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Abstract: Fungal volatile organic compounds (VOCs) are low-molecular weight fungal metabolites
that have high vapor pressure at ambient temperatures and can function as airborne signals. Here,
we report a VOC study of several different species of Fusarium. Direct analysis in real time mass
spectrometry (DART–MS) was applied for non-invasive VOC fingerprinting of Fusarium isolates
growing under standardized conditions. A large number of ions were detected from the headspaces
of the Fusarium species sampled here. Ions were detected with distinctively high concentrations in
some species. While there were few VOCs produced by only one species, the relative concentrations
of VOCs differed between species. The methodology has potential for convenient detection and
identification of Fusarium contamination in agricultural commodities.
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1. Introduction

Fungal species belonging to the genus Fusarium live on a wide range of substrates.
However, they are widely known to infest plants [1] and are the causal organisms behind
important crop disease such as Fusarium head blight in wheat [2] and Fusarium ear rot
in maize [3]. Further, Fusarium species are responsible for the mycotoxin contamination
of crops [4,5]. Mycotoxins are secondary metabolites of the infesting fungi produced by
a variety of metabolic pathways including those based upon terpenoid and polyketide
backbones. In recent decades, the phylogeny of Fusarium has been resolved based on a multi-
genome phylogeny [6]. Twenty-three species complexes are now recognized in Fusarium [7],
including the Fusarium sambucinum, F. incarnatum-equiseti, F. fujikuroi, F. tricinctum, and F.
solani species complexes [6]. Methods for rapid and convenient identification of mycotoxin
producing fungi are helpful for grain producers in the management of growing crops while
minimizing mycotoxin contamination [8].

Fungal volatile organic compounds (VOCs) are widely produced by fungi and can
facilitate the information exchange between fungi and their environment [9,10]. VOCs
might increase the competitive advantage of specific fungi or stimulate mutualistic in-
teractions, enabling the colonization of habitats, depending on nutrient availability and
other pre-colonization conditions [11]. Fungi produce different chemical classes of VOCs
including alcohols, aldehydes, ketones, esters, and sesquiterpenes [4]. This variety suggests
a potential for using the identity of the VOCs profiles as a signature that will allow for
detection and identification of growing fungi. However, a knowledge gap exists regarding
species-specific production of fungal VOCs [11] in a variety of fungal species. Presently,
systematic VOC profile investigations based on multiple species within Fusarium are par-
ticularly lacking. There are experimental difficulties in studying the source and function
of VOCs produced under natural conditions in developing plant and stored grain [3].
Development of techniques for examination of VOC production of individual species in
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pure culture on standard substrates is a useful starting point for the examination of VOC
production under conditions more relevant to understanding plant disease [9]. Utilization
of VOC analysis could aid identification of unique VOC signatures to enable detection and
identification of specific fungal species.

Analytical techniques are available for both qualitative and quantitative analysis of
VOCs [12,13]. Mass spectrometry (MS) has been utilized for the specific and sensitive
analysis of VOCs [9]. VOC analyses have traditionally consisted of two steps: the first step
is volatile collection, usually on some sort of absorbent such as activated charcoal, porous
polymer adsorbent, or solid phase micro-extraction (SPME) fibers and is reliant on chemical
adsorption / absorption and desorption. The second step is chemical analysis typically
performed by MS. The SPME–GC–MS interface to electron-impact ionization (EI)–MS is the
basis for much of the characterization VOC production by Fusarium [14]. The characteristics
of SPME trapping, GC separation, and the EI source bias the VOC characterization towards
certain types of VOCs [9].

Alternative MS techniques have been utilized to address VOCs that are not well
analyzed by EI–MS techniques. Proton transfer reaction (PTR) MS is a technique that
complements GC–MS-based methods [11]. PTR–MS is based on an alternative mode of
ionization of the VOCs that allows for the analysis of VOCs. The PTR source utilizes
medium vacuum source conditions (~2 mbar) to transfer a proton to a neutral VOC analyte
molecule in order to generate a positively charged, protonated ion [10]. VOCs with a proton
affinity higher than water can be ionized, mass analyzed, and detected [15].

Other related techniques based upon a proton transfer ionization mechanism for
ionization have been utilized for the analysis of fungal VOCs. VOCs have been directly
introduced into atmospheric pressure chemical ionization (APCI) MS sources [16]. APCI–
MS has been used for several fungal studies [17]. Selected ion flow tube (SIFT)–MS has
been utilized for the evaluation of VOCs from Ascocoryne sarcoides and Aspergillus fumiga-
tus [18,19]. Secondary electrospray ionization (SESI) has been used to analyze the VOCs
from baker’s yeast [20].

Direct analysis in real time mass spectrometry (DART–MS) is a newer ambient ion-
ization technique that is widely utilized in food safety, forensic and industrial chemistry
applications [21]. DART–MS has been shown to provide the basis for convenient, sensi-
tive analysis of fungal toxins from a variety of matrices [22]. Normally, the DART–MS
instrument is operated in a manner that allows a near simultaneous volatilization and
ionization of analyte [21]. However, the configuration of DART–MS instrumentation allows
adaptation to a wide variety of sample introduction geometries. Recently, applications have
been reported utilizing remote volatilization of analyte followed by ionization in the source
region of the MS. This configuration of DART–MS has been used to sample materials that
are related to food taste and aroma [23,24].

In the present study, we used DART–MS to analyze the VOC profiles of several
Fusarium species. The DART–MS instrument was configured to dynamically sample
the VOC profile from the headspace of Fusarium growing on cracked maize substrate.
The format of the DART–MS experimental apparatus allowed analysis of VOCs directly
from the headspace of fungi, without the necessity of a trapping or chromatography step
in the method. Goals of this work were to determine (1) whether VOC profiles could
be sampled and analyzed by DART–MS, (2) whether DART–MS VOC profiles differed
between Fusarium species, and (3) whether information from DART–MS VOC profiles could
be used for species differentiation.

2. Materials and Methods
2.1. Fungal Isolates

Fusarium isolates and the Aspergillus flavus isolate used in this study (Table 1) were
obtained as glycerol suspensions from the NRRL culture collection (nrrl.ncaur.usda.gov)
at the National Center for Agricultural Utilization Research (Peoria, IL, USA). Glycerol
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suspensions (3 µL) were spotted on V8 juice agar medium in a 10 cm Petri plate, and grown
in the dark for 3 days at 25 ◦C before use for inoculation of cracked maize kernel medium.

Table 1. Culture isolates utilized in this study.

Species Fusarium Species Complex NRRL Number

Fusarium scirpi F. incarnatum–equiseti 66328
Fusarium avenaceum F. tricinctum 4939

Fusarium virguliforme F. solani 31041
Fusarium verticillioides F. fujikuroi (M3125) 20956
Fusarium graminearum F. ambucinum 31084

Aspergillus flavus – 26466

2.2. Cultivation of Fusarium Isolates for VOC Profile Analysis

VOC profiles were collected from the headspace of individual fungal isolates grown
on 50 g of sterile cracked maize kernel substrate enclosed in a 250 mL screw cap glass
media bottle. Prior to inoculation, cracked maize was prepared by wetting the substrate
with 20 mL of water and autoclaving for 30 min. The sterile substrate was further wetted
with 20 mL of sterile water and inoculated with a 3 mm square plug of fungal mycelium
grown on V8 juice agar for 7 days. Once the cracked maize was inoculated, the bottle
was vigorously shaken to distribute the fungal hyphae. To allow some air exchange, the
culture bottle lids were loosened by 1/8th of a turn and incubated at 25 ◦C for 28 days
in the dark. As controls, bottles containing sterile cracked maize substrate only (without
fungal inoculum) were incubated at the same conditions and included in the VOC profile
analysis. The VOC profiles were collected from the headspace of 3 independent bottles for
each isolate by DART–MS on day 7, 14, 21, and 28 post incubation. The entire inoculation
experiment was conducted twice. So, evaluations of VOCs reflect the examination of
6 bottles, 3 bottles from each repetition of the inoculation experiment.

2.3. DART–MS Apparatus

The DART ionization source was attached to an Exactive Classic high-resolution MS
(Thermo Fisher, Milford, MA, USA). The Exactive Classic MS was controlled by the Tune
program supplied by the MS vendor with Xcalibur version 3.1.1. Ions from the DART
source were drawn into the MS instrument through the ion inlet tube heated to 325 ◦C.
For experiments targeted at structure elucidation of observed Fusarium VOCs, the DART
ionization source was attached to a QExactive high-resolution tandem MS. The QExactive
MS was controlled by the Tune program supplied by the MS vendor.

The DART–MS instrument was configured for the sampling of the headspace above
cultures in glass culture bottles as shown in Figure 1. The DART ionization source was a
SVP–DART ion source (IonSense, Inc., Saugus, MA, USA). DART ionization was initiated
by the SVP–DART ion source through a flow of helium that was heated to 300 ◦C. Control
of the DART source was made through the DART–OS program from IonSense. Interface of
the DART source to the MS was made with the VAPUR inlet fitted to the inlet region of
the MS. Vacuum to the VAPUR inlet was supplied by a Vacuubrand ME2NT diaphragm
pump (Vacuubrand Inc., Essex, CT, USA). Simultaneous inlet of ions from the DART
source and vapor from the bottles containing fungi growing on cracked maize media
was made through a 0.25-inch stainless steel Tee (Model SS-400-3, Swagelok Co., Solon,
OH, USA) placed in front of the VAPUR inlet. Ceramic tube #1 had a 0.25 inch outside
diameter (OD) × 4.75 mm inside diameter (ID) × 4.2 cm length and was obtained from
IonSense. Ceramic tube #2 was 0.25 inch OD × 4.45 cm long, had two 0.062 mm ID passages
and was obtained from Scientific Instrument Services (Palmer, MA, USA). Ceramic tubes
were secured to the stainless-steel Tee by graphite ferrules (Scientific Instrument Services).
Nitrogen gas flow to the culture bottle was conducted through 0.125 inch OD × 0.0625
inch ID polytetrafluoroethylene (PTFE) tubing and controlled to a flow rate of 3.5 L/min
with a Model 132460-44 Cole-Parmer gas flowmeter. Gas flow from the headspace of the
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culture bottle to the DART source was conducted through 0.25 inch OD × 0.19 inch ID
polytetrafluoroethylene (PTFE) tubing and controlled with a Swagelok Whitey 3-way 0.25
inch B-43 × S4 ball valve. Connection to the culture bottle was made through a 5-port GL45
bottle cap (2270–0013, Fisher Scientific). Nitrogen flow for the experiment was obtained
from the boil-off from a liquid nitrogen dewar.
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Figure 1. Cartoon representation of the modified DART–MS instrument constructed to allow conve-
nient sampling of culture bottles.

2.4. DART–MS Analysis

Measurements of fungal VOC profiles were performed by sampling of the headspace
of pure cultures into the above-described DART–MS apparatus. The sample headspace
was withdrawn through the DART–MS inlet with an analysis time of 3 min/sample. Pure
nitrogen was flushed continuously through the bottle to prevent pressure drop. For each
bottle, sampling time from the culture was bracketed by a 1 min collection of room air for
DART–MS analysis both prior to and following sampling from the bottle. The Exactive
Classic MS was operated in positive mode with a scan range of 75–1000 Da in profile mode.
MS resolution for the experiments was set to “Enhanced Resolution” (25,000), scan rate
4 Hz, and the automatic gain control was set to “Ultimate mass accuracy (5 × 105 ions)”.
The QExactive MS was operated in positive mode with a scan range of 75–1000 Da in
profile mode. MS resolution for the experiments was set to 70,000, scan rate 3.7 Hz, and
the automatic gain control was set to “Ultimate mass accuracy (5 × 105 ions)”. Collision
energy for all CID experiments was 30 V.

2.5. Data Analysis

Data were analyzed using the QualBrowser component of the Xcalibur MS program
supplied by the MS vendor. Empirical formulae for distinctive ions were suggested by use
of the Compound Discover 3.2 program supplied by the MS vendor.
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3. Results
3.1. DART–MS Sampling of the Headspace above Fungal Cultures Yielded Intense Ions

Under the culture conditions employed, visible fungal growth was already observed
by day 7 and continued through the 28-day experiment. This was true for the Fusarium
species and the A. flavus isolate used for comparison.

Differences in the spectra from the different fungal samples were apparent even at
the first sampling, at day 7. As an example of the DART–MS sampling of the headspace,
Figure 2 shows DART–MS spectra for the day 14 sampling of (A) room air, (B) control
cracked maize, (C) F. verticillioides on cracked maize, and (D) F. scirpi on cracked maize.
Spectra B, C, and D reflect the results of background subtraction to reduce the background
ions inherent to the DART experiment. For the background subtraction utility in the
QualBrowser program, 30 s periods before and after sampling were subtracted from the
3 min sampling period. During these two 30 s periods, the DART spectra collected were
from the flow of room air drawn in as a result of the position of the sampling valve. The
spectra illustrate the effective interface of DART–MS for the headspace sampling and
provide visual confirmation of the differences between the volatile species accessible to the
DART–MS sampling experiment.

In Figure 2C, ions m/z 165 and 153 dominate in the sampled headspace for F. verti-
cillioides on cracked maize. Similarly, in Figure 2D, ions m/z 165 and 167 dominate in the
sampled headspace for F. scirpi. The m/z 167 peak is not observed at substantial levels in the
headspace from other fungi. The distinctive m/z 167 peak (167.10631) is readily resolved
from the isotopic peak expected to result (167.10225) from two 13C atoms being incorpo-
rated into the molecule responsible for the large m/z 165 (165.09545) peak (data not shown).
Higher levels of the m/z 165 peak are observed in the headspace from F. graminearum,
F. verticillioides, and F. scirpi.

While the DART–MS experiment does analyze the headspace area above the cracked
maize substrate, as the headspace vapor is swept from the culture bottle, differences in the
dynamics of the sampling, ionization, and mass analysis are observed. Figure 3A,B show
the response of the MS for the m/z 165 and 195 ions from a 14-day culture of F. verticillioides.
The m/z 165 trace shows a rapid increase upon initiation of sampling followed by a modest
decline, while the m/z 195 trace indicates a more modest increase at the beginning of the
sampling, followed by a slower decrease until the end of sampling. It is not clear whether
these dynamics are a consequence of the release of VOCs from the fungal colony on the
substrate or whether they are an artefact of the instrument geometry.
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Figure 2. Spectra for (A) room air during conduct of the study, (B) control cracked maize, (C) F. ver-
ticillioides on cracked maize, (D) F. scirpi on cracked maize, (E) F. avenaceum on cracked maize,
(F) F. graminearum on cracked maize, (G) F. virguliforme on cracked maize, and (H) A. flavus on cracked
maize. Spectra represent averages of the 3 min acquisition period for each sample.
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3.2. Inspection of Spectra from Control Cracked Maize Bottles Yielded a Distinctive Ion for the
Cracked Maize Substrate

Using DART–MS, mass peaks were detected after filtering across all cracked maize
samples in the test. Many of the high intensity peaks in the raw spectra from the DART–MS
are inherent to the DART process. This is especially true at low m/z. Only one distinctive
ion (m/z 86.06077) was noted for cracked maize under the culture conditions employed.
The ion was present at substantial levels with all inoculants and with the control cracked
maize samples. The level of the diagnostic ion for maize substrate appeared to be stable,
regardless of experiment time and degree of fungal growth.

3.3. Across the Fusarium Species Sampled, There Were a Few Common Volatile
Compounds Detected

For example, the m/z 165 ion was seen in all the Fusarium cultures but was not observed
in the Aspergillus flavus cultures (data not shown). In fact, none of the selected ions for the
Fusarium species were observed from the A. flavus cultures. This indicates that detected
ions can reflect volatiles unique to the fungal species examined. While several mass peaks
were detected in samples from multiple Fusarium species, there were some peaks found
solely at significant levels in one species. Consequently, we did note species-specific mass
peaks that could potentially be used as indicators for species identification. Figure 4 shows
presence of ions visually selected as indications of fungal growth. Table 2 lists some
distinctive ions visually selected for discrimination between inoculums. Ions were visually
selected based upon uniqueness to the species instead of merely selecting them based
upon the highest MS intensity VOC detected. No suitable diagnostic ions were found for
F. virguliforme, and only one distinctive ion was identified for F. avenaceum.
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Figure 4. Intensities of selected ions from week 2 of sampling from cultures of (A) F. scirpi, (B) F.
avenaceum, (C) F. virguliforme, (D) F. verticillioides, and (E) F. graminearum. Intensities are normalized rel-
ative to the diagnostic ion for cracked maize (m/z 86). Intensities shown are averages of measurements
conducted, and error bars indicate calculated standard deviations for the six measurements.

Table 2. Diagnostic ions selected for fungal species. Empirical formulae for diagnostic ions are based
upon most probable elemental composition calculated for the high-resolution masses with Thermo
Compound Discover.

Species Diagnostic Ion #1 Diagnostic Ion #2

Fusarium scirpi 167.10631 (C10H14O2) 221.19533 (C15H24O)
Fusarium avenaceum 83.08611 (C6H10) –

Fusarium virguliforme – –
Fusarium verticillioides 195.06412() 153.12706 (C10H16O)
Fusarium graminearum 129.05443 (C6H8O3) 143.07032 (C7H10O3)

Aspergillus flavus 251.13402 (C10H21O6N) 283.16080 (C11H25O7N)
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In an effort to structurally characterize the distinctive ions observed for the Fusarium
isolates, collision-induced dissociation (CID) experiments were conducted to provide
structurally informative fragments for the observed ions. Figure 5 shows CID spectra for
m/z 165, 167, 153, 195, 129, and 143 ions. Despite the presence of multiple fragments in
several of the spectra, identities of the observed ions were not conclusively determined.
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Spectra represent averaging of the 3 min acquisition period for each sample.

To determine if time post-inoculation would influence the species specificity of the
selected diagnostic ions, we evaluated the selected ions over the course of the 4-week study.
Figure 6 shows levels of selected diagnostic ions for the weeks that measurements were
made. Production of the selected VOCs does not appear to dramatically change during the
development of fungal colonization of the cracked maize substrate. While DART–MS does
have some inherent variability in signal level, the degree of variability in the diagnostic ion
intensities here appears to be largely based on biological variability between culture bottles.
The variability for the m/z 129 ion for F. graminearum appears to be less than for the other
diagnostic ions.
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Figure 6. Intensities of selected, potentially diagnostic, ions from weeks 1–4 of sampling for F scirpi
(m/z 167), F. avenaceum (m/z 83), F. verticillioides (m/z 195) and F. graminearum (m/z 129) isolates.
Intensities are normalized relative to the diagnostic ion for cracked maize (m/z 86). Intensities shown
are averages of measurements conducted from culture bottles and error bars indicate calculated
standard deviations for the measurements.
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4. Discussion
4.1. DART–MS as a Real Time Method for VOC Detection

DART–MS response for sampling of fungal headspace is dependent upon production
of volatiles and the chemical properties of these volatiles. Positive mode DART ionization
is dependent upon on proton transfer from reagent ions to the analyte. In most cases, the
occurrence of this proton transfer is a consequence of the proton affinity of the analyte
relative to the proton affinity of water [10]. The bias introduced into the DART–MS
headspace analysis by requiring a suitable gas-phase basicity is likely to be similar to other
techniques that are also dependent upon proton-transfer reactions in ambient laboratory
atmosphere. APCI, HESI, PTR, SIFT, and other related techniques can be expected to have
similar inherent VOC selectivities [9]. Previous studies utilizing such techniques have
identified several VOCs from Fusarium isolates based upon comparison to public databases
and published reports of microbial VOCs [12]. The distinctive ions observed here do not
appear to overlap with previously published Fusarium VOCs. In contrast to techniques
dependent upon gas-phase proton-transfer reactions, GC–EI–MS based approaches will
have different selectivities. Other researchers have explored the complementary potential
in using both EI and proton transfer-based techniques [12].

The trapping step needed for many of the GC–MS and proton transfer approaches
introduces another level of bias. VOCs need to be readily absorbed and desorbed in order
to be effectively sampled [14]. The direct sampling approach utilized here eliminates the
bias associated with the trapping step.

The interface described here is a convenient way to stimulate ionization of sampled
volatiles without a trapping step. Further, interface with the MS here offered the sensitivity
and resolution to readily distinguish several fungal species. DART–MS can be used with
a wide variety of MS analyzers. The choice of analyzer offers a wide selection of cost,
portability, sensitivity, mass accuracy, and mass resolution. In addition, interface to tandem
mass spectrometry instruments would provide valuable capabilities for obtaining structural
information regarding sampled volatiles. The DART–MS technique does not incorporate the
chromatographic separation utilized in traditional SPME–GC–MS-based approaches [12].
Recent developments in MS design incorporating ion mobility separation in the MS analysis
offers the potential to contribute another dimension in differentiating sampled VOCs. The
added dimension from ion mobility could be especially useful in resolving isobaric VOCs
that are not easily distinguished by tandem MS behavior [12]. There are advantages to
utilization of a dynamic method for VOC characterization, including rapid acquisition of
information and convenient observation of changes in VOCs over the course of a short-term
biological study. APCI [16], PTR [10], and DART–MS [24] have been shown to be well
suited for dynamic VOC determination.

4.2. All Fusarium Species May Produce a Variety of VOCs, but VOC Ion Profiles Are
Species-Specific

While we did detect species-specific VOC ions, which potentially enable discrimination
of Fusarium species, it is likely that entire profiles of common volatile ions will provide
useful diagnostic information. For example, while several of the VOCs produced by
F. graminearum, F. verticillioides, and F. scirpi are the same, the ratios that the common
volatiles are produced at differ widely. While the detected VOC levels for the F. virguliforme
isolate and the A. flavus isolate did not readily lead to identification from diagnostic ions, it
is possible that the VOC ions detected with high intensity could lead to characterization
based on the profile instead of the selected diagnostic ions. Fingerprinting by unique ratios
of a suite of common volatiles will require statistical treatment of spectra beyond simple
visual inspection of data. A number of studies have shown the utility of statistical methods
for using levels of a large number of VOCs for the determination of fungal species [10,11].
While distinctive ions were observed in the work described here, it is likely that utility of the
technique will be dependent upon development of statistical tools to facilitate fingerprint
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analysis to better discriminate between species based upon detection of a broader range of
detected VOCs from a wide range of Fusarium species.

4.3. Rapid Characterization of Fusarium Species Based upon Detected VOCs

Recent decades have seen the classification of Fusarium species aided by DNA-based
phylogeny. Recently, other approaches have been adopted for rapid species identification,
including MALDI–MS protein fingerprinting [25] and SPME–GC–MS VOC fingerprinting.
VOC profiling has been used both for species determination and toxicogenic potential. The
results here suggest the possibility for use of MS for dynamic determination of species
contaminants. Improvements in the MS libraries of VOCs accessible to proton transfer reac-
tion ionization sources will likely aid the utilization of DART–MS based fingerprinting of
fungal species. Presently, much of the content of MS libraries is focused on the compounds
addressed by EI–MS instrumentation [26].

One possibility not explored here is the dependence of the fungi on the specific
conditions utilized in this study. During the conduction of the experiments, care was
taken to provide a consistent growth environment for fungal colony development. It is
possible that some of the observed VOCs were produced in response to specific conditions
prompting fungal growth (inoculation technique, temperature, light, composition of the
growth substrate, ventilation of the culture bottle headspace, moisture, etc.). Further studies
are required to determine the utility of diagnostic ions from VOCs produced during fungal
development under various growth conditions. Results of such studies will do much to
indicate potential breadth of future applications of the technique.

5. Conclusions

The DART–MS interface described here provides a convenient method for sampling
VOCs without sample preparation. Potential exists for rapid, real-time interrogation of a
variety of environments, due to the flexible nature of the DART ionization source geometry.
The observed VOCs could readily be associated with the fungal species producing them in
the headspace above developing fungal colonies.

Author Contributions: Conceptualization, M.B., R.H.P. and C.M.M.; methodology, M.B.; software,
E.R.; writing—original draft preparation, M.B.; writing—review and editing, M.B., E.R., R.H.P. and
C.M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the U.S. Department of Agriculture, Agricultural Research
Service. Mention of trade names or commercial products in this publication is solely for the purpose
of providing specific information and does not imply recommendation or endorsement by the US
Department of Agriculture (USDA). USDA is an equal opportunity provider and employer.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Amy McGovern and Crystal Probyn for skilled assistance in
various aspects of this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Demyttenaere, J.C.; Morina, R.M.; De Kimpe, N.; Sandra, P. Use of headspace solid-phase microextraction and headspace sorptive

extraction for the detection of the volatile metabolites produced by toxigenic Fusarium species. J. Chromatogr. A 2004, 1027,
147–154. [CrossRef]

2. Girotti, J.R.; Malbran, I.; Lori, G.A.; Juarez, M.P. Early detection of toxigenic Fusarium graminearum in wheat. World Mycotoxin J.
2012, 5, 143–152. [CrossRef]

3. Usseglio, V.L.; Pizzolitto, R.P.; Rodriguez, C.; Zunino, M.P.; Zygadlo, J.A.; Areco, V.A.; Dambolena, J.S. Volatile organic compounds
from the interaction between Fusarium verticillioides and maize kernels as a natural repellents of Sitophilus zeamais. J. Stored Prod.
Res. 2017, 73, 109–114. [CrossRef]

http://doi.org/10.1016/j.chroma.2003.08.105
http://doi.org/10.3920/WMJ2011.1348
http://doi.org/10.1016/j.jspr.2017.08.001


J. Fungi 2022, 8, 3 17 of 17

4. Busko, M.; Kulik, T.; Ostrowska, A.; Goral, T.; Perkowski, J. Quantitative volatile compound profiles in fungal cultures of three
different Fusarium graminearum chemotypes. FEMS Microbiol. Lett. 2014, 359, 85–93. [CrossRef] [PubMed]

5. Desjardins, A.E. Fusarium Mycotoxins: Chemistry, Genetics, and Biology; American Phytopathological Society Press: St Paul, MN,
USA, 2006.

6. Summerell, B.A. Resolving Fusarium: Current Status of the Genus. Annu. Rev. Phytopathol. 2019, 57, 323–339. [CrossRef]
7. Jacobs-Venter, A.; Laraba, I.; Geiser, D.M.; Busman, M.; Vaughan, M.M.; Proctor, R.H.; McCormick, S.P.; O’Donnell, K. Molecular

systematics of two sister clades, the Fusarium concolor and F. babinda species complexes, and the discovery of a novel microcycle
macroconidium-producing species from South Africa. Mycologia 2018, 110, 1189–1204. [CrossRef] [PubMed]

8. Varga, J.; Tóth, B.; Mesterházy, Á. Molecular detection of mycotoxin-producing fungi. Cereal Res. Commun. 2004, 32, 193–200.
[CrossRef]

9. Calla-Quispe, E.; Fuentes-Rivera, H.L.; Ramirez, P.; Martel, C.; Ibanez, A.J. Mass Spectrometry: A Rosetta Stone to Learn How
Fungi Interact and Talk. Life 2020, 10, 89. [CrossRef]

10. Telagathoti, A.; Probst, M.; Khomenko, I.; Biasioli, F.; Peintner, U. High-Throughput Volatilome Fingerprint Using PTR-ToF-MS
Shows Species-Specific Patterns in Mortierella and Closely Related Genera. J. Fungi 2021, 7, 66. [CrossRef]

11. Guo, Y.; Jud, W.; Ghirardo, A.; Antritter, F.; Benz, J.P.; Schnitzler, J.P.; Rosenkranz, M. Sniffing fungi—Phenotyping of volatile
chemical diversity in Trichoderma species. New Phytol. 2020, 227, 244–259. [CrossRef]

12. Erler, A.; Riebe, D.; Beitz, T.; Lohmannsroben, H.G.; Grothusheitkamp, D.; Kunz, T.; Methner, F.J. Characterization of volatile
metabolites formed by molds on barley by mass and ion mobility spectrometry. J. Mass Spectrom. 2020, 55, e4501. [CrossRef]

13. Tholl, D.; Hossain, O.; Weinhold, A.; Rose, U.S.R.; Wei, Q. Trends and applications in plant volatile sampling and analysis. Plant J.
2021, 106, 314–325. [CrossRef]

14. Girotti, J.R.; Malbran, I.; Lori, G.A.; Juarez, M.P. Use of solid phase microextraction coupled to capillary gas chromatography-mass
spectrometry for screening Fusarium spp. based on their volatile sesquiterpenes. World Mycotoxin J. 2010, 3, 121–128. [CrossRef]

15. Hewitt, C.N.; Hayward, S.; Tani, A. The application of proton transfer reaction-mass spectrometry (PTR-MS) to the monitoring
and analysis of volatile organic compounds in the atmosphere. J. Environ. Monit. 2003, 5, 1–7. [CrossRef]

16. Lovett, A.M.; Reid, N.M.; Buckley, J.A.; French, J.B.; Cameron, D.M. Real-time analysis of breath using an atmospheric pressure
ionization mass spectrometer. Biomed. Mass Spectrom. 1979, 6, 91–97. [CrossRef] [PubMed]

17. Erler, A.; Riebe, D.; Beitz, T.; Lohmannsroben, H.G.; Grothusheitkamp, D.; Kunz, T.; Methner, F.J. Detection of volatile organic
compounds in the headspace above mold fungi by GC-soft X-radiation-based APCI-MS. J. Mass Spectrom. 2018, 53, 911–920.
[CrossRef] [PubMed]

18. Scotter, J.M.; Langford, V.S.; Wilson, P.F.; McEwan, M.J.; Chambers, S.T. Real-time detection of common microbial volatile organic
compounds from medically important fungi by Selected Ion Flow Tube-Mass Spectrometry (SIFT-MS). J. Microbiol. Methods 2005,
63, 127–134. [CrossRef] [PubMed]

19. Smith, D.; Spanel, P. SIFT-MS and FA-MS methods for ambient gas phase analysis: Developments and applications in the UK.
Analyst 2015, 140, 2573–2591. [CrossRef]

20. Tejero Rioseras, A.; Garcia Gomez, D.; Ebert, B.E.; Blank, L.M.; Ibanez, A.J.; Sinues, P.M. Comprehensive Real-Time Analysis of
the Yeast Volatilome. Sci. Rep. 2017, 7, 14236. [CrossRef] [PubMed]

21. Cody, R.B.; Dane, A.J. Direct Analysis in Real Time (DART). In Ambient Ionization Mass Spectrometry; Domin, M., Cody, R.B., Eds.;
Royal Society of Chemistry: London, UK, 2015; pp. 23–57.

22. Busman, M. Quantitation of Mycotoxins Using Direct Analysis in Real Time Mass Spectrometry (DART–MS). J. AOAC Int. 2018,
101, 643–646. [CrossRef]

23. Sagawa, T.; Kudou, Y.; Nishiguchi, T.; Kawamukai, T.; Sakakura, M.; Shiota, A.; Hoshi, T.; Matsumoto, K.; Watanabe, J. Continuous
Analysis of Volatile Compounds from Foods During Flavor Release Using Direct Analysis in Real Time Mass Spectrometry. J. Jpn.
Soc. Food Sci. 2015, 62, 335–340. [CrossRef]

24. Sakakura, M. Application Development of Flavor Analysis Using Real Time Mass Spectrometry. J. Mass Spectrom. Soc. Jpn. 2018,
66, 15–24. [CrossRef]

25. Patel, R. A Moldy Application of MALDI: MALDI-ToF Mass Spectrometry for Fungal Identification. J. Fungi 2019, 5, 4. [CrossRef]
26. Wen, Q.; Boshier, P.; Myridakis, A.; Belluomo, I.; Hanna, G.B. Urinary Volatile Organic Compound Analysis for the Diagnosis of

Cancer: A Systematic Literature Review and Quality Assessment. Metabolites 2021, 11, 17. [CrossRef]

http://doi.org/10.1111/1574-6968.12569
http://www.ncbi.nlm.nih.gov/pubmed/25132145
http://doi.org/10.1146/annurev-phyto-082718-100204
http://doi.org/10.1080/00275514.2018.1526619
http://www.ncbi.nlm.nih.gov/pubmed/30522417
http://doi.org/10.1007/BF03543299
http://doi.org/10.3390/life10060089
http://doi.org/10.3390/jof7010066
http://doi.org/10.1111/nph.16530
http://doi.org/10.1002/jms.4501
http://doi.org/10.1111/tpj.15176
http://doi.org/10.3920/WMJ2009.1182
http://doi.org/10.1039/b204712h
http://doi.org/10.1002/bms.1200060302
http://www.ncbi.nlm.nih.gov/pubmed/369632
http://doi.org/10.1002/jms.4210
http://www.ncbi.nlm.nih.gov/pubmed/29896877
http://doi.org/10.1016/j.mimet.2005.02.022
http://www.ncbi.nlm.nih.gov/pubmed/15893831
http://doi.org/10.1039/C4AN02049A
http://doi.org/10.1038/s41598-017-14554-y
http://www.ncbi.nlm.nih.gov/pubmed/29079837
http://doi.org/10.5740/jaoacint.17-0338
http://doi.org/10.3136/nskkk.62.335
http://doi.org/10.5702/massspec.S18-7
http://doi.org/10.3390/jof5010004
http://doi.org/10.3390/metabo11010017

	Introduction 
	Materials and Methods 
	Fungal Isolates 
	Cultivation of Fusarium Isolates for VOC Profile Analysis 
	DART–MS Apparatus 
	DART–MS Analysis 
	Data Analysis 

	Results 
	DART–MS Sampling of the Headspace above Fungal Cultures Yielded Intense Ions 
	Inspection of Spectra from Control Cracked Maize Bottles Yielded a Distinctive Ion for the Cracked Maize Substrate 
	Across the Fusarium Species Sampled, There Were a Few Common Volatile Compounds Detected 

	Discussion 
	DART–MS as a Real Time Method for VOC Detection 
	All Fusarium Species May Produce a Variety of VOCs, but VOC Ion Profiles Are Species-Specific 
	Rapid Characterization of Fusarium Species Based upon Detected VOCs 

	Conclusions 
	References

