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Description

TECHNICAL FIELD

[0001] Provided herein are methods for diagnosing,
treating, and monitoring the treatment of mucormycosis.
The methods include detecting the presence of one or
more volatile organic compounds (VOCs) in the breath
or headspace from a culture of subjects suspected of
having mucormycosis.

BACKGROUND

[0002] Members of the fungal order Mucorales cause
life-threatening, rapidly progressive infections in immu-
nocompromised patients, especially in patients with dia-
betes mellitus, chemotherapy-induced neutropenia, or
transplant recipients who are immunosuppressed as a
result of receiving glucocorticoid treatment for graft-ver-
sus-host disease (GVHD). The diagnosis of mucormy-
cosis is exceedingly challenging, requiring a biopsy for
diagnosis, and distinguishing mucormycosis from as-
pergillosis based on clinical features is extremely difficult.
Because of the fulminant nature of these infections and
the lack of noninvasive diagnostics for this infection, mor-
tality rates remain high, at 50-90%. Timely diagnosis with
prompt initiation of appropriate antifungal therapy direct-
ed against mucormycosis improves clinical outcomes.

SUMMARY

[0003] As described herein, the present inventors have
identified unique, species-specific profiles of volatile or-
ganic compounds (VOCs) produced by pathogenic Mu-
corales species, and other pathogenic fungi in vitro that
can be used to distinguish pathogenic fungal species
from each other, and to monitor the efficacy of treatments.
Thus, provided herein are methods for diagnosing a sub-
ject with mucormycosis. The methods include obtaining
a sample comprising breath of a subject or headspace
from a culture suspected of comprising a Mucorales spe-
cies fungi isolated from a subject; detecting the presence
in the sample one or more of volatile organic compounds
(VOCs) produced by the Mucorales species in a sample
comprising breath from the subject, wherein the VOCs
are Cedrene; cedranoxide, 8,14-; 1H-Indene, 2,3,3a,4-
tetrahydro-3,3a,6-trimethyl-1-(1-methylethyl)-;, Longifo-
lene; 2H-3,9a-Methano-1-benzoxepin; octahydro-
2,2,5a,9-tetramethyl-,[3R-(3α,5aα,9α,9aα)]-;
cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5,9-tetrame-
thyl(1H)benzocycloheptene; selina-5,11-diene; α-guai-
ene or alloaromadendrene or, detecting the presence in
the sample comprising headspace from a culture sus-
pected of comprising Mucorales, one or more volatile or-
ganic compounds (VOCs) produced by the Mucorales
species in the sample, wherein the one or more VOCs
are Cedrene; cedranoxide, 8,14-; 1H-Indene, 2,3,3a,4-
tetrahydro-3,3a,6-trimethyl-1-(1-methylethyl)-;, aciphyl-

lene; aromandendrene; alloaromadendrene; Cubebene;
cubebol; Cyperene; Daucene; Humulene; Isocaryophyl-
lene; Isocomene; Isodaucene; Isoledene; Longipinene;
α-bisabolene;
and diagnosing a subject as having mucormycosis when
at least one of the VOCs are present in the breath or
headspace sample.
[0004] In some embodiments, the methods include de-
tecting the presence in a sample comprising headspace
from a culture of 1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-
trimethyl-1-(1-methylethyl)-, aciphyllene, alloaromaden-
drene, cedrene, Cubebene, cubebol, Cyperene,
Daucene, Humulene, Isocaryophyllene, Isocomene, Iso-
daucene, Isoledene, Longipinene, and α-bisabolene,
wherein:

the presence of one, two, three or more of 1H-In-
dene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, longipinene, cedrene, aromanden-
drene, alloaromadendrene, cubebol, and aciphyl-
lene indicates a diagnosis of Rhizopus arrhizus var.
arrhizus;
the presence of one, two, three or more of 1H-In-
dene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, isoledene, daucene, isocomene, iso-
caryophyllene, humulene, and isodaucene indicates
a diagnosis of Rhizopus arrhizus var. delemar;
and/or
the presence of one, two, three or more of alloaro-
madendrene, cubebene, cyperene, and α-bisabo-
lene indicates a diagnosis of Rhizopus microsporus.

[0005] In some embodiments, the methods include de-
tecting the presence, in a sample breath from a subject
suspected of being infected with Mucorales fungi, a level
of one, two, three, four or more of Cedrene; cedranoxide,
8, 14-; 1H-Indene,2,3,3a,4-tetrahydro-3,3a,6-trimethyl-
1-(1-methylethyl)-; Longifolene; 2H-3,9a-Methano-1-
benzoxepin; octahydro-2,2,5a,9-tetrame-
thyl-,[3R-(3α,5aα,9α,9aα)]-; cis-(-)2,4a,5,6,9a-Hexahy-
dro-3,5,5,9-tetramethyl(1H)benzocycloheptene; selina-
5,11-diene; or α-guaiene; alloaromadendrene, wherein:

the presence of one, two, three, or more of longifo-
lene; 2H-3,9a-Methano-1-benzoxepin; octahydro-
2,2,5a,9-tetramethyl-,[3R-(3α,5aα,9α,9aα)]-; and
cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5,9-tetrame-
thyl(1H)benzocycloheptene indicates the presence
of Rhizopus arrhizus var. arrhizus;
the presence of one, two, or all three of cedrene;
selina-5,11-diene; and cedranoxide, 8, 14- indicates
the presence of Rhizopus microsporus; and
the presence of α-guaiene and alloaromadendrene
indicates the presence of Rhizopus arrhizus var.
delemar.

[0006] In some embodiments, the methods include de-
tecting the presence in a sample comprising breath from
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a subject suspected of being infected with Mucorales fun-
gi, the presence of one, two, or all three of cedrene; ce-
dranoxide, 8, 14-; and 1H-Indene, 2,3,3a,4-tetrahydro-
3,3a,6-trimethyl-1-(1-methylethyl)-, and diagnosing the
patient with a Mucorales fungal infection.
[0007] In some embodiments, the methods include de-
tecting the presence of one, two, three, or all four of 1H-
Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-meth-
ylethyl)-; cedrene; selina-5,11-diene, and cedranoxide,
8,14-, and diagnosing the patient with a Mucorales fungal
infection.
[0008] In some embodiments, the Mucorales fungal in-
fection is an infection with a Rhizopus species fungus.
[0009] In some embodiments, the invention provides
methods for selecting an antifungal treatment for mucro-
mycosis for a subject, wherein an antifungal treatment is
selected when one, two, three, or more of 1H-Indene,
2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-methylethyl)-,
aciphyllene, alloaromadendrene, cedrene, Cubebene,
cubebol, Cyperene, Daucene, Humulene, Isocaryophyl-
lene, Isocomene, Isodaucene, Isoledene, Longipinene,
and α-bisabolene are detected in the headspace from a
culture from the subject.
[0010] In some embodiments, the invention provides
methods for selecting an antifungal treatment for mu-
cormycosis for a subject, wherein an antifungal treatment
is selected when cedrene; cedranoxide, 8, 14-; and 1H-
Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-meth-
ylethyl)- are detected in a sample comprising breath ob-
tained from a subject.
[0011] In some embodiments, the antifungal treatment
for the use in treating mucormycosis in a subject com-
prises administration of one or more doses of one or more
antifungal compounds as described herein.
[0012] Also provided herein are methods for monitor-
ing efficacy of a treatment for mucormycosis in a subject.
The methods include determining a first level of one, two,
three, or more volatile organic compounds (VOCs) pro-
duced by a mucormycosis species in a sample compris-
ing breath from the subject or headspace from a culture
suspected of comprising Mucorales fungi isolated from
the subject, wherein the VOCs are cedrene 8,14-, ce-
drene, and 1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-trime-
thyl-1-(1-methylethyl)-, and optionally cedranoxide
8-14-, in the subject;

determining a second level of the VOCs in a sample
obtained after administration of the treatment to the
subject; and
comparing the first and second levels of VOCs,
wherein a decrease in the VOCs indicates that the
treatment has been effective in treating the mu-
cormycosis in the subject, and an increase or no
change indicates that the treatment has not been
effective in treating the mucormycosis in the subject.

[0013] In some embodiments, the treatment includes
administration of one or more doses of one or more an-

tifungal compounds.
[0014] Also provided herein are methods for identifying
a candidate compound for the treatment of mucormyco-
sis. The methods include providing a test culture com-
prising one or more Mucorales species; detecting a base-
line level of fungal VOCs in the headspace of the culture
in the absence of the candidate compound, wherein the
VOCs are cedrene 8,14- and 1H-Indene, 2,3,3a,4-tet-
rahydro-3,3a,6-trimethyl-1-(1-methylethyl)-, and option-
ally cedranoxide 8-14-, in the subject; contacting the test
culture with a candidate compound; determining a sec-
ond level of the VOCs in the test culture; comparing the
second level of VOCs to the baseline level; and identify-
ing a candidate compound that decreases levels of fungal
VOCs in the test culture as a candidate compound for
the treatment of mucormycosis.
[0015] Further, provided herein are methods for de-
tecting the presence of a mucormycosis infection in a
culture. The methods include obtaining a sample com-
prising gas from the headspace of the culture; determin-
ing the presence of 1H-Indene, 2,3,3a,4-tetrahydro-
3,3a,6-trimethyl-1-(1-methylethyl)-, aciphyllene, alloaro-
madendrene, cedrene, Cubebene, cubebol, Cyperene,
Daucene, Humulene, Isocaryophyllene, Isocomene, Iso-
daucene, Isoledene, Longipinene, and α-bisabolene,
wherein:

the presence of one, two, three or more of 1H-In-
dene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, longipinene, cedrene, aromanden-
drene, alloaromadendrene, cubebol, and aciphyl-
lene indicates the presence of Rhizopus arrhizus var.
arrhizus in the culture;
the presence of one, two, three or more of 1H-In-
dene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, isoledene, daucene, isocomene, iso-
caryophyllene, humulene, and isodaucene indicates
the presence of Rhizopus arrhizus var. delemar in
the culture; and
the presence of one, two, three or more of alloaro-
madendrene, cubebene, cyperene, and α-bisabo-
lene indicates the presence of Rhizopus micro-
sporus in the culture.

[0016] In some embodiments of the various methods
described herein, determining the presence of a VOC
includes assaying the sample to detect the presence the
VOC.
[0017] In some embodiments of the various methods
described herein, assaying the sample to detect the pres-
ence the VOC includes using a gas chromatography
(GC) or spectrometry method.
[0018] In some embodiments of the various methods
described herein, the spectrophotometry method is mo-
bility spectrometry (IMS) or differential mobility spectrom-
etry (DMS).
[0019] In some embodiments of the various methods
described herein, the subject is a human.
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[0020] In some embodiments of the various methods
described herein, the antifungal compound is an ampho-
tericin B formulation; an azole antifungal compound; or
an echinocandin antifungal compound.
[0021] In some embodiments of the various methods
described herein, determining the presence of a VOC
comprises assaying the sample to detect the presence
the VOC. In some embodiments, assaying the sample
to detect the presence the VOC comprises using a gas
chromatography (GC) or spectrometry method. In some
embodiments, the spectrophotometry method is mobility
spectrometry (IMS) or differential mobility spectrometry
(DMS).
[0022] In some embodiments of the various methods
described herein, the subject is a human.
[0023] Unless otherwise defined, all technical and sci-
entific terms used herein have the same meaning as com-
monly understood by one of ordinary skill in the art to
which this invention belongs. Methods and materials are
described herein for use in the present invention; other,
suitable methods and materials known in the art can also
be used. The materials, methods, and examples are il-
lustrative only and not intended to be limiting.. In case of
conflict, the present specification, including definitions,
will control.
[0024] Other features and advantages of the invention
will be apparent from the following detailed description
and figures, and from the claims.

DESCRIPTION OF DRAWINGS

[0025]

Figure 1A. GC-MS total ion chromatograms of head-
space gas from cultures of Rhizopus arrhizus var.
arrhizus, Rhizopus arrhizus var. delemar, and Rhiz-
opus microsporus; (a) 1H-Indene, 2,3,3a,4-tetrahy-
dro-3,3a,6-trimethyl-1-(1-methylethyl)-(b) Lon-
gipinene (c) Cedrene (d) Aromandendrene (e) Al-
loaromadendrene (f) Cubebol (g) Aciphyllene (h)
Dauca-4(11),8-diene (i) Isoledene (j) Daucene (k)
Isocomene (1) Isocaryophyllene (m) Humulene (n)
Isodaucene (o) Cubebene (p) Cyperene (q) α-Bis-
abolene; MS fragmentations below.
Figure 1B. MS electron ionization fragmentation pat-
tern for 1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-tri-
methyl-1-(1-methylethyl)-, present in cultures of
Rhizopus arrhizus var. arrhizus and Rhizopus arrhi-
zus var. delemar.
Figure 1C. MS electron ionization fragmentation pat-
tern for longipinene, Rhizopus arrhizus var. arrhizus.
Figure ID. MS electron ionization fragmentation pat-
tern for cedrene, Rhizopus arrhizus var. arrhizus.
Figure IE. MS electron ionization fragmentation pat-
tern for aromandendrene, Rhizopus arrhizus var. ar-
rhizus.
Figure IF. MS electron ionization fragmentation pat-
tern for alloaromadendrene, Rhizopus arrhizus var.

arrhizus.
Figure 1G. MS electron ionization fragmentation pat-
tern for cubebol, Rhizopus arrhizus var. arrhizus.
Figure 1H. MS electron ionization fragmentation pat-
tern for aciphyllene, Rhizopus arrhizus var. arrhizus.
Figure 1I. MS electron ionization fragmentation pat-
tern for dauca-4(11),8-diene, Rhizopus arrhizus var.
arrhizus.
Figure 1J. MS electron ionization fragmentation pat-
tern for isoledene, Rhizopus arrhizus var. delemar.
Figure 1K. MS electron ionization fragmentation pat-
tern for daucene, Rhizopus arrhizus var. delemar.
Figure 1L. MS electron ionization fragmentation pat-
tern for isocomene, Rhizopus arrhizus var. delemar.
Figure 1M. MS electron ionization fragmentation pat-
tern for isocaryophyllene, Rhizopus arrhizus var.
delemar.
Figure IN. MS electron ionization fragmentation pat-
tern for humulene, Rhizopus arrhizus var. delemar.
Figure 10. MS electron ionization fragmentation pat-
tern for isodaucene, Rhizopus arrhizus var. delemar.
Figure IP. MS electron ionization fragmentation pat-
tern for cubebene, Rhizopus microsporus.
Figure 1Q. MS electron ionization fragmentation pat-
tern for cyperene, Rhizopus microsporus.
Figure 1R. MS electron ionization fragmentation pat-
tern for α-bisabolene, Rhizopus microsporus.
Figure 2A. GC-DMS profile of Rhizopus arrhizus var.
arrhizus in vitro. Axes are compensation voltage (Vc)
vs. retention time (RT, in milliseconds) vs. DMS sig-
nal intensity. Coordinates represent (compensation
voltage, retention time).
Figure 2B. GC-DMS profile of Rhizopus arrhizus var.
delemar, in vitro. Axes represent compensation volt-
age (Vc) vs. retention time (RT, in milliseconds) vs.
DMS signal intensity. Coordinates represent (com-
pensation voltage, retention time).
Figure 2C. GC-DMS profile of Rhizopus micro-
sporus, in vitro. Axes represent compensation volt-
age (Vc) vs. retention time (RT, in milliseconds) vs.
DMS signal intensity. Coordinates represent (com-
pensation voltage, retention time
Figures 3A-I. In vivo breath secondary metabolite
signature of infection in a murine model with Rhizo-
pus arrhizus var. arrhizus, Rhizopus arrhizus var.
delemar, and Rhizopus microsporus. Peaks are: (1)
Cedrene, (2) Selina-5,11-diene (3) Cedranoxide,
8,14-, (4) β-Isocomene, (5) Epicubebol, (6) γ-
Patchoulene, with MS fragmentation patterns pre-
sented in Figures 3B-3I, as follows: 3B, Cedrene;
3C, Selina-5,11-diene; 3D, Cedranoxide, 8,14-; 3E,
Longifolene; 3F, 2H-3,9a-Methano-1-benzoxepin,
octahydro-2,2,5a,9-tetramethyl-,
[3R-(3α,5aα,9α,9aα)]-; 3G, cis-(-)2,4a,5,6,9a-Hex-
ahydro-3,5,5,9-tetramethyl(1H) benzocyclohep-
tene; 3H, α-Guaiene; and 31, Alloaromadendrene.
Figure 4. Alignment of human (top 5 panels) and
murine (bottom panel) breath samples in patients

5 6 



EP 3 454 944 B1

6

5

10

15

20

25

30

35

40

45

50

55

and mice with invasive Rhizopus microsporus infec-
tion - (A) is 1H-Indene,2,3,3a,4-tetrahydro-3,3a,6-
trimethyl-1-(1-methylethyl)-, (B) cedrene, (C) selina-
5,11-diene, and (D) cedranoxide, 8,14-
Figures 5A-B. GC-DMS analysis of a breath sample
from a patient with proven Rhizopus microsporus in-
fection, with sesquiterpene metabolites eluting at Vc
+3.6 at around 1280 and 1330 seconds. 5A, global
GC-DMS of breath sample; 5B, GC-DMS analysis
at Vc = +3.6.
Figure 6A. Alignment of sequential GC-MS analysis
of breath samples from a patient with proven Rhiz-
opus microsporus infection, from day 0 (start of isa-
vuconazole antifungal therapy), with gradual atten-
uation and disappearance of these three sesquiter-
pene metabolites (A) 1H-Indene, 2,3,3a,4-tetrahy-
dro-3,3a,6-trimethyl-1-(1-methylethyl)-, (B) ce-
drene, (C) cedranoxide, 8,14- over the 28-day treat-
ment course.
Figure 6B. Bar graph illustrating gradual attenuation
and disappearance of these three sesquiterpene
metabolites (A) 1H-Indene, 2,3,3a,4-tetrahydro-
3,3a,6-trimethyl-1-(1-methylethyl)-, (B) cedrene, (C)
cedranoxide, 8,14- over the 28-day treatment
course.

DETAILED DESCRIPTION

[0026] Pathogenic molds produce VOCs as part of
their normal metabolism. As described herein, the
present inventors have identified unique, species-specif-
ic VOC profiles of the most common pathogenic species
of Mucorales fungi, including Rhizopus arrhizhus var. ar-
rhizus, Rhizopus arrhizhus var. delemar, and Rhizopus
microsporus, Syncephalestrum racemosum, and Mucor
circillenoides that can be used to discriminate these spe-
cies from each other and from other molds. A number of
methods including differential mobility spectrometry
(DMS) can be used for the rapid discrimination of fungal
species using pattern-based identification of these spe-
cies-specific VOC profiles.
[0027] Detection of these unique VOC profiles can be
harnessed for species-level identification of Mucorales
and other mold species in the laboratory, and direct de-
tection of these fungal volatile profiles in the breath of
patients with suspected mucormycosis can be used for
the rapid, noninvasive, highly accurate, and species-spe-
cific diagnosis of mucoramycosis and other fungal pneu-
monias. The methods and devices described herein, e.g.,
the DMS-based detection methods, can be adapted to a
small, portable bedside breath gas detection system for
real-time patient breath surveillance for this pattern of
fungal metabolites, to allow for earlier diagnosis than cur-
rently possible, more rational test-based prescribing of
antifungal medications, monitoring of clinical response
to antifungal therapy, and ultimately, better patient out-
comes.
[0028] As described herein, among other uses, these

VOC profiles can be used for:

a. rapid, noninvasive, sensitive, and species-specific
breath tests for the diagnosis of mucormycosis and
the discrimination of mucormycosis from aspergillo-
sis and other causes of pneumonia in the growing
population of immunocompromised patients at risk
for invasive fungal infections;
b. surrogate marker demonstrating successful anti-
fungal treatment of mucormycosis, and
c. rapid identification and antifungal susceptibility
testing of Mucorales species, e.g., in the microbiol-
ogy laboratory, based on their VOC profile (i.e., the
VOCs present in the sample).

Mucormycosis

[0029] The methods described herein can be used to
detect or diagnose mucormycosis in a subject, to select
treatment and to treat mucormycosis, and to monitor
treatment of mucormycosis. Mucormycosis refers to in-
fection caused by diverse fungal species, including Rhiz-
opus, Rhizomucor, and Mucor. Mucorales are environ-
mentally ubiquitous fungi and can be commonly found in
soil and in decaying matter; because of their low virulence
they rarely cause disease except in individuals who are
immunocompromised, e.g., due to a coexisting condition
such as diabetes or cancer, or who are receiving medi-
cations that result in immunosuppression or neutropenia.
The methods can be used in the different forms of mu-
cormycosis, including infection of the facial sinus or nasal
cavities and/or brain (e.g., rhinocerebral mucormycosis),
as well as disseminated, pulmonary, cutaneous, and gas-
trointestinal mucormycosis (see, e.g., Walsh et al., Clin-
ical Infectious Diseases 2008; 46:327-60; Milroy et al., J
Clin Pathol. 1989 February; 42(2): 123-127). In preferred
embodiments, the methods described herein can be
used for subjects with rhinocerebral, sinus or nasal mu-
cormycosis.

Samples

[0030] The methods described herein can be per-
formed on a gas or liquid sample. In some embodiments,
the sample is exhaled breath directly from an individual
or from a breathing machine such as a ventilator. Alter-
natively, the methods can be performed using headspace
from a culture known or suspected to include fungal, e.g.,
Mucorales species, e.g., commercially-available or lab-
cultured species or species obtained from a primary sam-
ple from a subject, e.g., a clinical sample obtained by
biopsy of the affected area (e.g., nasal biopsy, transtho-
racic percutaneous needle aspiration, or video assisted
biopsy) or bronchoalveolar lavage. The sample is main-
tained in a suitable growth medium to allow growth and
metabolism of any fungal, e.g., Mucorales, species in the
sample. In certain embodiments, the clinical sample is
obtained from a subject and placed in media, for example,
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with microfluidics, or in culture, for example, with con-
ventional culturing methods. The fungal, e.g., Mucorales,
species, if present, are stimulated to metabolize. The
headspace (gaseous phase) generated as a result of this
metabolism can be collected and analyzed using a meth-
od described herein or known in the art, see, e.g.,
US20100291617. In some embodiments, the methods
are performed directly on nasal or bronchoalveolar wash-
ings, obtained by nasal/bronchoscopy/bronchoalveolar
lavage. In some embodiments, the sample is a gas, e.g.,
patient breath or gas from the headspace of an in vitro
culture sample. Where headspace gas is used, the gas
should be collected after the headspace has been in con-
tact with the culture for a sufficient amount of time for the
compounds to be present, preferably in an air-tight,
sealed environment.
[0031] The VOCs can also be detected in a liquid sam-
ple, since they are expected to be there in equilibrium
with the gaseous phase. Thus, in addition to or as an
alternative, the samples assayed using the methods de-
scribed herein can include a liquid, e.g., blood (e.g., plas-
ma or serum), lymph, urine, tears, saliva, sputum, nasal
mucus, phlegm (e.g., expectorate), or CSF from a subject
(e.g., from a biological fluid that comes near or preferably
into contact with the tissue or organ that is known or sus-
pected to be infected with a fungus, e.g. a Mucorales
species), or the liquid phase (e.g., supernatant) of an in
vitro culture. In some embodiments, the sample compris-
es saliva from the subject.

Detection Methods

[0032] A number of methods known in the art can be
used to detect the presence of the VOCs described here-
in in a sample. Exemplary methods (particularly for use
with a gas sample) include gas chromatography (GC);
spectrometry, for example mass spectrometry (including
quadrapole, time of flight, tandem mass spectrometry,
ion cyclotron resonance, and/or sector (magnetic and/or
electrostatic)), ion mobility spectrometry, field asymmet-
ric ion mobility spectrometry, and/or DMS; fuel cell elec-
trodes; light absorption spectroscopy; nanoparticle tech-
nology; flexural plate wave (FPW) sensors; electrochem-
ical sensors; photoacoustic equipment; laser-based
equipment; electronic noses (bio-derived, surface coat-
ed); and various ionization techniques. See, e.g.,
US20100291617 and US20070003996. Preferred meth-
ods include ion mobility spectrometry (IMS) or differential
mobility spectrometry (DMS).
[0033] In some embodiments, the methods described
herein include the use of differential mobility spectrom-
etry to detect VOCs in a sample. An exemplary micro-
machined differential mobility spectrometer (DMS), de-
veloped for chemical and biological sensing applications,
is currently available from Sionex Corporation. DMS has
several features that make it an excellent platform for
VOC analysis: it is quantitative, selective, and exquisitely
sensitive, with a volatile detection limit in the parts-per-

trillion range (Davis et al., In: 12th International Confer-
ence on Transducers, Solid-State Sensors, Actuators
and Microsystems; 2003; p. 1233-8 vol.2; Miller et al., In:
Solid-State Sensors and Actuators Workshop; 2000;
Hilton Head, South Carolina; 2000; Krebs et al., Sensors
Journal, IEEE 2005;5(4):696-703). Unlike mass spec-
trometry, which separates particles based on
mass/charge ratios, DMS harnesses differences in ion
mobility in low and high electric fields to achieve a gas-
phase separation of ions at atmospheric pressure. DMS
rapidly detects compounds that are difficult to resolve by
other analytical techniques such as mass spectrometry
in challenging matrices such as human breath (Kanu et
al., J Mass Spectrom 2008; 43:1-22; Kanu et al., J Chro-
matogr A 2008; 1177:12-27; Luong J et al., J Chromatogr
Sci 2006; 44:276-286; Nazarov et al., Anal Chem 2006;
7697-706; Kolakowski et al., Analyst 2007; 132:842-64).
[0034] DMS can be tuned to monitor specific ion mass-
es, thus tailoring response characteristics to focus on
various compounds of interest. It requires no reagents,
generates the high fields required by the sensor using a
small power supply, and has already been microfabricat-
ed, resulting in a small, portable machine that can be
used at the bedside, with a turnaround time of several
minutes. DMS has been used successfully in several
commercial settings, including a hand-held, portable de-
tector of trace levels of chemical warfare agents from
General Dynamics (JUNO™) and airport explosives de-
tectors from Thermo (see, e.g., US 7605367). DMS tech-
nology has also been successfully applied to the char-
acterization of unique VOCs produced by Mycobacteri-
um tuberculosis, Aspergillus sp., and other pathogens
(see, e.g., Fong et al., Anal Chem 2011; 83:1537-46;
Shnayderman et al., Anal Chem 2005;77:5930-7; WO
2014/039856; WO 2015/187938).
[0035] To perform a measurement using a DMS, a gas
sample is introduced into the spectrometer, where it is
ionized, and the ions are transported through an ion filter
towards the detecting electrodes (Faraday plates) by a
carrier gas. The DMS device can separate chemical com-
ponents of a substance based on differing ion mobilities.
For other devices, measurements are performed using
methods known in the art.
[0036] Additional non-limiting examples of systems
that can be used in the present methods include those
described in US20090078865; US20130168548;
US20100291617 and US20070003996.
[0037] In some embodiments, the methods include ob-
taining a sample of ambient air and detecting the pres-
ence and/or levels of VOCs in the air, to provide a refer-
ence for subtraction of ambient VOCs.
[0038] A number of methods are known in the art for
detecting the presence and/or levels of the VOCs in a
liquid sample, including but not limited to chromatogra-
phy (e.g., HPLC) and spectrophotometry (e.g., MS, LC-
MS, MALDI-TOF, and other of the methods described
above for gas-phase samples).
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Combination Diagnostics

[0039] In some embodiments, the methods include
performing an additional diagnostic test for a fungal in-
fection, e.g., mucormycosis. A number of such tests are
known in the art and include radiology imaging studies
(e.g., CT imaging, e.g., of the paranasal sinuses and an
endoscopic examination of nasal passages); bronchoal-
veolar lavage, transthoracic percutaneous needle aspi-
ration; video assisted thoracoscopic biopsy; and biopsies
of any suggestive lesions. PCR can be used for detection
of DNA from common Mucorales species, e.g., as de-
scribed in Millon et al., Clin Infect Dis. 2013;
56(10):e95-101 and Bernal-Martinez et al., Clin Microbiol
Infect. 2013; 19(1):E1-7. A positive result on one of these
tests can provide further evidence supporting a diagnosis
of mucormycosis; see, e.g., Walsh et al., Clinical Infec-
tious Diseases 2008; 46:327-60. A galactomannan en-
zyme immunoassay can also be performed to rule out
invasive aspergillosis.

Mucorales Species Identification and Diagnosis

[0040] As described herein, Rhizopus arrhizus var. ar-
rhizus, Rhizopus arrhizus var. delemar, and Rhizopus
microsporus each produce VOCs that can be used to
identify them in a sample, e.g., in a sample comprising
breath of a subject, or headspace from a culture suspect-
ed of comprising a fungus; the culture can be, e.g., a
culture of a biopsy from a subject, or a culture in a micro-
biology laboratory, e.g., a culture known or suspected of
containing or being contaminated with a fungal species.
This identification can be used to diagnose a subject with
the specific species of the fungal infection, allowing for
the administration of species-specific treatments, e.g.,
as described below.
[0041] Thus, the methods described herein can in-
clude obtaining a sample comprising breath of a subject,
or headspace from a culture suspected of comprising a
fungal species, e.g., Mucorales or Aspergillus, and de-
tecting and identifying the VOCs in the sample. The meth-
ods can include detecting in headspace from a culture
the presence of one, two, three, four or more of 1H-In-
dene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-methyl-
ethyl)-, aciphyllene, alloaromadendrene, cedrene, Cube-
bene, cubebol, Cyperene, Daucene, Humulene, Isocary-
ophyllene, Isocomene, Isodaucene, Isoledene, Lon-
gipinene, and α-bisabolene, which indicates the pres-
ence of a Mucorales fungi. For example, the presence
of one, two, three or more of 1H-Indene, 2,3,3a,4-tetrahy-
dro-3,3a,6-trimethyl-1-(1-methylethyl)-, longipinene, ce-
drene, aromandendrene, alloaromadendrene, cubebol,
and aciphyllene indicates the presence of Rhizopus ar-
rhizus var. arrhizus. The presence of one, two, three or
more of 1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-trime-
thyl-1-(1-methylethyl)-, isoledene, daucene, isocomene,
isocaryophyllene, humulene, and isodaucene indicates
the presence of Rhizopus arrhizus var. delemar. The

presence of one, two, three or more of alloaromaden-
drene, cubebene, cyperene, and α-bisabolene indicates
the presence of Rhizopus microsporus.
[0042] When the sample comprises breath from a pa-
tient suspected of being infected with Mucorales fungi,
the methods can include detecting the presence of one,
two, three, four or more of Cedrene; cedranoxide, 8, 14-;
1H-Indene,2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-; Longifolene; 2H-3,9a-Methano-1-benzox-
epin; octahydro-2,2,5a,9-tetrame-
thyl-,[3R-(3α,5aα,9α,9aα)]-; cis-(-)2,4a,5,6,9a-Hexahy-
dro-3,5,5,9-tetramethyl(1H)benzocycloheptene; selina-
5,11-diene; or α-guaiene; alloaromadendrene indicates
the presence of a Mucorales fungal infection.
[0043] In some embodiments, the presence of one,
two, or all three of cedrene; cedranoxide, 8, 14-; and 1H-
Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-meth-
ylethyl)- in the breath of a patient indicates the presence
of a Mucorales fungal infection, e.g., Rhizopus.
[0044] In some embodiments, the presence of one,
two, three, or all four of 1H-Indene, 2,3,3a,4-tetrahydro-
3,3a,6-trimethyl-1-(1-methylethyl)-; cedrene; selina-
5,11-diene, and cedranoxide, 8,14- in the breath of a pa-
tient indicates the presence of a Mucorales fungal infec-
tion, e.g., Rhizopus.
[0045] In some embodiments, the presence of one,
two, three, or more of longifolene; 2H-3,9a-Methano-1-
benzoxepin; octahydro-2,2,5a,9-tetrame-
thyl-,[3R-(3α,5aα,9α,9aα)]-; and cis-(-)2,4a,5,6,9a-Hex-
ahydro-3,5,5,9-tetramethyl(1H)benzocycloheptene indi-
cates the presence of Rhizopus arrhizus var. arrhizus;
one, two, or all three of cedrene; selina-5,11-diene; and
cedranoxide, 8, 14-indicates the presence of Rhizopus
microsporus; and the presence of α-guaiene and alloaro-
madendrene indicates the presence of Rhizopus arrhi-
zus var. delemar.
[0046] In some embodiments, the presence of one,
two, or all three of cedrene; cedranoxide, 8, 14-; and 1H-
Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-meth-
ylethyl)- in the breath of a patient indicates the presence
of a Mucorales fungal infection, e.g., Rhizopus.
[0047] In some embodiments, the presence of one,
two, three, or all four of 1H-Indene, 2,3,3a,4-tetrahydro-
3,3a,6-trimethyl-1-(1-methylethyl)-; cedrene; selina-
5,11-diene, and cedranoxide, 8,14- in the breath of a pa-
tient indicates the presence of a Mucorales fungal infec-
tion, e.g., Rhizopus.

Differential Diagnosis: Aspergillosis

[0048] Where differential diagnosis between mu-
cormycosis and aspergillosis is desired, the methods can
include those described in WO 2014/039856 and WO
2015/187938, e.g., detecting and identifying the VOCs
in the sample, and detecting the presence a VOC asso-
ciated with a Mucorales fungus as described herein,
and/or the presence of one, two, three, or more, e.g., all,
of camphene, alpha-pinene, beta-pinene, limonene, al-
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pha-bergamotene, beta-trans-bergamotene, elixene, al-
pha-santalene, beta-elemene, acoradien, chamigrene,
1,5,9-trimethyl cyclododecatriene, 9-decene-2-one and
beta-sesquiphellandrene in the sample. The presence of
one, two, three, or more, e.g., all, of camphene, alpha-
pinene, beta-pinene, limonene, alpha-bergamotene, or
beta-trans-bergamotene indicates the presence of A. fu-
migatus in the sample (and thus an A. fumigatus infection
in cases where the sample is from a subject); the pres-
ence of one, two, three, or more, e.g., all, of elixene,
alpha-santalene, beta-elemene, acoradien, chamigrene,
and 1,5,9-trimethyl cyclododecatriene indicates the pres-
ence of A. terreus in the sample (and thus an A. terreus
infection in cases where the sample is from a subject);
and the presence of one or both of 9-decene-2-one and
beta-sesquiphellandrene indicates the presence of A. ca-
lidoustus in the sample (and thus an A. calidoustus in-
fection in cases where the sample is from a subject). In
some embodiments, where limonene or alpha-pinene is
present, at least one or two other VOCs must also be
present for a positive species identification, and a spe-
cies-specific diagnosis, to be made.

Methods of Treatment

[0049] The methods described herein can be used to
select a treatment for a subject, and can optionally in-
clude monitoring the efficacy thereof. When a subject
has been diagnosed by a method described herein as
having mucormycosis or IA, then a treatment comprising
administration of a therapeutically effective amount of an
antifungal compound can be selected.
[0050] A number of antifungal compounds are known
in the art and under development. At present, deoxycho-
late amphotericin B (D-AMB) and its lipid formulations
(AMB lipid complex (ABLC), liposomal amphotericin B
(LAMB), and Amphotericin B cholesteryl sulfate complex
(AMB colloidal dispersion, ABCD)); azole compounds
(itraconazole, voriconazole, posaconazole, isavucona-
zole); and echinocandins (caspofungin, micafungin, an-
idulafungin) are in clinical use, though voriconazole , isa-
vuconazole, and D-AMB are the only compounds ap-
proved for primary treatment of invasive aspergillosis in
the United States. For detailed information on treatment
of mucormycosis and IA, see, e.g., Walsh et al., Clinical
Infectious Diseases 2008; 46:327-60; Spellberg et al.,
"Recent advances in the management of mucormycosis:
from bench to bedside." Clin Infect Dis. 2009 Jun 15.
48(12): 1743-51; Spellberg and Ibrahim, "Recent ad-
vances in the treatment of mucormycosis." Curr Infect
Dis Rep. 2010 Nov. 12(6):423-9 and Marr et al., Treat-
ment and prevention of invasive aspergillosis, Up-To-
Date (topic updated on Oct 18, 2012; literature review
August 2013; available at uptodate.com/contents/treat-
ment-and-prevention-of-invasive-aspergillosis?topicK-
ey=ID%2F2459&elapsedTimeMs=7&view=print&dis-
playedVie w=full). See also Crum-Cianflone et al., "Mu-
cormycosis," April 03, 2015, emedicine.med-

scape.com/article/222551.
[0051] In some embodiments, the methods include se-
lecting an azole antifungal, e.g., itraconazole (ITR), vor-
iconazole (VOR), posaconazole (POS), or isavucona-
zole (ISA), or an amphotericin B (AMB) formulation as
described above, to a subject identified by a method de-
scribed herein as having mucormycosis or IA. In some
embodiments, the methods include selecting for admin-
istration an echinocandin, e.g., caspofungin, micafungin
or anidulafungin, e.g., alone or in combination with an
azole (e.g., voriconazole) or AMB
[0052] It is known that triazoles are not active against
some isolates of A. calidoustus, and some A. terreus iso-
lates are resistant to AMB. See, e.g., Baddley et al., J.
Clin. Microbiol. 2009, 47(10):3271. Thus, in some em-
bodiments, where the species of Aspergillus is deter-
mined, an azole compound (e.g., ITR, VOR, POS, or ISA)
is selected for a subject who has A. fumigatus or A. ter-
reus, but not A. calidoustus. In some embodiments, an
AMB (e.g., D-AMB, ABLC, LAMB, or ABCD) is selected
for a subject who has A. calidoustus. In some embodi-
ments, an AMB is selected for a subject who has A. fu-
migatus, but not a subject who has A. terreus.
[0053] In some embodiments, the methods described
herein can be used to determine susceptibility of As-
pergillus species, e.g., to treatment with a known or sus-
pected antifungal, e.g., in the microbiology laboratory. A
sample suspected or known to include Aspergillus from
a subject is obtained and cultured as described above,
e.g., under conditions mimicking the in vivo environment,
and then exposed to a potential treatment (e.g., a known
or experimental treatment). After exposure to the treat-
ment, the VOCs present in the headspace of the culture
are sampled. If the treatment decreases VOCs as com-
pared to a reference level (e.g., a level of VOCs in the
headspace before exposure to the treatment), then the
Aspergillus in the sample is considered susceptible to
the treatment. In this case, the treatment is likely to be
effective in treating mucormycosis in the subject; the
treatment can be selected.

Monitoring Treatment Efficacy

[0054] As described herein, successful treatment of a
mucormycosis infection results in a decrease in fungal
VOCs. Thus, the methods can include repeated assays
of VOC levels in a subject, e.g., before, during, and after
administration of a treatment for mucormycosis. A de-
crease in VOC levels would indicate that the treatment
has been successful. In some embodiments, levels of
one, two, or all three of cedrene; cedranoxide, 8, 14-; and
1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)- are determined. A reduction in levels over
time indicates that the treatment is effective. No reduc-
tion, or an increase in levels over time, indicates that the
treatment is ineffective, and thus an increased dose or a
different treatment can be administered.
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Methods of Identifying Novel Antifungal Agents

[0055] Included herein are methods for screening test
compounds, e.g., polypeptides, polynucleotides, inor-
ganic or organic large or small molecule test compounds,
to identify agents useful in the treatment of mucormyco-
sis.
[0056] As used herein, "small molecules" refers to
small organic or inorganic molecules of molecular weight
below about 3,000 Daltons. In general, small molecules
useful for the invention have a molecular weight of less
than 3,000 Daltons (Da). The small molecules can be,
e.g., from at least about 100 Da to about 3,000 Da (e.g.,
between about 100 to about 3,000 Da, about 100 to about
2500 Da, about 100 to about 2,000 Da, about 100 to
about 1,750 Da, about 100 to about 1,500 Da, about 100
to about 1,250 Da, about 100 to about 1,000 Da, about
100 to about 750 Da, about 100 to about 500 Da, about
200 to about 1500, about 500 to about 1000, about 300
to about 1000 Da, or about 100 to about 250 Da).
[0057] The test compounds can be, e.g., natural prod-
ucts or members of a combinatorial chemistry library. A
set of diverse molecules should be used to cover a variety
of functions such as charge, aromaticity, hydrogen bond-
ing, flexibility, size, length of side chain, hydrophobicity,
and rigidity. Combinatorial techniques suitable for syn-
thesizing small molecules are known in the art, e.g., as
exemplified by Obrecht and Villalgordo, Solid-Supported
Combinatorial and Parallel Synthesis of Small-Molecu-
lar-Weight Compound Libraries, Pergamon-Elsevier Sci-
ence Limited (1998), and include those such as the "split
and pool" or "parallel" synthesis techniques, solid-phase
and solution-phase techniques, and encoding tech-
niques (see, for example, Czarnik, Curr. Opin. Chem.
Bio. 1:60-6 (1997)). In addition, a number of small mol-
ecule libraries are commercially available. A number of
suitable small molecule test compounds are listed in U.S.
Patent No. 6,503,713.
[0058] Libraries screened using the methods of the
present invention can comprise a variety of types of test
compounds. A given library can comprise a set of struc-
turally related or unrelated test compounds. In some em-
bodiments, the test compounds are peptide or peptido-
mimetic molecules. In some embodiments, the test com-
pounds are nucleic acids.
[0059] In some embodiments, the test compounds and
libraries thereof can be obtained by systematically alter-
ing the structure of a first test compound, e.g., a first test
compound that is structurally similar to a known natural
binding partner of the target polypeptide, or a first small
molecule identified as capable of binding the target
polypeptide, e.g., using methods known in the art or the
methods described herein, and correlating that structure
to a resulting biological activity, e.g., a structure-activity
relationship study. As one of skill in the art will appreciate,
there are a variety of standard methods for creating such
a structure-activity relationship. Thus, in some instances,
the work may be largely empirical, and in others, the

three-dimensional structure of an endogenous polypep-
tide or portion thereof can be used as a starting point for
the rational design of a small molecule compound or com-
pounds. For example, in one embodiment, a general li-
brary of small molecules is screened, e.g., using the
methods described herein.
[0060] In some embodiments, a test compound is ap-
plied to a test sample comprising one or more Mucorales
species, and the ability of the test compound to decrease
levels of a VOC as described herein in the headspace of
the culture is determined.
[0061] In some embodiments, the test sample is, or is
derived from (e.g., a sample taken from) an in vivo model
of a disorder as described herein. For example, an animal
model, e.g., a rodent (such as a rat or mouse) that has
been infected with one or more Mucorales species can
be used.
[0062] A test compound that has been screened by a
method described herein and determined to decrease
VOCs, can be considered a candidate compound. A can-
didate compound that has been screened, e.g., in an in
vivo model of a disorder, e.g., a rodent infected with one
or more Mucorales species, and determined to decrease
VOCs in a sample comprising breath from the infected
animal model or headspace from a culture of a sample
from the infected animal model, can be considered a can-
didate therapeutic agent. Candidate therapeutic agents,
once screened in a clinical setting, are therapeutic
agents. Candidate compounds, candidate therapeutic
agents, and therapeutic agents can be optionally opti-
mized and/or derivatized, and formulated with physiolog-
ically acceptable excipients to form pharmaceutical com-
positions.
[0063] Thus, test compounds identified as "hits" (e.g.,
test compounds that decrease fungal VOCs in an animal
model) in a first screen can be selected and systemati-
cally altered, e.g., using rational design, to optimize bind-
ing affinity, avidity, specificity, or other parameter. Such
optimization can also be screened for using the methods
described herein. Thus, in one embodiment, the inven-
tion includes screening a first library of compounds using
a method known in the art and/or described herein, iden-
tifying one or more hits in that library, subjecting those
hits to systematic structural alteration to create a second
library of compounds structurally related to the hit, and
screening the second library using the methods de-
scribed herein.
[0064] Test compounds identified as hits can be con-
sidered candidate therapeutic compounds, useful in
treating mucormycosis. A variety of techniques useful for
determining the structures of "hits" can be used in the
methods described herein, e.g., NMR, mass spectrom-
etry, gas chromatography equipped with electron capture
detectors, fluorescence and absorption spectroscopy.
Thus, the invention also includes compounds identified
as "hits" by the methods described herein, and methods
for their administration and use in the treatment, preven-
tion, or delay of development or progression of a disorder
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described herein.
[0065] Test compounds identified as candidate thera-
peutic compounds can be further screened by adminis-
tration to an animal model of mucormycosis, as described
herein. The animal can be monitored for a change in the
disorder, e.g., for an improvement in a parameter of the
disorder, e.g., a parameter related to clinical outcome.
In some embodiments, the parameter is VOCs or surviv-
al, and an improvement would be a reduction in VOCs
or an increase in survival. In some embodiments, the
subject is a human, e.g., a human with mucormycosis
and the parameter is levels of fungal VOCs or survival.

EXAMPLES

[0066] The invention is further described in the follow-
ing examples. Any examples falling outside the scope of
the claims are provided for comparative purposes only.

Materials and Methods

[0067] The following materials and methods were used
in the Examples below.
[0068] In Vitro Testing of Mucorales species: We
characterized the in vitro volatile metabolite profile of clin-
ical strains of fungi from the order Mucorales, all of which
had molecular confirmation of their species identity by
ITS and D1/D2 sequencing. We selected three species
that most commonly cause human invasive mucormyco-
sis, including Rhizopus arrhizus var. arrhizus (N = 8),
Rhizopus arrhizus var. delemar (N = 7), and Rhizopus
microsporus (N = 3).
[0069] Fungal Culture and Headspace Extraction
Conditions: We inoculated 106 conidia from each spe-
cies into 5mL of YPD broth (Teknova, Hollister, CA) in a
20-mL glass vial sealed with an airtight cap incorporating
a silicone septum (Restek Corporation, Bellefonte, Penn-
sylvania), with concurrent media controls, in sets of 4
technical replicates each for each fungal species. We
incubated each vial at 37°C for 72-96 hours in an orbital
shaker at 250rpm to promote hyphal growth and prevent
conidiation. After heating each vial to 80°C for 30 minutes
to increase the concentration of sesquiterpene metabo-
lites in the gas phase of the vial, we adsorbed headspace
gas over 4 minutes per sample onto thermal desorption
tubes containing tandem beds of Tenax TA (200 mg),
Carbograph 1 TD (100 mg), and Carboxen 1003 (100
mg) (Markes International, Llantrisant, United Kingdom),
to retain polar and nonpolar VOCs over a wide range of
boiling points.
[0070] In Vivo Testing of Mucorales species: We
examined the in vivo volatile metabolite profile of Rhizo-
pus arrhizus var. arrhizus, Rhizopus arrhizus var. dele-
mar, and Rhizopus microsporus in a mouse model. We
induced neutropenia in 25-28g female balb/c mice by in-
traperitoneal cyclophosphamide injections (200mg/kg 4
days prior to infection and 150mg/kg 1 day prior to infec-
tion) and suppressed pulmonary macrophage function

with 300mg/kg cortisone acetate 3 1 one day prior to
infection. Mice were infected intranasally with 106 conidia
from each of these Mucorales species. Three days later,
we performed a tracheostomy on each mouse and ven-
tilated these animals with 10-12mg/kg of air through a
murine ventilator, collecting breath samples from each
mouse and examining these breath samples using ther-
mal desorption-gas chromatography/mass spectrometry
and gas chromatography-differential mobility spectrom-
etry. We also collected breath samples from patients with
suspected invasive mucormycosis over 4 minutes per
sample onto thermal desorption tubes containing tandem
beds of Tenax TA (200 mg), Carbograph 1 TD (100 mg),
and Carboxen 1003 (100 mg) (Markes International,
Llantrisant, United Kingdom).
[0071] GC-MS/MS methods: We thermally desorbed
volatile metabolites onto an automated thermal desorp-
tion unit (TD-100, Markes International) at 290°C for 5
minutes with helium carrier gas at a flow rate of
40mL/min. Volatile analytes were concentrated onto a
TD-100 air toxics cold trap (U-T15ATA-2S, Markes Inter-
national), which was rapidly heated to 300°C to deliver
volatile metabolites, with a 10:1 split ratio, to a Vf-624ms
capillary column (30m 3 0.25mm, 6% cyanopropyl/phe-
nyl, 94% polydimethylsiloxane, film thickness 1.4mm, Ag-
ilent Technologies, Santa Clara, CA) with a gas chroma-
tograph (GC) inlet temperature of 250°C and a GC tem-
perature program of 40°C for 3 minutes raised to 70°C
at a rate of 5°C per minute and held for 3 minutes, raised
to 203°C at 7°C per minute and held for 4 minutes, then
rapidly raised to 270°C and held for 5 minutes. A triple
quadrupole mass spectrometry (MS) detector (Agilent
7000A, Agilent Technologies, Santa Clara, CA) was used
to analyze and identify VOCs, with a MS source temper-
ature of 230°C, MS quad temperature of 150°C, and an
electron ionization parameter of 1412 eV. A mass range
m/z 40-550 was measured with a threshold of 150. We
used identical conditions for our GC-MS/MS analysis af-
ter recollecting each sample onto the same sorbent tube,
filtering for precursor ion 204>161, 133, 119, 107, and
93 with a voltage of 5 and 15 eV, 204>, with a voltage of
5 and 15 eV, 202>159 and 145 with a voltage of 5 and
15 eV, and 194>136 and 105 with a voltage of 5 and 15
eV.
[0072] Confirmation of metabolite identity: We used
the National Institute of Standards and Technology
(NIST) 14 Mass Spectral Library (Scientific Instrument
Services, Ringoes, NJ) for provisional identification of
sesquiterpene/sesquiterpene derivative GC-MS peaks
in the total ion chromatogram of each culture and media
control, with comparison to Kovats retention indices.
[0073] GC-DMS methods: We extracted the head-
space volatile organic compounds of heated Mucorales
cultures from 180-240 seconds onto a GC-DMS Micro-
analyzer instrument equipped with a multibed sorbent
tube and 30 meter, 0.25mm internal diameter Vf624 GC
column, at a pump rate of 100mL/minute, repressurizing
each headspace vial with an equal flow (100mL/min) of
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high-purity nitrogen gas for the duration of each head-
space extraction. Using a sorbent trap temperature pro-
gram of 40°C at baseline, ramping quickly from 0-5 sec-
onds to 300°C and staying at 300°C for 60 seconds to
allow release of volatile organic analytes retained on the
sorbent tube onto the GC column, followed by a GC ther-
mal program of 60°C at baseline, ramping from 60°C to
160°C over 90 seconds, and remaining at 160°C from
90-1300 seconds, with detection of analyte ions on the
DMS detector. We used a scanning method with a start-
ing compensation voltage of -30 and an ending compen-
sation voltage of 10 with 101 steps of 0.4V each (each
step duration was 10 milliseconds with a step settle time
of 3ms and each scan duration 1.01 seconds), a sensor
temperature of 25°C, and a Rf voltage of 1200V, with
recording of positive and negative DMS spectra by the
detector. We also analyzed breath samples, collecting
240 seconds of regular tidal breathing directly onto this
GC-DMS Microanalyzer instrument, using a GC thermal
program of 60°C at baseline, ramping from 60°C to 150°C
over 90 seconds, and remaining at 150°C from 90-1800
seconds.

Example 1. Definition of Mucorales VOC profiles in 
vitro

[0074] We identified a profile of 1H-Indene, 2,3,3a,4-
tetrahydro-3,3a,6-trimethyl-1-(1-methylethyl)-, lon-
gipinene, cedrene, aromandendrene, alloaromaden-
drene, cubebol, and aciphyllene in Rhizopus arrhizus var.
arrhizus (Figures 1A-I), with a corresponding GC-DMS
signature as presented in Figure 2A. For Rhizopus arrhi-
zus var. delemar, we identified a profile of 1H-Indene,
2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-methylethyl)-,
isoledene, daucene, isocomene, isocaryophyllene, hu-
mulene, and isodaucene (Figures 1A, 1B, and 1J-10),
with a corresponding GC-DMS signature in Figure 2B.
In Rhizopus microsporus, we identified a profile of al-
loaromadendrene, cubebene, cyperene, and α-bisabo-
lene (Figures 1A, IF, and 1P-1R), with a corresponding
GC-DMS signature in Figure 2C.

Example 2. Definition of Mucorales VOC profiles in 
in vivo breath samples

[0075] Fungi shifted their metabolism substantially in
vivo, with the overlay of the host environment and host
immune responses. We identified a consistent second-
ary metabolite signature of longifolene, 2H-3,9a-Meth-
ano-1-benzoxepin, octahydro-2,2,5a,9-tetramethyl-,
[3R-(3α,5aα,9α,9aα)]-, and cis-(-)2,4a,5,6,9a-Hexahy-
dro-3,5,5,9-tetramethyl(1H)benzocycloheptene in the
breath of mice infected with strains of Rhizopus arrhizus
var. arrhizus; a consistent breath signature of cedrene,
selina-5,11-diene, and cedranoxide, 8, 14- in the breath
of mice infected with Rhizopus microsporus; and a con-
sistent breath signature of α-guaiene and alloaromaden-
drene in the breath of mice infected with Rhizopus arrhi-

zus var. delemar (Figures 3A-I).
[0076] Five patients with proven invasive mucormyco-
sis caused by Rhizopus microsporus had a consistent
breath signature of cedrene, cedranoxide, 8, 14-, and
1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, with some metabolite overlap with those
found in the breath of mice infected with Rhizopus mi-
crosporus (Figure 4); these breath metabolites were also
discernible using GC-DMS (Figures 5A-B).
[0077] This breath signature declined gradually with
antifungal therapy, eventually disappearing from the
breath in one patient with R. microsporus infection who
provided sequential breath samples (Figure 6).
[0078] The most common Mucorales pathogenic to hu-
mans have distinct volatile secondary metabolite signa-
tures that distinguish these fungal species from Aspergil-
lus species. These volatile metabolite signatures are use-
ful in the noninvasive, breath-based identification of pa-
tients with invasive mucormycosis, the differentiation of
these patients from those with invasive aspergillosis and
other infections, and potentially the monitoring of treat-
ment response in patients with these infections.

OTHER EMBODIMENTS

[0079] It is to be understood that while the invention
has been described in conjunction with the detailed de-
scription thereof, the foregoing description is intended to
illustrate the invention, which is defined by the scope of
the appended claims.

Claims

1. A method for diagnosing a subject with mucormyco-
sis, the method comprising:

(i) providing a sample comprising breath from a
subject and detecting the presence, in the sam-
ple, of one or more of volatile organic com-
pounds (VOCs) produced by the Mucorales spe-
cies in the sample, wherein the one or more
VOCs are: Cedrene; cedranoxide, 8,14-; 1H-In-
dene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-
1-(1-methylethyl)-;, Longifolene; 2H-3,9a-Meth-
ano-1-benzoxepin; octahydro-2,2,5a,9-tetram-
ethyl-,[3R-(3α,5aα,9α,9aα)]-;
cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5,9-tetrame-
thyl(1H)benzocycloheptene; selina-5,11-diene;
α-guaiene or alloaromadendrene or providing a
sample comprising headspace from a culture
suspected of comprising Mucorales isolated
from a subject; detecting the presence, in the
sample, of one or more volatile organic com-
pounds (VOCs) produced by the Mucorales spe-
cies in the sample, wherein the one or more
VOCs are Cedrene; cedranoxide, 8,14-; 1H-In-
dene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-
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1-(1-methylethyl)-;, aciphyllene; aromanden-
drene; alloaromadendrene; Cubebene; cube-
bol; Cyperene; Daucene; Humulene; Isocaryo-
phyllene; Isocomene; Isodaucene; Isoledene;
Longipinene; α-bisabolene; and
(ii) diagnosing the subject as having mucormy-
cosis when at least one of the VOCs is present
in the breath or headspace sample.

2. The method of claim 1, comprising detecting the
presence, in the sample comprising headspace from
a culture suspected of comprising Mucorales isolat-
ed from the subject, of one or more of 1H-Indene,
2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-methyle-
thyl)-, aciphyllene, aromandendrene, alloaromaden-
drene, cedrene, Cubebene, cubebol, Cyperene,
Daucene, Humulene, Isocaryophyllene, Isocomene,
Isodaucene, Isoledene, Longipinene, and α-bisabo-
lene, wherein:

the presence of one, two, three or more of 1H-
Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-
1-(1-methylethyl)-, longipinene, cedrene, aro-
mandendrene, alloaromadendrene, cubebol,
and aciphyllene indicates a diagnosis of Rhizo-
pus arrhizus var. arrhizus;
the presence of one, two, three or more of 1H-
Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-
1-(1-methylethyl)-, isoledene, daucene, iso-
comene, isocaryophyllene, humulene, and iso-
daucene indicates a diagnosis of Rhizopus ar-
rhizus var. delemar; and
the presence of one, two, three or more of al-
loaromadendrene, cubebene, cyperene, and α-
bisabolene indicates a diagnosis of Rhizopus
microsporus.

3. The method of claim 1, comprising detecting the
presence, in the sample breath obtained from the
subject suspected of being infected with Mucorales
fungi, a level of one, two, three, four or more of Ce-
drene; cedranoxide, 8, 14-; 1H-Indene,2,3,3a,4-tet-
rahydro-3,3a,6-trimethyl-1-(1-methylethyl)-; Longi-
folene; 2H-3,9a-Methano-1-benzoxepin; octahydro-
2,2,5a,9-tetramethyl-,[3R-(3α,5aα,9α,9aα)]-;
cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5,9-tetrame-
thyl(1H)benzocycloheptene; selina-5,11-diene; or
α-guaiene; alloaromadendrene, wherein:

the presence of one, two, three, or more of longi-
folene; 2H-3,9a-Methano-1-benzoxepin; oc-
tahydro-2,2,5a,9-tetrame-
thyl-,[3R-(3α,5aα,9α,9aα)]-; and
cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5,9-tetrame-
thyl(1H)benzocycloheptene indicates the pres-
ence of Rhizopus arrhizus var. arrhizus;
the presence of one, two, or all three of cedrene;
selina-5,11-diene; and cedranoxide, 8, 14-indi-

cates the presence of Rhizopus microsporus;
and
the presence of α-guaiene and alloaromaden-
drene indicates the presence of Rhizopus arrhi-
zus var. delemar.

4. The method of claim 1, comprising detecting the
presence, in the sample comprising breath obtained
from the subject suspected of being infected with
Mucorales fungi, of one, two, or all three of cedrene;
cedranoxide, 8, 14-; and 1H-Indene, 2,3,3a,4-tet-
rahydro-3,3a,6-trimethyl-1-(1-methylethyl)-, and di-
agnosing the patient with a Mucorales fungal infec-
tion; preferably
comprising detecting the presence of one, two, three,
or all four of 1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-
trimethyl-1-(1-methylethyl)-; cedrene; selina-5,11-
diene, and cedranoxide, 8,14-, and diagnosing the
patient with a Mucorales fungal infection; and /or
wherein the Mucorales fungal infection is an infection
with a Rhizopus species fungus.

5. A method of selecting an antifungal treatment for
mucromycosis, wherein an antifungal treatment is
selected when:

(a) one, two, three, or more of 1H-Indene,
2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, aciphyllene, alloaromadendrene,
cedrene, Cubebene, cubebol, Cyperene,
Daucene, Humulene, Isocaryophyllene, Iso-
comene, Isodaucene, Isoledene, Longipinene,
and α-bisabolene are detected in the headspace
from a culture obtained from the subject; or
(b) when cedrene; cedranoxide, 8, 14-; and 1H-
Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-
1-(1-methylethyl)- are detected in a sample
comprising breath obtained from a subject;

6. An antifungal treatment for use in treating mucormy-
cosis in a subject, wherein the antifungal treatment
is administered when :

a) one, two, three, or more of 1H-Indene,
2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, aciphyllene, alloaromadendrene,
cedrene, Cubebene, cubebol, Cyperene,
Daucene, Humulene, Isocaryophyllene, Iso-
comene, Isodaucene, Isoledene, Longipinene,
and α-bisabolene are detected in a headspace
from a culture obtained from the subject, or
b) one, two, three, or more of cedrene; cedran-
oxide, 8, 14-; and 1H-Indene, 2,3,3a,4-tetrahy-
dro-3,3a,6-trimethyl-1-(1-methylethyl)- are de-
tected in breath obtained from the subj ect.

7. A method of monitoring efficacy of a treatment for
mucormycosis in a subject, the method comprising:
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determining a first level of one, two, three, or
more volatile organic compounds (VOCs) pro-
duced by a mucormycosis species in a sample
comprising breath obtained from the subject or
headspace from a culture suspected of compris-
ing Mucorales fungi isolated from the subject,
wherein the VOCs are cedrene 8,14-, cedrene,
and 1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-tri-
methyl-1-(1-methylethyl)-, and optionally ce-
dranoxide 8-14-, in the subj ect;
determining a second level of the VOCs in a
sample obtained after administration of the
treatment for mucormycosis to the subject; and
comparing the first and second levels of VOCs,
wherein a decrease in the VOCs indicates that
the treatment has been effective in treating the
mucormycosis in the subject, and an increase
or no change indicates that the treatment has
not been effective in treating the mucormycosis
in the subject.

8. The method of claim 7, wherein the treatment com-
prises administration of one or more doses of one or
more antifungal compounds.

9. A method of identifying a candidate compound for
the treatment of mucormycosis in a subject, the
method comprising:

providing a test culture comprising one or more
Mucorales species;
detecting a baseline level of fungal VOCs in the
headspace of the culture in the absence of the
candidate compound, wherein the VOCs are ce-
drene 8,14- and 1H-Indene, 2,3,3a,4-tetrahy-
dro-3,3a,6-trimethyl-1-(1-methylethyl)-, and op-
tionally cedranoxide 8-14-, in the subj ect;
contacting the test culture with a candidate com-
pound;
determining a second level of the VOCs in the
test culture;
comparing the second level of VOCs to the
baseline level; and
identifying a candidate compound that decreas-
es levels of fungal VOCs in the test culture as a
candidate compound for the treatment of mu-
cormycosis.

10. A method of detecting the presence of a mucormy-
cosis infection in a culture obtained from a subject,
the method comprising:

obtaining a sample comprising gas from the
headspace of the culture;
determining the presence of 1H-Indene,
2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, aciphyllene, alloaromadendrene,
cedrene, Cubebene, cubebol, Cyperene,

Daucene, Humulene, Isocaryophyllene, Iso-
comene, Isodaucene, Isoledene, Longipinene,
and α-bisabolene, wherein:

the presence of one, two, three or more of
1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-tri-
methyl-1-(1-methylethyl)-, longipinene, ce-
drene, aromandendrene, alloaromaden-
drene, cubebol, and aciphyllene indicates
the presence of Rhizopus arrhizus var. ar-
rhizus in the culture;
the presence of one, two, three or more of
1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-tri-
methyl-1-(1-methylethyl)-, isoledene,
daucene, isocomene, isocaryophyllene,
humulene, and isodaucene indicates the
presence of Rhizopus arrhizus var. delemar
in the culture; and
the presence of one, two, three or more of
alloaromadendrene, cubebene, cyperene,
and α-bisabolene indicates the presence of
Rhizopus microsporus in the culture.

11. The method of any of claims 1-5 or 7-10 or the anti-
fungal treatment for the use of claim 6, wherein de-
termining the presence of a VOC comprises assay-
ing the sample to detect the presence the VOC.

12. The method or the antifungal treatment for use of
claim 11, wherein assaying the sample to detect the
presence the VOC comprises using a gas chroma-
tography (GC) or spectrometry method; and prefer-
ably wherein the spectrophotometry method is mo-
bility spectrometry (IMS) or differential mobility spec-
trometry (DMS).

13. The method or the antifungal treatment for use of
any of the claims 1-12 wherein the subject is a hu-
man.

14. The method of claims 5, 7 or 8 or the antifungal treat-
ment for use of claim 6, wherein the antifungal com-
pound is an amphotericin B formulation; an azole
antifungal compound; or an echinocandin antifungal
compound.

Patentansprüche

1. Verfahren zum Diagnostizieren von Mukormykose
bei einem Subjekt, wobei das Verfahren Folgendes
umfasst:

(I) Bereitstellen einer Probe, die Atem von einem
Subjekt umfasst, und Nachweisen des Vorlie-
gens einer oder mehrerer flüchtiger organischer
Verbindungen (VOC) in der Probe, die von den
Mucorales-Spezies in der Probe erzeugt wer-
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den, wobei die eine oder die mehreren VOC fol-
gende sind: Cedrol; Cedranoxid, 8,14-; 1H-In-
den, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-; Longifolen; 2H-3,9a-Methano-1-
benzoxepin; Octahydro-2,2,5a,9-tetrame-
thyl-,[3R-(3α,5aα,9a,9aα)]-; cis-(-)2,4a,5,6,9a-
Hexahydro-3,5,5,9-tetramethyl(1H)benzocyc-
lohepten; Selina-5,11-dien; α-Guajen oder Al-
loaromadendren, oder Bereitstellen einer Pro-
be, die Gasraum von einer Kultur umfasst, die
mutmaßlich Mucorales umfasst, die aus einem
Subjekt isoliert wurden, Nachweisen des Vorlie-
gens einer oder mehrerer flüchtiger organischer
Verbindungen (VOC) in der Probe, die von den
Mucorales-Spezies in der Probe erzeugt wer-
den, wobei die eine oder die mehreren VOC fol-
gende sind: Cedrol; Cedranoxid, 8,14-; 1H-In-
den, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl); Aciphyllen; Aromandendren; Al-
loaromadendren; Kubeben; Cubebol; Cyperen;
Daucen; Humulen; Isocaryophyllen; Isocomen;
Isodaucen; Isoleden; Longipinen; α-Bisabolen,
und
(II) Diagnostizieren, dass das Subjekt Mukormy-
kose hat, wenn mindestens eine der VOC in der
Atem- oder der Gasraumprobe vorliegt.

2. Verfahren nach Anspruch 1, umfassend das Nach-
weisen des Vorliegens von einem oder mehreren
von 1H-Inden, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-
1-(1-methylethyl)-, Aciphyllen, Aromandendren, Al-
loaromadendren, Cedrol, Kubeben, Cubebol, Cype-
ren, Daucen, Humulen, Isocaryophyllen, Isocomen,
Isodaucen, Isoleden, Longipinen und α-Bisabolen in
der Probe, die Gasraum von einer Kultur umfasst,
die mutmaßlich Mucorales umfasst, die aus einem
Subjekt isoliert wurden, wobei:

das Vorliegen von einem, zwei, drei oder mehr
von 1H-Inden, 2,3,3a,4-tetrahydro-3,3a, 6-tri-
methyl-1-(1-methylethyl)-, Longipinen, Cedrol,
Aromandendren, Alloaromadendren, Cubebol
und Aciphyllen auf eine Diagnose von Rhizopus
arrhizus var. arrhizus hinweist;
das Vorliegen von einem, zwei, drei oder mehr
von 1H-Inden, 2,3,3a,4-tetrahydro-3,3a, 6-tri-
methyl-1-(1-methylethyl)-, Isoleden, Daucen,
Isocomen, Isocaryophyllen, Humulen und Iso-
daucen auf eine Diagnose von Rhizopus arrhi-
zus var. delemar hinweist und das Vorliegen von
einem, zwei, drei oder mehr von Alloaromaden-
dren, Kubeben, Cyperen und α-Bisabolen auf
eine Diagnose von Rhizopus microsporus hin-
weist.

3. Verfahren nach Anspruch 1, umfassend das Nach-
weisen des Vorliegens eines Gehalts von einem,
zwei, drei, vier oder mehr von Cedrol; Cedranoxid,

8,14-; 1H-Inden, 2,3,3a,4-tetrahydro-3,3a, 6-trime-
thyl-1-(1-methylethyl)-; Longifolen; 2H-3,9a-Metha-
no-1-benzoxepin; Octahydro-2,2,5a,9-tetrame-
thyl-,[3R-(3α,5aα,9a,9aα)]-; cis-(-)2,4a,5,6,9a-He-
xahydro-3,5,5,9-tetramethyl(1H)benzocyclohep-
ten; Selina-5,11-dien oder a-Guajen; Alloaromaden-
dren in dem Probenatem, der von dem Subjekt ge-
wonnen wird, das mutmaßlich mit Mucorales-Pilzen
infiziert ist, wobei:

das Vorliegen von einem, zwei, drei oder mehr
von Longifolen;
2H-3,9a-Methano-1-benzoxepin; Octahydro-
2,2,5a,9-tetramethyl-,[3R-(3α,5aα,9a,9aα)]-;
und cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5, 9-te-
tramethyl(1H)benzocyclohepten auf das Vorlie-
gen von Rhizopus arrhizus var. arrhizus hin-
weist,
das Vorliegen von einem, zwei oder allen drei
von Cedrol; Selina-5,11-dien und Cedranoxid,
8 14- auf das Vorliegen von Rhizopus microspo-
rus hinweist und
das Vorliegen von a-Guajen und Alloaromaden-
dren auf das Vorliegen von Rhizopus arrhizus
var. delemar hinweist.

4. Verfahren nach Anspruch 1, umfassend das Nach-
weisen des Vorliegens von einem, zwei oder allen
drei von Cedrol; Cedranoxid, 8,14- und 1H-Inden,
2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-methyle-
thyl)- in der Probe, die Atem umfasst, der von dem
Subjekt gewonnen wurde, das mutmaßlich mit Mu-
corales-Pilzen infiziert ist, und Diagnostizieren einer
Mucorales-Pilzinfektion bei dem Patienten, vorzugs-
weise umfassend das Nachweisen des Vorliegens
von einem, zwei, drei oder allen vier von 1H-Inden,
2,3,3a, 4-tetrahydro-3,3a,6-trimethyl-1-(1-methyle-
thyl)-; Cedrol; Selina-5,11-dien und Cedranoxie,
8,14- und Diagnostizieren einer Mucorales-Pilzin-
fektion bei dem Patienten und/oder wobei die Muco-
rales-Pilzinfektion eine Infektion mit einem Pilz der
Spezies Rhizopus ist.

5. Verfahren zum Auswählen einer antimykotischen
Behandlung von Mukormykose, wobei eine antimy-
kotische Behandlung ausgewählt wird, wenn:

(a) eins, zwei, drei oder mehr von 1H-Inden,
2,3,3a,4-tetrahydro-3,3a,6-trimethy1-1-(1-me-
thylethyl)-, Aciphyllen, Alloaromadendren, Ce-
drol, Kubeben, Cubebol, Cyperen, Daucen, Hu-
mulen, Isocaryophyllen, Isocomen, Isodaucen,
Isoleden, Longipinen und α-Bisabolen im Gas-
raum von einer Kultur, die von dem Subjekt ge-
wonnen wird, nachgewiesen werden, oder
(b) wenn Cedrol, Cedranoxid, 8,14- und 1H-In-
den, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)- in einer Probe, die Atem umfasst,
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der von einem Subjekt gewonnen wird, nachge-
wiesen wird.

6. Antimykotische Behandlung zur Verwendung bei der
Behandlung von Mukormykose bei einem Subjekt,
wobei die antimykotische Behandlung verabreicht
wird, wenn:

a) eins, zwei, drei oder mehr von 1H-Inden,
2,3,3a,4-tetrahydro-3,3a, 6-trimethyl-1-(1-me-
thylethyl)-, Aciphyllen, Alloaromadendren, Ce-
drol, Kubeben, Cubebol, Cyperen, Daucen, Hu-
mulen, Isocaryophyllen, Isocomen, Isodaucen,
Isoleden, Longipinen und αBbisabolen im Gas-
raum von einer Kultur, die von dem Subjekt ge-
wonnen wird, nachgewiesen werden, oder
b) eins, zwei, drei oder mehr von Cedrol; Ce-
dranoxid, 8,14- und 1H-Inden, 2,3,3a,4-tetrahy-
dro-3,3a, 6-trimethyl-1-(1-methylethyl)- in Atem,
der von dem Subjekt gewonnen wird, nachge-
wiesen werden.

7. Verfahren zum Überwachen der Wirksamkeit einer
Behandlung von Mukormykose bei einem Subjekt,
wobei das Verfahren Folgendes umfasst:

Bestimmen eines ersten Gehalts von einer,
zwei, drei oder mehr flüchtigen organischen
Verbindungen (VOC), die von einer Mukormy-
kose-Spezies erzeugt werden, in einer Probe,
die Atem umfasst, der von dem Subjekt gewon-
nen wird, oder Gasraum von einer Kultur, die
mutmaßlich Mucorales-Pilze umfasst, die aus
dem Subjekt isoliert wurden, wobei die VOC Ce-
drol 8,14-, Cedrol und 1H-Inden, 2,3,3a,4-tetra-
hydro-3,3a,6-trimethyl-1-(1-methylethyl)- und
optional Cedranoxid 8-14- sind, in dem Subjekt,
Bestimmen eines zweiten Gehalts der VOC in
einer Probe, die nach Verabreichung der Be-
handlung von Mukormykose an das Subjekt ge-
wonnen wird, und
Vergleichen des ersten und des zweiten Gehalts
der VOC, wobei ein Rückgang der VOC darauf
hinweist, dass die Behandlung wirksam bei der
Behandlung von Mukormykose bei dem Subjekt
war, und eine Zunahme oder keine Verände-
rung darauf hinweist, dass die Behandlung nicht
wirksam bei der Behandlung von Mukormykose
bei dem Subjekt war.

8. Verfahren nach Anspruch 7, wobei die Behandlung
die Verabreichung einer oder mehrerer Dosen einer
oder mehrerer Antimykotikumverbindungen um-
fasst.

9. Verfahren zum Identifizieren einer Kandidatenver-
bindung zur Behandlung von Mukormykose bei ei-
nem Subjekt, wobei das Verfahren Folgendes um-

fasst:

Bereitstellen einer Testkultur, die eine oder
mehrere Mucorales-Spezies umfasst,
Nachweisen eines Ausgangsgehalts fungaler
VOC im Gasraum der Kultur in Abwesenheit der
Kandidatenverbindung, wobei die VOC Cedrol,
8,14- und 1H-Inden, 2,3,3a,4-tetrahydro-3,3a,6-
trimethyl-1-(1-methylethyl)- und optional Ce-
dranoxid, 8-14-sind, in dem Subjekt,
In-Kontakt-Bringen der Testkultur mit einer Kan-
didatenverbindung, Bestimmen eines zweiten
Gehalts der VOC in der Testkultur, Vergleichen
des zweiten Gehalts der VOC mit dem Aus-
gangsgehalt und
Identifizieren einer Kandidatenverbindung, die
Gehalte fungaler VOC in der Testkultur senkt,
als eine Kandidatenverbindung zur Behandlung
von Mukormykose.

10. Verfahren zum Nachweisen des Vorliegens einer
Mukormykose-Infektion in einer Kultur, die von ei-
nem Subjekt gewonnen wurde, wobei das Verfahren
Folgendes umfasst:
Gewinnen einer Probe, die Gas vom Gasraum der
Kultur umfasst, Bestimmen des Vorliegens von 1H-
Inden, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-
methylethyl)-, Aciphyllen, Alloaromadendren, Ce-
drol, Kubeben, Cubebol, Cyperen, Daucen, Humu-
len, Isocaryophyllen, Isocomen, Isodaucen, Isole-
den, Longipinen und a-Bisabolen, wobei:
das Vorliegen von einem, zwei, drei oder mehr von
1H-Inden, 2,3,3a,4-tetrahydro-3,3a, 6-trimethyl-
1-(1-methylethyl)-, Longipinen, Cedrol, Aromanden-
dren, Alloaromadendren, Cubebol und Aciphyllen
auf das Vorliegen von Rhizopus arrhizus var. arrhi-
zus in der Kultur hinweist, das Vorliegen von einem,
zwei, drei oder mehr von 1H-Inden, 2,3,3a,4-tetra-
hydro-3,3a, 6-trimethyl-1-(1-methylethyl)-, Isoleden,
Daucen, Isocomen, Isocaryophyllen, Humulen und
Isodaucen auf das Vorliegen von Rhizopus arrhizus
var. delemar in der Kultur hinweist und das Vorliegen
von einem, zwei, drei oder mehr von Alloaromaden-
dren, Kubeben, Cyperen und α-Bisabolen auf das
Vorliegen von Rhizopus microsporus in der Kultur
hinweist.

11. Verfahren nach einem der Ansprüche 1-5 oder 7-10
oder antimykotische Behandlung zur Verwendung
nach Anspruch 6, wobei das Bestimmen des Vorlie-
gens einer VOC das Untersuchen der Probe durch
Assay, um das Vorliegen der VOC nachzuweisen,
umfasst.

12. Verfahren oder antimykotische Behandlung nach
Anspruch 11, wobei das Untersuchen der Probe
durch Assay, um das Vorliegen der VOC nachzu-
weisen, das Verwenden eines Gaschromatogra-
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phie- (GC-) oder Spektrometrieverfahrens umfasst,
und wobei vorzugsweise das Spektrophotometrie-
verfahren Mobilitäts-Spektrometrie (IMS) oder Diffe-
renzielle lonen-Mobilitäts-Spektrometrie (DMS) ist.

13. Verfahren oder antimykotische Behandlung zur Ver-
wendung nach einem der Ansprüche 1-12, wobei
das Subjekt ein Mensch ist.

14. Verfahren nach Anspruch 5, 7 oder 8 oder antimy-
kotische Behandlung zur Verwendung nach An-
spruch 6, wobei die Antimykotikumverbindung eine
Amphotericin-B-Formulierung, eine Azol-Antimyko-
tikumverbindung oder eine Echinocandin-Antimyko-
tikumverbindung ist.

Revendications

1. Un procédé permettant de diagnostiquer qu’un sujet
est atteint de mucormycose, le procédé consistant
à :

(i) fournir un échantillon comprenant l’haleine
d’un sujet et détecter la présence, dans l’échan-
tillon, d’un ou plusieurs composés organiques
volatils (COV) produits par l’espèce des Muco-
rales dans l’échantillon, dans lequel le ou les
COV sont : Cédrène ; cédranoxyde, 8,14- ; 1H-
Indène, 2,3,3a,4-tétrahydro-3,3a,6-triméthyl-
1-(1-méthyléthyl)- ; Longifolène ; 2H-3,9a-Mé-
thano-1-benzoxepin ; octahydro-2,2,5a,9-tétra-
méthyl-,[3R-(3α,5aα,9a,9aα)]- ;
cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5,9-
tétraméthyl(1H)benzocycloheptène ; sélina-
5,11-diène ; α-guaiène ou alloaromadendrène
ou fournir un échantillon comprenant l’espace
libre d’une culture suspecté de comprendre des
Mucorales isolés d’un sujet ; détecter la présen-
ce, dans l’échantillon, d’un ou plusieurs compo-
sés organiques volatils (COV) produits par l’es-
pèce des Mucorales dans l’échantillon, dans le-
quel le ou les COV sont Cédrène ; cédranoxyde,
8,14- ; 1H-Indène, 2,3,3a,4-tétrahydro-3,3a,6-
triméthyl-1-(1-méthyléthyl)- ; aciphyllène ;
aromandendrène ; alloaromadendrène ;
Cubébène ; cubébol ; Cypérène ; Daucène ;
Humulène ; Isocaryophyllène ; Isocomène ;
Isodaucène ; Isolédène ; Longipinène ; α-
bisabolène ; et
(ii) diagnostiquer que le sujet est atteint de mu-
cormycose quand au moins un des COV est pré-
sent dans l’échantillon d’haleine ou d’espace li-
bre.

2. Le procédé selon la revendication 1, consistant à
détecter la présence, dans l’échantillon comprenant
l’espace libre d’une culture suspectée de compren-

dre des Mucorales isolés du sujet, d’un ou plusieurs
composés parmi 1H-Indène, 2,3,3a,4-tétrahydro-
3,3a,6-triméthyl-1-(1-méthyléthyl)-, aciphyllène,
aromandendrène, alloaromadendrène, cédrène,
Cubébène, cubébol, Cypérène, Daucène, Humulè-
ne, Isocaryophyllène, Isocomène, Isodaucène, Iso-
lédène, Longipinène et α-bisabolène, dans lequel :

la présence d’un, deux, trois composés ou plus
parmi 1H-Indène, 2,3,3a,4-tétrahydro-3,3a,6-
triméthyl-1-(1-méthyléthyl)-, longipinène, cé-
drène, aromandendrène, alloaromadendrène,
cubébol et aciphyllène indique un diagnostic de
Rhizopus arrhizus var. arrhizus ;
la présence d’un, deux, trois composés ou plus
parmi 1H-Indène, 2,3,3a,4-tétrahydro-3,3a,6-
triméthyl-1-(1-méthyléthyl)-, isolédène, daucè-
ne, isocomène, isocaryophyllène, humulène et
isodaucène indique un diagnostic de Rhizopus
arrhizus var. delemar ; et
la présence d’un, deux, trois composés ou plus
parmi alloaromadendrène, cubébène, cypérène
et α-bisabolène indique un diagnostic de
Rhizopus microsporus.

3. Le procédé selon la revendication 1, consistant à
détecter la présence, dans l’échantillon d’haleine ob-
tenu du sujet suspecté d’être infecté par des cham-
pignons Mucorales, un niveau d’un, deux, trois, qua-
tre composés ou plus parmi Cédrène ; cédranoxyde,
8, 14- ; 1H-Indène,2,3,3a,4-tétrahydro-3,3a,6-trimé-
thyl-1-(1-méthyléthyl)- ; Longifolène ; 2H-3,9a-Mé-
thano-1-benzoxepin ; octahydro-2,2,5a,9-tétramé-
thyl-,[3R-(3α,5aα,9a,9aα)]- ; cis-(-)2,4a,5,6,9a-
Hexahydro-3,5,5, 9-
tétraméthyl(1H)benzocycloheptène ; sélina-5,11-
diène ; ou α-guaiène ; alloaromadendrène, dans
lequel :

la présence d’un, deux, trois composés ou plus
parmi longifolène ; 2H-3,9a-Méthano-1-
benzoxepin ; octahydro-2,2,5a,9-tétramé-
thyl-,[3R-(3α,5aα,9a,9aα)]- ; et
cis-(-)2,4a,5,6,9a-Hexahydro-3,5,5, 9-tétramé-
thyl(1H)benzocycloheptène indique la présence
de Rhizopus arrhizus var. arrhizus ;
la présence d’un, deux ou les trois composés
parmi cédrène ; sélina-5,11-diène ; et cédra-
noxyde, 8, 14- indique la présence de Rhizopus
microsporus ; et
la présence d’a-guaiène et d’alloaromadendrè-
ne indique la présence de Rhizopus arrhizus
var. delemar.

4. Le procédé selon la revendication 1, consistant à
détecter la présence, dans l’échantillon comprenant
l’haleine obtenue du sujet suspecté d’être infecté par
des champignons Mucorales, d’un, deux ou les trois
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composés parmi cédrène ; cédranoxyde, 8, 14- ; et
1H-Indène, 2,3,3a,4-tétrahydro-3,3a,6-triméthyl-
1-(1-méthyléthyl)- et à diagnostiquer que le patient
a une infection fongique à Mucorales ; de préférence
consistant à détecter la présence d’un, deux, trois
ou des quatre composés parmi 1H-Indène, 2,3,3a,
4-tétrahydro-3,3a,6-triméthyl-1-(1-méthyléthyl)- ;
cédrène ; sélina-5,11-diène et cédranoxyde, 8,14-
et à diagnostiquer que le patient a une infection fon-
gique à Mucorales ; et /ou dans lequel l’infection fon-
gique à Mucorales est une infection par un champi-
gnon de l’espèce Rhizopus.

5. Un procédé permettant de sélectionner un traite-
ment antifongique de la mucormycose, dans lequel
un traitement antifongique est sélectionné quand :

(a) un, deux, trois composés ou plus parmi 1H-
Indène, 2,3,3a,4-tétrahydro-3,3a,6-
triméthy1-1-(1- méthyléthyl)-, aciphyllène, al-
loaromadendrène, cédrène, Cubébène, cubé-
bol, Cypérène, Daucène, Humulène, Isocaryo-
phyllène, Isocomène, Isodaucène, Isolédène,
Longipinène, et α-bisabolène sont détectés
dans l’espace libre provenant d’une culture ob-
tenue du sujet ; ou
(b) quand cédrène ; cédranoxyde, 8, 14- ; et 1H-
Indène, 2,3,3a,4-tétrahydro-3,3a,6-triméthyl-
1-(1-méthyléthyl)- sont détectés dans un échan-
tillon comprenant l’haleine obtenue d’un sujet ;

6. Un traitement antifongique à utiliser dans le traite-
ment de la mucormycose chez un sujet, dans lequel
le traitement antifongique est administré quand :

a) un, deux, trois composés ou plus parmi 1H-
Indène, 2,3,3a,4-tétrahydro-3,3a,6-triméthyl-
1-(1-méthyléthyl)-, aciphyllène, alloaromaden-
drène, cédrène, Cubébène, cubébol, Cypérène,
Daucène, Humulène, Isocaryophyllène, Isoco-
mène, Isodaucène, Isolédène, Longipinène, et
α-bisabolène sont détectés dans l’espace libre
d’une culture obtenue du sujet, ou
b) un, deux, trois composés ou plus parmi
cédrène ; cédranoxyde, 8, 14- ; et 1H-Indène,
2,3,3a, 4-tétrahydro-3,3a,6-triméthyl-1-(1-mé-
thyléthyl)- sont détectés dans l’haleine obtenue
du sujet.

7. Un procédé permettant de surveiller l’efficacité d’un
traitement de la mucormycose chez un sujet, le pro-
cédé consistant à :

déterminer un premier niveau d’un, deux, trois
composés ou plus parmi des composés organi-
ques volatils (COV) produits par une espèce de
mucormycose dans un échantillon comprenant
l’haleine obtenue du sujet ou l’espace libre d’une

culture suspectée de comprendre des champi-
gnons Mucorales isolés du sujet, dans lequel
les COV sont cédrène 8,14-, cédrène et 1H-In-
dène, 2,3,3a, 4-tétrahydro-3,3a,6-triméthyl-
1-(1-méthyléthyl)- et en option cédranoxyde
8-14-, chez le sujet ;
déterminer un deuxième niveau des COV dans
un échantillon obtenu après l’administration du
traitement de la mucormycose au sujet ; et
comparer les premier et deuxième niveaux de
COV, dans lequel une diminution des COV in-
dique que le traitement a été efficace dans le
traitement de la mucormycose chez le sujet, et
une augmentation ou aucun changement indi-
que que le traitement n’a pas été efficace dans
le traitement de la mucormycose chez le sujet.

8. Le procédé selon la revendication 7, dans lequel le
traitement consiste à administrer une ou plusieurs
doses d’un ou plusieurs composés antifongiques.

9. Un procédé permettant d’identifier un composé can-
didat pour le traitement de la mucormycose chez un
sujet, le procédé consistant à :

fournir une culture d’essai comprenant une ou
plusieurs espèces de Mucorales ;
détecter un niveau de référence de COV fongi-
ques dans l’espace libre de la culture en l’ab-
sence du composé candidat, dans lequel les
COV sont cédrène 8,14- et 1H-Indène, 2,3,3a,4-
tétrahydro-3,3a,6-triméthyl-1-(1-méthyléthyl)-
et en option cédranoxyde 8-14-, chez le sujet ;
mettre en contact la culture d’essai avec un com-
posé candidat ;
déterminer un deuxième niveau des COV dans
la culture d’essai ;
comparer le deuxième niveau de COV au niveau
de référence ; et
identifier un composé candidat qui diminue les
niveaux de COV fongiques dans la culture d’es-
sai comme étant un composé candidat pour le
traitement de la mucormycose.

10. Un procédé permettant de détecter la présence
d’une infection de mucormycose dans une culture
obtenue d’un sujet, le procédé consistant à :

obtenir un échantillon comprenant un gaz de
l’espace libre de la culture ;
déterminer la présence de 1H-Indène, 2,3,3a,4-
tétrahydro-3,3a,6-triméthyl-1-(1-méthyléthyl)-,
aciphyllène, alloaromadendrène, cédrène,
Cubébène, cubébol, Cypérène, Daucène, Hu-
mulène, Isocaryophyllène, Isocomène, Isodau-
cène, Isolédène, Longipinène, et α-bisabolène,
dans lequel :
la présence d’un, deux, trois composés ou plus
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parmi 1H-Indène, 2,3,3a,4-tétrahydro-3,3a,6-
triméthyl-1-(1-méthyléthyl)-, longipinène, cé-
drène, aromandendrène, alloaromadendrène,
cubébol et aciphyllène indique la présence de
Rhizopus arrhizus var. arrhizus dans la culture ;
la présence d’un, deux, trois composés ou plus
parmi 1H-Indène, 2,3,3a,4-tétrahydro-3,3a,6-
triméthyl-1-(1-méthyléthyl)-, isolédène, daucè-
ne, isocomène, isocaryophyllène, humulène, et
isodaucène indique la présence de Rhizopus ar-
rhizus var. delemar dans la culture ; et la pré-
sence d’un, deux, trois composés ou plus parmi
alloaromadendrène, cubébène, cypérène et α-
bisabolène indique la présence de Rhizopus mi-
crosporus dans la culture.

11. Le procédé selon l’une quelconque des revendica-
tions 1-5 ou 7-10 ou le traitement antifongique à uti-
liser selon la revendication 6, dans lequel la déter-
mination de la présence d’un VOC consiste à ana-
lyser l’échantillon pour détecter la présence du VOC.

12. Le procédé ou le traitement antifongique à utiliser
selon la revendication 11, dans lequel l’analyse de
l’échantillon pour détecter la présence du VOC con-
siste à utiliser un procédé de chromatographie en
phase gazeuse (GC) ou de spectrométrie ; et de pré-
férence dans lequel le procédé de spectrophotomé-
trie est la spectrométrie de mobilité (IMS) ou la spec-
trométrie de mobilité différentielle (DMS).

13. Le procédé ou le traitement antifongique à utiliser
selon l’une quelconque des revendications 1-12,
dans lequel le sujet est un être humain.

14. Le procédé selon les revendications 5, 7 ou 8 ou le
traitement antifongique à utiliser selon la revendica-
tion 6, dans lequel le composé antifongique est une
formulation d’amphotéricine B ; un composé antifon-
gique d’azole ; ou un composé antifongique d’échi-
nocandine.
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