene was identified as B-pinene (peak 70), and it ap-
peared at concentrations that began to affect growth. From an
alendronate concentration of 313 wg/ml and higher, C; com-
pounds (peaks 67 to 69) accumulated in the samples. Moreover,
weak but well-identifiable signals from acyclic monoterpene de-
rivatives unique to this culture condition were identified (peaks 74
to 78). This increased production of hemi- and monoterpenes
reflects well the metabolic distortions that appear in the presence
of alendronate at concentrations high enough to inhibit sesquit-
erpene production.

As expected, voriconazole, an inhibitor of ergosterol biosyn-
thesis (which is a metabolic event occurring downstream of the
farnesyl pyrophosphate metabolism), did not affect the produc-
tion of the volatiles (Fig. 2B).

(i) Mutant strains. A molecular approach was undertaken to
complement the assays of inhibition of terpene production by
drugs and to identify genes that are responsible for VOC produc-
tion.

(a) AAFUA_8G00520 terpene cyclase mutant. The terpene
cyclase encoded by AFUA_8G00520 was previously identified to
be a key enzyme in the biosynthesis of the secondary metabolite
fumagillin (13). Using a Saccharomyces cerevisiae strain producing
the recombinant protein and farnesyl pyrophosphate as a sub-
strate, these authors showed that the sesquiterpene B-trans-ber-
gamotene is the product of the enzyme. Furthermore, when as-
sayed by SPME-GC/MS, the volatome of the A. fumigatus terpene

FIG 2 Influence of cations and drugs on the production of major VOCs. (A) Release of the monoterpenes a-pinene (peak 4), camphene (peak 5), and the
sesquiterpenes a-bergamotene (peak 13) and B-trans-bergamotene (peak 16) in the presence of increased divalent cation concentrations. (Left) VOC amounts;
(right) fungal biomasses. The values in parentheses on the x axis indicate the fold change in VOC production levels relative to the amount produced on regular
Brian’s broth (Bri). (B to D) VOC production in the presence of different concentrations of voriconazole, pravastatin, and alendronate. The lower graph in panel
D shows the production of untypical VOCs at a high alendronate concentration. Due to their absence under control conditions, quantitative data for isoprenol
(peak 67), prenol (peak 68), and B-pinene (peak 70) are given as percentages of the maximal concentration detected.
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FIG 3 SPME-GC/MS analysis of terpene biosynthesis mutants of Aspergillus fumigatus. x axis, time (in minutes); y axis, ion count. Contaminants are indicated
by @. (A, B) Profile of the mutant strain deficient in terpene cyclase AFUA_8G00520 (the AFUA_8G00520A mutant). Panels A and B show the same chromato-
gram sections at different signal intensity scales. The strain did not produce either the major compounds at peaks 13 and 16 (A) or the less abundant
sesquiterpenes (B). (C) Profile of the mutant strain deficient in terpene synthase AFUB_062550 (the AFUB_062550A mutant). The strain did not produce

compounds identified as diterpenes (peaks 59 and 62).

cyclase-deficient mutant lacked all peaks that were assigned to
sesquiterpenes (Fig. 3A and B). Not only the B-trans-bergamotene
but also all the other sesquiterpenoid compounds were absent,
showing that the production of all sesquiterpenes was under the
control of a unique terpene cyclase. The production of monoter-
penes was not affected by this gene deletion.

(b) AAFUB_062550 terpene synthase mutant. BLAST analy-
sis showed that terpene synthases are not very conserved and share
little similarity between species. In the genome of A. fumigatus, we
identified a putative terpene synthase encoded by AFUB_062550
that showed little sequence similarity to the prenyltransferases of
Zea mays (e.g., GenBank accession number DAA49971.1) but was
similar to copalyl-diphosphate/kaurene synthetases from the Gib-
berella fujikuroi species complex (e.g., Fusarium proliferatum
kaurene synthetase, GenBank accession number CAP74389.1).
The protein encoded by AFUB_062550 contained a partial ent-
copalyldiphosphate synthase domain (CDD PLN02592), indicat-
ing that it is involved in diterpene synthesis. We undertook the
deletion of this gene and assayed the mutant for changes in the
volatome. The gene deletion mutant showed no growth differ-
ences, lacked an apparent phenotype, and still produced mono- and
sesquiterpenes. In contrast, the mutant lacked the diterpene
signals that occur when the fungus is grown in iron-supple-
mented medium (Fig. 3C). This result showed that the protein
encoded by the gene AFUB_062550 is responsible for diterpene
biosynthesis.

DISCUSSION

The putative biosynthetic pathway leading to the production of
the terpenes and the targets of the different drugs tested is shown
in Fig. 4. The recent molecular analysis of the fumagillin biosyn-
thesis cluster revealed that the terpene cyclase AFUA_8G00520
is responsible for the biosynthesis of the sesquiterpenoid moi-
ety in the fumagillin molecule (13). Not only the B-trans-berga-
motene but also all sesquiterpene signals disappeared in the
AAFUA_8G00520 mutant. Thus, production of sesquiterpenes is
under the control of a single enzyme and inseparably linked to the
production of fumagillin. In Zea mays, the terpene synthase
TPS10 produces (E)-a-bergamotene and (E)-B-farnesene at con-
stant ratios (20). Mutations in the catalytic center of the maize

August 2014 Volume 13 Number 8

enzyme lead to changes in the ratio between the main products
and the pattern of auxiliary reaction products, thus demonstrating
that a single enzyme has the ability to produce multiple terpenes at
characteristic ratios. In A. fumigatus, constant intensity ratios be-
tween sesquiterpene peaks were also observed, and deletion of a
single gene led to the disappearance of all sesquiterpenes. Based on
these data and the similar observation made for the maize terpene
synthase, we conclude that AFUA_8G00520 alone is responsible
for the production of all sesquiterpenes in A. fumigatus.

It is known that the production of fumagillin is under the con-
trol of VeA (21). However, we did not find a reduction of the
B-trans-bergamotene concentration in the AveA strain under the
assay conditions used in the present work. In contrast, we ob-
served an increase of B-trans-bergamotene release in this mutant
(data not shown). Both studies used different culture conditions,
which could have caused a change in the regulatory output of VeA
affecting 3-trans-bergamotene biosynthesis.

The biosynthesis and the biological function of diterpenes and
their possible derivatives have not been studied in A. fumigatus,
but other ascomycetes are known producers of diterpene-de-
rived secondary metabolites. Gibberella fujikuroi (Fusarium
moniliforme) is a producer of gibberellic acid, which acts as a
phytohormone that causes increased growth elongation in
plants (22). We found in our experiments a compound identi-
fied as ent-kaurene (Fig. 4; see also Table S1 in the supplemen-
tal material). ent-Kaurene is an intermediate in gibberellic acid
biosynthesis (23, 24), suggesting that metabolites related to
gibberellins may also be produced by A. fumigatus. The deletion
of AFUB_062550 led to the disappearance of all peaks that were
assigned to diterpenes, indicating a synthesis of these com-
pounds under the control of a single enzyme, as was observed
for the sesquiterpenes.

Using a sequence similarity search and conserved protein do-
mains, we also searched for monoterpene synthases/cyclases in A.
fumigatus. These enzymes are functionally exclusively described in
plants. No genes with significant homologies to plant genes were
identified in A. fumigatus.

In the presence of alendronate and pravastatin, the inhibition
of the terpene biosynthesis pathway was not translated into a full
inhibition of terpene production, even though the drug had an

ecasm.org 1021
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Terpene biosynthesis and terpenoid metabolites

O Ho

HO

CH; O
<— < Glycolysis
SCoA

HMG-CoA

Pravastatin —|l

O HO  CH, TAFC
K / —> siderophore
0. CHy CHs HO OH biosynthesis
N Mevalonic acid
CHy
iron starvation e———_y
- “OCH 5 o) (—\
A O HO CH Alendronate -
o ) 3
NN ok %, induced
_PO3H;
8 Fumagil o 8 CH
umagillin 2 -5-| 2
\\ | ivon starvation Mevalonate-5-phosphate )J\A
J H.C OH
\1’ Isoprenol (67)
Sesquiterpenes (C;s)
CH, CHj CHg
CH2 )kA -2 /gﬂ — /l\/\
HaC CHy 5,C PP HsC PP ,C OH
P Isopentenyl-PP Dimethylallyl-PP Prenol (68)
CH,
B-trans-Bergamotene (16)
a-Bergamotene (13) Alendronate —|
Hy
e
AFUA 8600520A\®\ CH3
Geranyl-PP Pinene (70,
Hs

HaC =

Farnesyl-PP

/ Diterpenes (C,; 59-63) \

Geranylgeranyl-PP
AFUB_062550A

HsC' CHy
Pimaradiene - type

_OH

CH,

HiC CHy COOH

\ Kaurene - type /

Gibberellic acid

\_" )
x PP

z\\
@@@

St GHs GH, GHs CHy
N €@ e N N N : s
2 > H;C PP HaC /\CH Camphene (5) a-Pinene (4,
3

D-(+)-Limonene (8)
Monoterpenes (C,;)

v

Voriconazole —N,

Steroid biosynthesis

FIG 4 Metabolic pathways of VOC production in Aspergillus fumigatus: terpene biosynthesis and terpenoid metabolites. The production of terpenes originates
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diterpenes). Bold numbers in parentheses correspond to the entries in Table 1 and the GC peaks shown in Fig. 1. CoA, coenzyme A; PP, pyrophosphate.

effect on vegetative growth. When the fungus was grown in Brian’s
medium in the presence of 31 pg/ml and 63 pg/ml pravastatin and
313 pg/ml alendronate, where we saw the release of the largest
amounts of volatiles, growth was reduced but not fully inhibited.
Moreover, at these concentrations, quantitative PCR experiments
showed that the gene responsible for the production of the ses-
quiterpenes, AFUA_8G00520, was expressed at levels close to
those for the control (data not shown). This result demonstrates
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that the enzyme responsible for the production of these VOCs is
still present and active. The relative increase in VOC release may
also be linked to the production of a larger amount of the terpene
cyclase substrate under stress conditions induced by the drug. In
this case, even though the upstream pathway is partially inhibited,
the induction of sesquiterpene production outweighs the inhibi-
tory effect. At the highest drug concentrations, this paradoxical
effect disappeared (Fig. 2).
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A. Lipid peroxidation-derived VOCs
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VOC:s identified as pyrazines.

It is was previously reported that divalent cations have an in-
fluence on the production of mycotoxins/secondary metabolites
in several ascomycetes, including members of the Aspergillus ge-
nus (25). When adding iron, we observed the same with respect to
sesquiterpenes. Uptake of iron is tightly connected to siderophore
production, and the biosynthesis of the siderophore triacetylfus-
arinine C (TAFC) is linked to the mevalonate pathway. It was
shown that the siderophore production induced by the lack of
available iron cross-activated the mevalonate pathway and hereby
increased the amount of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase (26). In contrast, iron starvation de-
creased the transcript levels of the mevalonate kinase gene
(AFUA_4G07780) and thereby inhibited terpene biosynthesis. A
derepression under iron supplementation would lead to overall
increased terpene production, which is in accordance with our
observations (Fig. 1A to Cand 3A). Both effects of an elevated iron
concentration—the moderate increase in monoterpene release
and the strong induction of sesquiterpene production—were also
present in mutants of siderophore biosynthesis (sidAA, sidCA,
sidDA, and sidFA mutants), indicating that this effect is not asso-
ciated with siderophore production (data not shown).

August 2014 Volume 13 Number 8

In our experiments, some VOCs that did not originate from
terpene biosynthesis were associated with elevated iron concen-
trations and a facilitated access to oxygen. We observed the forma-
tion of 1-octene-3-ol and its isomer, 3-octanone, when A. fumigatus
was grown in a 1-liter fermentor containing minimal medium. In
vial cultivations, those compounds were only occasionally de-
tected in plugged (permeable) vials after 2 days of cultivation but
were more abundant after 3 and 4 days (data not shown). Thus, we
believe that their occurrence relies on extended cultivation and/or
the presence of oxygen. Our hypothesis is that these compounds
originate from lipid peroxidation that relies on the presence of
oxygen (Fig. 5). In mushrooms, 1-octen-3-ol is a product of
enzyme-driven oxidative breakdown of linoleic acid (Fig. 5A)
(27).

Although 2-pentylfuran (2-PF) was reported to be produced
when A. fumigatus was grown in vitro on blood agar (9) and to be
present in the breath of aspergillosis patients, 2-PF was never de-
tected in our studies. However, the possibility that it could origi-
nate from a nonspecific inflammatory process is questioned, es-
pecially since this compound can be a product of nonenzymatic
oxidation of linoleic acid (Fig. 5A, pathway on the right) (28-30).
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We observed the release of 2-PF from medium containing bovine
serum albumin (data not shown). This result suggests that 2-PF
can originate from blood hemoglobin, especially hemorrhages
of inflamed tissues, rather than being produced by the fungus
itself.

Several compounds that occurred in iron-enriched aerated
cultures have been identified as pyrazines. Their production is not
related to terpene biosynthesis or lipid breakdown but potentially
originates from the formation of cyclodipeptides. This cyclization
is catalyzed by nonribosomal peptide synthetases and initially
leads to the formation of a diketopiperazine. In A. fumigatus, glio-
toxin is produced from serine and phenylalanine and contains
such a diketopiperazine core structure that is further modified to
contain a functionally essential disulfide bridge (31). A dike-
topiperazine heterocycle can be partially reduced, as it occurs in
aspergillic acid. Those compounds are products of the cy-
clodimerization of leucine and isoleucine and were isolated from
Aspergillus flavus (32, 33). Similarly, pulcherriminic acid, a dihy-
droxypyrazine produced by Candida pulcherrima, is formed by
cyclization of two leucines (34) (Fig. 5B). Metabolic pathways
leading from piperazines to aromatic pyrazines are not described
in A. fumigatus, and so it remains to be elucidated if the detected
VOCs are metabolically related to the above-mentioned second-
ary metabolites.
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