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Abstract

The potential of fungi for use as biotechnological factories in the production of a range of valuable metabolites, such as
enzymes, terpenes, and volatile aroma compounds, is high. Unlike other microorganisms, fungi mostly secrete secondary
metabolites into the culture medium, allowing for easy extraction and analysis. To date, the most commonly used technique
in the analysis of volatile organic compounds (VOCs) is gas chromatography, which is time and labour consuming. We
propose an alternative ambient screening method that provides rapid chemical information for characterising the VOCs of
filamentous fungi in liquid culture using a commercially available ambient dielectric barrier discharge ionisation (DBDI)
source connected to a quadrupole-Orbitrap mass spectrometer. The effects of method parameters on measured peak intensi-
ties of a series of 8 selected aroma standards were optimised with the best conditions being selected for sample analysis. The
developed method was then deployed to the screening of VOCs from samples of 13 fungal strains in three different types of
complex growth media showing clear differences in VOC profiles across the different media, enabling determination of best
culturing conditions for each compound-strain combination. Our findings underline the applicability of ambient DBDI for
the direct detection and comparison of aroma compounds produced by filamentous fungi in liquid culture.

Keywords Volatile organic compounds (VOCs) - Fungi - Dielectric barrier discharge ionisation (DBDI) - Ambient mass
spectrometry - Headspace analysis

Introduction volatile aroma compounds (VOCs) [1]. Volatile compounds

are often utilised in intercellular communication (quorum-
Fungi pose a great source for the natural production of ~ sensing) [2-4] between fungal cells, or fungal interactions
high-value metabolites, such as enzymes, terpenes, and  between fungi and different species, such as insects [5-7],
plants [8—12], and other microbes [13—-15]. Differently
from bacterial producers, fungi mostly secrete secondary
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cellular contaminants within the product. Among biotech-
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stances are used in a variety of industrial sectors, such as
food [17, 18] and animal feed [19, 20], as well as personal
care [21] and medicinal products [22]. Within the food and
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last decades, consumer awareness for biologically sourced
products [24] increased the need for alternative production
methods of natural compounds without the use of unethical
production practices or genetic engineering (non-GMO)
[25]. Furthermore, chemically synthesised compounds
(mostly of petrochemical origin) face a stigma from many
consumers who are averse to artificial flavouring and pre-
fer purchasing naturally flavoured products [17, 24, 26].
Sustainable production of natural flavour compounds can
be designed based on circular bioprocesses utilising indus-
trial and agricultural waste streams [27, 28]. By-products
resulting from the production, such as mycelial residue,
can be used as protein-rich feed additives in ecological
agriculture [29].

In their natural environment as e.g. plant pathogens, the
main VOCs of fungal aroma producers include a variety
of aldehydes, ketones, alcohols, lactones, and terpenoids
[30-32]. The intensity of secretion and variety of VOCs
is dependent on the substrate they infect, such as type of
fruits. The natural VOCs of their host plants were found
to be altered and/or intensified by fungal pre- and even
more post-harvest infections [33]. The secretion of fungal
VOC:s has been proven beneficial for agricultural applica-
tions, e.g. for the stimulation of plant growth [10-12] or
as a biocontrol agent [10, 11, 34, 35]. Following the char-
acterisation of secretion and production pathways, media
and cultivation optimisation are necessary for high yield
production of aroma compounds. The tailored production
of natural aroma compounds is dependent on various culti-
vation parameters, such as the supplied nutrients and carbon
and nitrogen sources, as well as incubation time, pH, and
temperature conditions (Table S1). The impact of various
carbon and nitrogen sources on the aroma profile of Cerato-
cystis moniliformis was originally reported by Lanza et al.
(1979) [36]. A spectrum of tropical and citrusy fruit fla-
vours was achieved with the right supplementation enabling
the fine tuning of flavour using one production organism.
Supplementation with precursors including intermediary
metabolites within biosynthetic pathways enables efficient
VOC secretion as seen for e.g. a-terpineol production. Using
similar strategy, Rottava et al. (2010) described the conver-
sion of (—)-B-pinene and R-(+)-limonene into a-terpineol
among other minor VOCs, such as trans-pinocarveol, pino-
camphone, and fenchol by Aspergillus sp. and optimisation
of the biotransformation process (2011) [37, 38]. Apart from
the production of specific flavour compounds or tailored
bouquets, fungi, such as Aspergillus niger PW-2, are applied
during the fermentation of green tea leaves, altering the fla-
vour of the product [39]. Other biotechnologically relevant
fungal producers are e.g. ascomycetes from the genus Neu-
rospora [40, 41]. They produce VOCs, such as 1-octen-3-ol
[42], which is widely utilised as a mushroom aroma, among
other industrially relevant compounds.
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Soft Ionisation by Chemical Reaction Transfer (SICRIT;
Plasmion, Augsburg, Germany) is a commercial plasma-
based soft ionisation source based on dielectric barrier
discharge ionisation (DBDI). DBDI is an ambient ionisa-
tion source introduced in 2007 by Na et al. [43] and dem-
onstrates ionisation characteristics similar to atmospheric
pressure chemical ionisation (APCI). The term dielectric
barrier discharge refers to a type of gas discharge where a
low-temperature plasma is produced by discharge between
two electrodes separated by a dielectric barrier via the
application of a high-voltage alternating current with fre-
quencies in the kHz or MHz range. Primary reactive species
like N,*, nitrogen oxides, or excited nitrogen are formed
depending on the discharge gas, which go on to chemically
ionise analytes for subsequent mass spectrometric analy-
sis [44]. The ionisation process in the plasma is complex
and often not completely known due to the many different
constituents such as positively and negatively charged ions,
electrons, atoms, free radicals, and photons [45]. Despite
this, most low-temperature plasma ionisation produces
molecular ions (e.g., M~, MH") with little fragmentation
[46, 47] with the exception of saturated alkanes, which pro-
duce characteristic oxidised ions with the generic formula
[M-(2n-1)H+mO]* [44].

The analysis of microbial VOCs has almost exclusively
been reported by using gas chromatography-mass spec-
trometry (GC-MS) [48]. While this method has become
the standard for microbial VOC analysis, it is time con-
suming, requires skilled operators, and is relatively expen-
sive with regard to consumables. DBDI-MS methods have
been receiving increasing interest due to offering solutions
to these problems. Minimal sample preparation using no
expensive reagents and soft ionisation that generates ions
that are representative of the original structure of the initial
analytes are major hallmarks of the methodology. The analy-
sis of gaseous species via DBDI has been demonstrated for
many applications, from the detection of chemical warfare
agents [49] through engine exhaust aerosols [50], pharma-
ceutical products [51], to VOCs [52].

The objective of this study was to assess the suitabil-
ity of the DBDI method for the screening of volatile com-
pounds produced by filamentous fungi in liquid culture as
an alternative approach for culturing condition optimisa-
tion. For this, we investigated different setups for sample
introduction, spectral appearance of analytes and spectral
stability, carry-over, and equilibration settings on a mix-
ture of standards before applying the best experimental set-
tings to the analysis of fungal cultures in liquid medium.
Eight aroma standard compounds were chosen in order to
optimise the analysis conditions. The chosen standard solu-
tions were based on a preliminary literature research on
VOCs produced by the genus chosen in this study as seen
in Supplementary Table S1. Most commonly found VOCs
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for Ceratocystis sp. are ethanol and ethyl acetate [36, 53],
which is supported by the GC-FID/GC-MS results. Etha-
nol could only be detected by GC-FID, not by GC-MS, as
the cut-off for detection starts at 50 m/z (results not shown
in this study). Further substances detected include isoamyl
acetate and 2-methyl-1-butanol. As seen for Neurospora
sp., 1-octen-3-ol and ethyl hexanoate are, apart from etha-
nol and ethyl acetate, among the most commonly detected
VOC:s for this genus [40, 42]. These substances could also
be detected using GC-FID/GC-MS (results not shown in
this study). Aspergillus niger strains were found to produce
a-terpineol, trans-pinocarveol, pinocamphone, and fenchol
in previous publications [37, 38], as well as 1-octen-3-ol,
geraniol, and nonanal among others [39]. None of the pre-
viously mentioned compounds for Aspergillus sp. VOCs
could be detected with GC-FID/GC-MS in our current
setup.

Materials and methods
Chemicals

Isopentyl acetate, isobutyl acetate, 2-phenylacetate, 2-pheny-
lethanol, 2-methyl-1-butanol, ethyl acetate, citral, and beta-
citronellol were purchased from Sigma-Aldrich (Merck).
Methanol and water were LC-MS grade and purchased from
VWR. Two standard stock mixes were produced: Mix 1:
isopentyl acetate, isobutyl acetate, 2-phenylacetate, 2-pheny-
lethanol, 2-methyl-1-butanol, ethyl acetate; mix 2: isopentyl
acetate, isobutyl acetate, 2-phenylacetate, 2-phenylethanol,
2-methyl-1-butanol, ethyl acetate, citral, and p-citronellol.
All pure standards were in liquid aggregate form at room
temperature. Five microliters of each pure standard was
mixed into 100 mL of 10% methanol solution in water or 100
mL 100% water and dilutions by a factor of 3 produced from
there (0.3, 0.09, 0.027, 0.0081); corresponding concentra-
tions in mol/L are given in Table S2. For the lowest dilution
factor, concentrations in the 2—4 pM range are achieved. The
ingredients, sum formulas, and structures of the standards
are given in Table 1.

Fungal culture

A total of 13 strains known to produce volatile aromatic com-
pounds were chosen for the method development of aroma
compound detection (see Table S3 for list). The ascomycete
fungi belonging to Aspergillus sp., Ceratocystis sp., and Neu-
rospora sp. were supplied by the German Collection of Micro-
organisms and Cell Cultures GmbH (DSMZ, Brunswick,
Germany) and the Westerdijk Fungal Biodiversity Institute
(Utrecht, Netherlands) (CBS strain database) and cultivated
in three complex media for aroma production. Potato medium

with 4 g/L or 20 g/L potato extract and YPD with 10 g/L yeast
extract and 20 g/L peptone were supplemented with 2% glucose.
The 30-mL cultures were incubated at 28 °C and 120 rpm for 5
days before harvesting and sterile filtration of the supernatant.
The growth conditions for all fungi were the same. The growth
morphology for the tested fungal species is different based on
the strain within the same medium, and so is their biomass and
natural product secretion.

Sample preparation

All experiments were performed with 2 mL of standard mix
or filtered culture supernatant in 20 mL headspace vials with
screw cap and septum. Sample vials were sealed upon col-
lection of the supernatant and only re-opened when analysis
was being performed. Use of silicone-containing septa was
avoided as these may lead to strong polysiloxane contami-
nation peaks in DBDI analysis. Instead, silicone-free TEF
rubber septa were purchased from VWR. Unless stated oth-
erwise, the sealed sample vials were incubated at 60 °C in
an Ohaus dry block heater (4 blocks) for 15 min. In order to
keep the method compatible with the envisioned screening
application, we kept this step as simple as possible by only
heating the solutions in a water bath without further shak-
ing or stirring the solutions. Once removed from the heating
block, vials were analysed immediately.

DBDI-MS analysis

All spectra were acquired in positive ion mode by analysing
pure and diluted standard solutions by placing them directly
in front of the DBDI source (SICRIT, Plasmion, Augsburg,
Germany) inlet for several seconds. Room temperature
during analysis was typically between 19 and 22 °C, with
humidity ranging from 30 to 40%. Background atmosphere
and sample headspace was aspirated at a rate of 1 m*/min
as per the Q-Exactive manual. Three different experimental
setups were tested with 2 mL of standard solution (com-
pounds 1-8 in 10% methanol, 5 pL/100 mL each) in 20-mL
headspace vials each for their practicability. Schemes of the
setups are shown in Figure S1 with selected total ion chro-
matograms in Figure S2. Method A (Figure S1A) consists of
transfer of the headspace from the sealed vial using a 25-cm-
long 1/16" OD PTFE polymer tubing inserted through the
septum, method B (Figure S1B) consists of ambient sam-
pling where the open vials were placed directly in front
of the DBDI source, and method C (Figure S1C) in which
2 mL of the headspace is removed via a gastight syringe
through the septum of the closed vial and the headspace is
subsequently directly infused into the DBDI source using a
syringe adapter at a speed of 0.5 mL/min. Each measurement
was repeated five times and standard deviations calculated to
determine the most stable analysis method. Method B was
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Table 1 VOC standards used in this study

Number Name Sum Formula Boiling Vapour Pressure Vapour Structure
Point [°C] [Pa] at 20°C Density
(0] CH3
1 Isopentyl acetate C,;H1,0, 142 533 4 CH3/U\O/\)\CH3
X
CHj
2 Isobutyl acetate CeH1z0, 116.5 1975 45 HsC O/\/
CHj
O._CHj
3 2-Phenethyl acetate CyoH1,0, 215 Negligible 5.67 ©/\/ \ﬂ/
(6]
OH
4 2-Phenyl ethanol CgH100 219 8 421 O/\/
CHj
5 2-Methyl-1-butanol CsH10 128 4200 3 HsC_J__OH
(0]
6 Ethyl acetate C4Hg0, 77 10000 3.04
CH3)J\O/\CH3
CH;
A o
7 Citral CyoH160 227 Negligible 53
H;C CH3
CHj
8 B-Citranellol CioH200 224 2.666 5.4
OH
H3C CHg3

found superior and was used for further experiments and is
described below. Photographs of setup B can be found in
Figure S1D-E.

For ambient sampling, the samples were clamped at a
30° angle directly under the inlet capillary (as shown in Fig-
ure S1E) while a background blank was recording. Once in
position, the tripod was shortly turned to the side to remove
the cap, the vial immediately placed back into position, and
spectra were recorded for a defined and constant amount of
time. The vial was then removed and further background
was recorded to allow for any possible carry-over to dis-
sipate. For assessment of spectral features and carry-over,
linearity of the data, and best data extraction intervals, we
have used the following timings: background spectra 3 min,
active sampling for 5 min, background for 5 min. Total run
duration was 13 min per sample. For optimisation of equi-
libration conditions and fungal analysis, we have used the
following timings: background spectra 1 min, active sam-
pling for 1 min (data extraction for the period of 30-60 s
only), background for 2 min. Total run duration was 5 min

@ Springer

per sample. To assess the linearity of the data and best data
extraction intervals, a calibration experiment was performed
between 0.3 and 0.0081 dilution and in triplicate to assess
the linearity of the method for different standard compounds
using ambient sampling.

Plasma settings were 1500 V at 15 kHz. The manufac-
turer recommends a range of 1200-1500 V; however, no
signal was observed below 1400 V. Similar settings were
used in previous other studies, leading to successful ionisa-
tion of molecules up to the size of glycerophospholipids (m/z
900) [54, 55] and which were recently found optimal source
parameters for a set of different lipid species, with different
RF frequency settings not showing a noticeable influence
on intensity [56]. SICRIT ion source was mounted onto a
Q-Exactive (Thermo Fisher Scientific, Bremen, Germany)
mass spectrometer operated at a resolution of 70,000 at m/z
200. Capillary temperature was 200 °C, maximum injec-
tion time was 50 ms, and S-Lens RF setting was 50. Spectra
were acquired at mass ranges between 60 and 500 Da for
full-scan spectral acquisition and 50-220 Da for acquisition
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of fragmentation spectra. Fragment spectra were recorded
at an intermediate HCD setting of 30.

Data analysis

Data analysis was performed using QualBrowser (Thermo
Scientific) and Excel (Microsoft).

Results
Spectral appearance

We analysed the ionisation behaviour of different standards
that we suspected as possible compounds present among
fungal aroma compounds (see Table S1). The ionisation of
all analysed compounds was superior in positive ion mode
which led us to abandon negative ion mode for further stud-
ies. DBDI is expected to be a soft ionisation method produc-
ing spectra mainly featuring protonated ions [47, 54-56].
While we have used it with settings in line with previous
studies of the same commercial unit, we have detected
extensive fragmentation for all of our small organic ana-
lytes (see Fig. 1, Table S4 for a list of all peaks observed for
each individually analysed standard). For compound 5, no
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Fig. 1 Mass spectra obtained for concentrations of 5 pL./100 mL for
compounds 1-8 using ambient sampling (method B). (a) isopentyl
acetate 1, (b) isobutyl acetate 2, (¢) 2-phenethyl acetate 3, (d) 2-phe-
nyl ethanol 4, (e) 2-methyl-1-butanol 5, (f) ethyl acetate 6, (g) citral 7,

quasi-molecular ion was observed at all while for 1, 3, 4, 6,
7, and 8, the molecular ion peak was not the base peak with
relative intensities being 38%, 0.26%, 0.01%, 95%, 19%, and
20%, respectively. Several compounds shared some of these
prominent fragmentation peaks, such as m/z 105.0698 (cor-
responding to CgHy™) for compounds 3 and 4; m/z 75.0444
(corresponding to C3H702+) for compounds 2, 3, and 6; and
miz 71.0861 (CsH,,*) for compounds 1 and 5. In addition,
all peaks for compound 7 were shared with those of com-
pound 8. In this small set of compounds, those that showed
strong signals suggesting transesterification also showed
strong protonated acetic acid peak at m/z 61 while the likely
accompanying fragment at m/z 43 was not detected due to
mass range limitations of the instrument. The most intense
and most specific peaks are listed in Table 2. Oxidation via
net loss of H, was a common degradation path, observed in
50% of all compounds.

We investigated the ionisation and in-source fragmenta-
tion behaviour for all compounds at three different dilutions
(stock (5 pL./100 mL), 0.09-dilution, 0.0081-dilution). While
changes in fragment ion ratios were observed, fragmenta-
tion remained extensive. The dimer formation in compounds
1 and 2 reduced significantly with lower concentrations;
we have also observed a significant increase in the quasi-
molecular ion for compound 3, which increased from 0.28 to
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103.0753

100
3 [M-H,+O+H]*

[M-H,O+H]*
71.0860

o ®
S S

114.0911

87.0806

IS
S

163.0597
167.0547

N
=3

129.0905

Relative Abundan:

199.1683 2230626

60 80 100 120 140 160 180 200 220 240 260

) Ethyl acetate (6) me €8
89.0599

=)
3

®
2 god [CHO
g
5 60
2 ol Cor
2 750444 | 402 0914
s 20
& 114.0911 159.0645
o | i
7
60 80 100 120 140 160 180 200 220 240 260
g) Citral (7)
100 05,0855 135.1162
3
2 "
5807 cl (M-H,04H)
5 60
S 40
[ [M-C4HgO+HJ* | [M-C,HsO+H]* [M+O+H]"
2 1531266
s 810701 | 1070893 169.1214
14 . 1 | | | |
L e e
60 80 100 120 140 160 180 200 220 240 260
h) B-Citronellol (8)
L 100 95.0858
g g0 [CHI* [M-H+H]*
3
2
60
3 [M-CyHyO+HI* | M-CoHg+H]*
g 40 1130062 [M-HO+H]"
£ 83.0859 157 1554 M2HYOHI®
2 69.0705 ‘ toraz2 173.1533
i 1 1 ! |
B — T —
60 80 100 120 140 160 180 200 220 240 260

and (h) p-citronellol 8. Light blue lines indicate theoretical position
of the [M+H]" peak. Identified fragments are assigned based on the
monoisotopic mass M or by giving their formula

@ Springer



4620

Heffernan D. et al.

Table 2 Best and most

. . No Best m/z Adduct Most intense m/z Adduct
intense m/z values of all eight
fomﬁound& Ehe term “Best’ 1 131.1067 [M+H]* 71.0861 [M-C,H,0,+H]*
e o henestene 3 g e
(unique, not present in other 3 165.091 [M+H]* 105.0698 [M-C,H,0,+H]*
compounds). Full table of all 4 121.0647 123.0804 [M-2H+H]*" [M+H]*" 105.0698 [M-H,0+H]*
observed major m/z signals is 5 103.0753 [M-2H+O-+H]*
shown in Table 54 6 89.0597 [M-+H]* 61.0289 Acetate

7 153.1266 [M+H]* 135.1168 [M-H,O+H]*

8 157.1587 [M+H]* 95.0855 [M-C;H,,O+H]*

133% of the fragment ion at m/z 105. We also see a relative
increase of the protonated ion for compound 7 on the lowest
concentration sample. However, negative influence towards
the pseudo-molecular peak is observed for compound 2 for
the loss of H, (m/z 117 =>» 115), compound 5 (m/z 89 =>
61), and fragmentation paths m/z 157 => 95/137/173 for
p-citronellol (8) (Table 3).

A large proportion of ions observed from compounds
1-8 showed background interference through isobaric spe-
cies. While higher concentration standard solutions showed
orders of magnitude higher signal than the interferences, in
case of the lowest analysed concentrations (2—4 pM range),
signal was frequently indiscernible from background and
thus limiting achievable detection limits. Particularly strong
background was detected for ethyl acetate (6) and 2-phenyl
ethanol (m/z 121.0647, 4), both showing background signal
in the range of >1E6 absolute intensity. Thus, we have tested
the influence of an alternative atmosphere (Nitrogen N5.0)
on the background contaminants relevant for this study, even
though this reduces the ambient characteristics of DBDI.
Comparison of spectra of both backgrounds is shown in
Figure S3. While nitrogen-enriched atmosphere led to the
appearance of other background peaks, overall, a significant

Table 3 Ratios of parent peak compared to the observed peaks at
three different dilutions of pure standard. Only those compounds are
included here that showed a quasi-molecular peak at [M+H]* and
ions not strongly affected by background signals

Percent parent peak at dilution

No Mass ratio 1 0.09 0.081
1317261 222% 306% 12037%

2 117/115 132% 36% -
117/233 114% 196% 14335%

3 165/105 0.3% 0.2% 133%
153/169 506% 2231% 212%
153/135 15% 34% 148%
153/95 16% 15% 49%

8 157/173 157% 478% 210%
157/137 191% 263% 24%
157/95 36% 38% 18%

@ Springer

reduction in background levels was observed for all relevant
ions (see Table S5), with the majority of peaks reducing
in intensity by more than a factor of 10. No reduction in
formation of oxygenated species in compounds 7 and 8
were observed. We performed MS/MS of these background
interferences and compared them to the MS/MS spectra of
peaks observed in our standard solutions. We found a range,
but not all of them, to be identical as it is summarised in
Table S5.

Comparison of different experimental setups

Methods A and C frequently led to the plasma extinguish-
ing, either because the headspace was exhausted (method
A) or the syringe content inserted too quickly (method
C). A feasible injection speed in method C was 0.5 mL/
min, which however, did not result in a good MS response
for analysis. Resulting total ion chromatograms of these
setups are shown in Figure S2. Good and sustained sig-
nal was observed for methods A and B while signal was
not continuous and its appearance was highly compound
dependent in method C. Method A led to short signal
instabilities shortly after tube insertion. After sampling,
sustained carry-over was observed for method A, espe-
cially for compounds 7, 8, and 4, showing stable analyte
levels post analysis for several minutes. No carry-over
was observed for method B. Ambient sampling was found
to yield the lowest standard deviations for all setups (see
Table S6), ranging from 8 to 20% for the different com-
pounds in standard mix 1.

Analysis of the linearity of the data

Saturation effects were seen if the integral of the entire
sampling duration of 5 min was formed for the highest
concentration point for all standards, resulting in R* values
ranging from 0.7986 to 0.9766 (see Fig. 2a). If the high-
est concentration point is omitted, R* values improved,
ranging from 0.9478 to 0.9989 (see Fig. 2b); however,
saturation was still observed in the case of compounds
4 and 6. Linear ranges deducted from data shown in
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Table 4 R? values for linearity Intervals 1 2 3 4 5 6
of the calibration curves in miz 131.1067 117.091 165.091 121.0647 103.0753 89.0597
dependence of the different 0-30s 0.9808 0.9650 0.9649 0.8406 0.9649 0.8290
30-s time intervals over the 30-60 s 0.9978 0.9942  0.9928 0.8995 0.9928 0.8562
5-min measurement duration. 60-90 s 0.9977 0.9912 0.9912 0.8452 0.9912 0.7877
Highlighted in green are R 90-120 s 0.9906 0.9970  0.9989 0.9238 0.9989 0.8707
values > 0.99 (or the best value) 120-150s  0.9724 0.9832  0.9897 0.9236 0.9897 0.9540
150-180s  0.9691 0.9791 0.9856 0.8943 0.9856 0.9710
180-210s  0.9555 0.9649  0.9745 0.9357 0.9745 0.9917
210-240s  0.9481 0.9567  0.9680 0.8879 0.9680 0.9977
240-270s  0.9457 0.9541 0.9644 0.8476 0.9644 0.9986
270-300 s 0.9449 0.9538  0.9640 0.8476 0.9640 0.9993

Fig. 2a, b are given in Table S2. While the upper limit
of linearity is given by the highest linear datapoint, the
lowest limit is determined by the lowest concentration
tested (0.0081-dilution, 2—-4 pM based on compound).
Next, we assessed the signal stability and the linearity of
the concentration curve over different 30 s time intervals
of overall 5-min sample introduction duration. The radar
plots in Fig. 2c—f show relative compound abundance over
the 5-min sampling period divided into 30 s intervals for
different standard dilutions. The highest signal intensities
were obtained for all compounds in the earlier time ranges
from O to 90 s. This effect is stronger for compounds 1
and 2 than for compounds 3—-6. Compound 4 stands out
as it showed particularly stable signal intensities over a
sustained period of time at all dilutions. Compounds 5 and
6 show a decrease in signal stability with time especially
moving from 0.3- to 0.09-dilution. This coincides with
a shift into the linear range for both compounds. Radar

120.0% 120.0%
a) b)
100.0% P - } 100.0%
I .
2 80.0% L et 80.0%
£ 2 :
§ i 1 ) 98
£ T L
s 600% [ 1 £ 60.0%
s> |
= L %
© 40.0% ' 20.0%
i |
& $ 4 =0.9946
20.0% £. i 20.0%
.
§
AT 5
00% &* 0.0% 8
0 01 02 03 04 05 06 07 08 09 1 0
Dilution
¢) 0.3 dilution d) 0.09 dilution

270-300's
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Fig.2 a, b Calibration curves starting at stock (5 pL./100 mL) and 0.3
dilution solution of standard mix 1, respectively. Curves were con-
structed from the integral over the whole 5-min (300 s) measurement

e) 0.027 dilution

270-300s

240-270s

210-240s

180-210s

shapes displayed in Fig. 2f (dilution 0.0081) show a shift
towards more sustained signal in case of several com-
pounds due to the inability to distinguish these signals
from isobaric background interferences. Comparing signal
stability over time to compound properties such as boiling
point, vapour pressure, and vapour density does not lead to
any correlation with the observed behaviour.

The linearity of the calibration curves when plotted
over data obtained from the different 30 s time intervals
was assessed via the respective R* values for the individual
standard compounds. Consistently high R values > 0.95
over all time intervals were seen for all compounds except
compounds 4 and 6 (Table 4). A dependence on the analy-
sis time with specific optima however was observed for all
compounds. While compounds 1, 2, 3, and 5 were found
to be most linear within the ranges between 30 and 120 s,
compound 4 was found most linear in intermediate times
of 90-210 s while compound 6 was found to behave most

e 1 Isopentyl acetate
o 2 lsobutyl acetate

3 2-phenethyl acetate

4 2-phenyl ethanol
e 5 2-methyl-1-butanol
o 6 Ethyl acetate

R?=0.9961

0.05 01 015 02 025 03
Dilution

) 0.0081 dilution

270-300s N, 30-60s

——1 Isopentyl acetate

60-90s 240-270s 60-90s

~—2 Isobutyl acetate
3 2-phenethyl acetate
4 2-phenyl ethanol
5 2-methyk-1-butanol

90-120s  210-240s 90-120s

——s Ethyl acetate

120-150's 180-210s 120-150s

150-180s

150-180's

duration. c—f Radar plots showing ion intensities over measurement
duration in intervals of 30 s for concentrations of (¢) 0.3, (d) 0.09, (e)
0.027, and (f) 0.081 dilution
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linearly in the later time points, improving significantly after
180 s. Notably, all compounds showed an increase in linear-
ity from 0-30 s to 30-60 s windows for data extraction.

Optimisation of the equilibration parameters

We have started the optimisation of the equilibration tem-
perature with an equilibration duration of # = 30 min. A
strong compound-specific effect was seen for equilibration
temperature, with no single best temperature suitable for all
compounds (see Figure S4a). While most compounds gener-
ally showed higher intensities at higher temperatures, several
compounds showed an optimum at moderate temperatures,
with further increase even leading to inferior intensities than
were observed at room temperature (compounds 2, 4, 5, and
6). The highest summed relative intensities constituting the
best compromise were found for 60 °C (see Figure S4b).
Thus, we have next performed the determination of optimum
extraction time at 7= 60 °C (see Fig. 3a).

An improvement with equilibration time was seen espe-
cially for compound 1, while the picture is more mixed for
all other compounds (see Fig. 3b). Compounds 4, 6, and 8
behave similarly, preferring short equilibration times while
compounds 2 and 5 preferred the longest time point. How-
ever, for all compounds and at all time points, relative ion
intensity is above 80%. The summed relative ion intensities
(from 0 to 100%) for all standards were indeed comparable
for all time points, worst for 30 min, identical for 15 and 45
min, and best for 60 min (see Figure S4b). As intensities
however were consistently high at all time points, we have
chosen 15 min as best compromise between high throughput
and sensitivity. The respective temperature dependence at ¢
= 15 min can be found in Fig. 3a (summed ion intensities in
Figure S4c). At t = 15 min, compounds 1 and 2 show maxi-
mum intensity at 7 = 60 °C while all other compounds apart

Fig.3 Dependence of signal

intensity in 30—60-s interval 1a0%
with regard to equilibration time 120%
and temperature. a Tempera- 100
ture dependence at 20, 40, 60, 8%
70, and 80 °C (at t = 15 min). o
b Time points: 15, 30, 45, 60 R

min (at T = 60 °C)

Isopentyl acetate (1)

from compound 8 lie above 80% of the maximum observed
intensity.

Analysis of fungal cultures

Due to these reasons, our final VOC screening method
involved incubation at 60° for 15 min using direct introduc-
tion into the ion source at positive ion mode for 60 s. Data
extraction for analysis is between 30 and 60 s analysis time
only. We subsequently used this method to study 13 fun-
gal cultures and 3 medium blanks from 3 different complex
culturing media, potato medium with 4 g/LL (medium A) or
20 g/L potato extract (medium B), as well as YPD with 10
mg/L yeast extract and 20 g/L peptone (medium C), all sup-
plemented with 2% glucose.

We assessed the production levels of the standard com-
pounds within these 13 fungal strains using the ambient
sampling approach. Production of aroma compounds was
seen in all media, with best production media being com-
pound and strain-specific (see Fig. 4a—g). Clear increases in
fungal cultures vs medium background were observed for
compounds 1, 2, 5, and 6. Less clear differences were found
for compounds 3, 4, and 8 where changes between cultures
and medium are smaller (<10-fold). Good producers for
a compound could however still be clearly distinguished.
The described workflow enables the choice of best strains
and culturing media for each standard compound for opti-
misation of culturing conditions for most efficient aroma
compound production. Strains DSM 1130, Ceratocystis
sp. isolate C, and Ceratocystis sp. isolate D were efficient
aroma compound producers for compounds 1, 2, 5, and 6
(see Fig. 4h—k) compounds which are frequently produced
together by individual strains. The same strains, especially
Ceratocystis sp. isolates C and D, are not producing com-
pounds 8 and 3.

a) Temperature dependence at t = 15 mins
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Fig.4 a—g Extracted intensity values for compounds of interest
in 13 fungal cultures grown on three different media. Medium A:
potato medium with 4 g/L of potato extract, medium B: potato with
20 g/L of potato extract, and medium C: YPD with 10 mg/L yeast
extract and 20 g/L peptone; all media were supplemented with 2%

The analysis in all three different media was performed
twice, on different days and aliquots of the same cultures
to assess analytical reproducibility. A good correlation was
observed between both analytical replicates, with R? val-
ues ranging from 0.6559 to 0.919 (see Figure S5). It was
observed that among all three culturing media, data of sam-
ples grown in medium B showed a larger spread than those
grown in media A and C. Correlations with R? values >
0.8 were consistently observed for compounds that spanned
several orders of magnitude in intensity (compounds 1, 2, 5,
6, 8) while values below 0.8 were observed for those com-
pounds spanning a single order of magnitude only (com-
pounds 3, 4). This suggests that while the method is less
sensitive in distinguishing small intensity differences, it is
reliably and quickly detecting larger differences in produc-
tion levels.

Discussion

All compounds tested during this study could be ionised
with DBDI, with positive ion mode superior for detection
in all cases. However, the observed isobaric background
and complex ionisation behaviour including extensive

mz

glucose. h-k Positive ion mode spectra of selected fungal cultures
and background/medium using SICRIT. (h) Medium B control, (i)
Ceratocystis sp. isolate C, (j) DSM 1130, (k) Ceratocystis sp. isolate
D. Highlighted are positions of compounds of 1, 3-6, and 8

fragmentation on even this comparatively small pool of
VOCs might potentially seriously restrict the application
of the SICRIT technology for direct, untargeted VOC
profiling using a Thermo Q-Exactive instrument. Com-
pound 7 for instance cannot be determined in presence of
compound 8 as it shares all fragments with compound 8.
It requires knowledge of the spectral appearance of each
compound in isolation in order to determine the most
abundant and the most specific peaks, which frequently are
not the same m/z species. This is particularly clear in cases
of compounds 3, 4, 5, 7, and 8, for which the base peak
is in most cases a smaller mass weight fragment or in the
case of compound 5 an oxidation product. Further com-
plicating this matter is the fact that many fragment peaks,
even in this small pool of aroma compounds, were not
specific. This results in a need to know all fragmentation
peaks and possible source compounds before embarking
on untargeted analysis. Observed fragments and adducts
were produced in a concentration-dependent manner; how-
ever, this did not seem to interfere with the detection of
the peak best suited for identification as listed in Table 2.
In addition, transesterification was observed in the form
a signal at m/z 75 which was ascribed to a transesterifi-
cation product in which the ethyl- and isobutyl-residue
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of compounds 6 and 2, respectively, is replaced with a
methyl-group. Although transesterifications are usually
catalysed through strong acid or bases, we have analysed
the same compounds in pure aqueous solution and found
the signal for the methyl acetate (m/z 75) only in those
samples that contained added methanol (see Figure S6).
Alcoholic solutions are thus better avoided if esters are to
be analysed using DBDI. In general, we have observed that
functional groups such as aliphatic hydroxyls and carbon-
yls seem prone to water loss as well as addition of oxygen
(often under loss of H,). Detection limits were in the lower
pM range for all compounds, largely determined by high
levels of isobaric background interferences. The use of a
controlled background atmosphere (like nitrogen or syn-
thetic air) is expected to lead to a reduction of background
interferences and thus detection limits by at least an order
of magnitude for most compounds.

We have tested three different experimental proce-
dures for introduction of the headspace into the DBDI ion
source, using either a tube (A), a syringe (C), or ambient
sampling (B). Method B was chosen to be developed fur-
ther during this study as it exhibited the best reproduc-
ibility among all setups tested, lowest carry-over, and the
highest degree of simplicity. Ambient sampling was the
only method that swiftly returned to background levels
after analysis, a feature that is important to enable high
sample throughout. Extended carry-over, especially for
compounds with high boiling points (above 200 °C), was
seen in any setup involving even just short transfer lines of
polymer or metal. This phenomenon might be overcome
by using heated transfer lines; however, building a fully
optimised heated setup with controlled background atmos-
phere was beyond the scope of the current study which was
aimed at testing DBDI under simplified conditions for the
high-throughput, first-tier screening of fungal aroma com-
pounds. Using this setup, direct analysis by DBDI using
the SICRIT source proved capable of analysing aroma
compounds in a very simple and fast manner. With the
exception of the highest concentration points (5 pL./100
mL), data was found largely linear, enabling comparison
of relative abundances between samples for qualitative
analysis. Initially, sampling was performed over a 5 min
period to investigate how stable the signal is over time
and whether this effect is concentration dependent. All
compounds at all dilutions showed highest signal intensi-
ties in the range of 0-90 s before signal decreased over
the remaining time course (with the notable exception
of compound 4 which remained at stable levels over the
entire time period tested). We tested the linearity of the
data in 30 s intervals and found the best results for the
majority of the compounds for the time period between
30-60 s. Thus, in order to generate a short analysis method,
data analysis for 1 min followed by data extraction in the

@ Springer

interval of 30-60 s was chosen for data extraction in fur-
ther experiments.

Although the final overall method duration was 5 min
(1 min background, 1 min ambient sampling, 2 min back-
ground), an overall shortened method of 2 min/sample seems
to be feasible due to the absence of carry-over using the
ambient sampling setup. Stationary equilibration of as lit-
tle as 15 min at 60 °C was sufficient to achieve good signal
intensities for all standards. Compounds with lower boiling
points (1, 2, 5, 6) generally show less temperature depend-
ence than those compounds with high boiling points (> 200
°C). Although several compounds showed highest signal
intensities at # = 15 min at the highest temperatures used for
equilibration (7' = 80 °C), some showed a decrease in inten-
sity beyond T = 60 °C, possibly suggesting thermal break-
down of compounds. Due to the unknown and heterogenous
nature of the fungal samples being studied and the overall
aim being the development of a rapid ultimately untargeted
screening method, we have decided that for us 60 °C at ¢
= 15 min represents the best and most widely applicable
compromise in equilibration conditions. However, in order
to obtain optimum conditions for a targeted analyte, equili-
bration temperature and time have to be optimised including
temperatures going beyond 80 °C.

Having determined that we can gain qualitative informa-
tion and are working within the linear range of the com-
pounds with our methods tested, we have subsequently
deployed it to analyse samples of 13 fungal strains in three
different culturing media for the medium with the best pro-
duction levels of aroma compounds. The only sample prepa-
ration performed was a filtering to remove the fungal mycel.
As such, the analysed sample contains the media base as
well as all secreted fungal natural products. Supported by
our optimisation of the equilibration phase, we opted to keep
the incubation temperature at moderate temperatures and
times to bring as much VOCs as possible to the gas phase
while at the same time not damaging temperature-sensitive
compounds. Literature reports have used temperatures as
low as 40 °C; this might however decrease the detection of
low-level compounds. As the aim of the current study was to
develop a fast aroma compound screening method, we have
not normalised our data to the amount of fungal biomass.
Instead, all fungal strains were cultured under identical con-
ditions. The growth morphology for the tested fungal species
is different based on the strain within the same medium, and
so is their biomass and natural product secretion. In addi-
tion, production levels of aroma compounds might not be
linearly related to fungal biomass. DBDI offers a feasible
solution to determine the optimum culturing conditions for
the amount of volatile production in a given liquid volume.
Thus, DBDI could be a valuable tool to determine these
complex relationships of culturing conditions, fungal bio-
mass, and aroma compound production in a high-throughput
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fashion as compared to the standard GC-MS analysis. Once
promising culturing conditions are identified, these can be
subjected to second tier, more detailed characterisation using
GC-MS.

We have analysed the fungal cultures in independent trip-
licate runs and found good agreement between relative abun-
dances of the different replicates of the same samples. Better
correlation was observed for such samples that span more
than one order of magnitude in intensity values, indicating
good sensitivity to distinguish large differences in produc-
tion levels whereas small differences are distinguished with
less sensitivity. The latter is the case with m/z 165 and m/z
123, both of which are low relative abundance fragments and
close to atmospheric background interferences.

The sample draw for the SICRIT method, 18 mL gas
phase, is much higher than the one available for GC-MS
measurement with 0.5 mL injection volume. Therefore, we
expect DBDI to be able to detect low-intensity VOCs, which
might not be visible with the common GC-MS method at the
same sample volume and treatment temperature. LODs are
currently restricted due to high background interferences;
however, a preliminary experiment deploying a Nitrogen
N5.0 atmosphere suggests that for most compounds, an
increase by an order of magnitude or more can be achieved
using a purified atmosphere. However, more analysis and
method development needs to be performed to transform
this method into an untargeted screening method by identify-
ing more fungal aroma compounds and characterising their
ionisation behaviour as we have observed frequent fragmen-
tation among our studied analytes.

Conclusion

We tested a dielectric barrier discharge plasma source con-
nected to an Orbitrap mass spectrometer with direct sam-
pling as a novel method for the rapid analysis and screening
of volatile aroma compounds in the headspace of fungal
samples. This method showed good reproducibility with
the limit of detection being in the lower pM range for all
compounds. DBDI is shown to be a potentially useful tool in
the large-scale screening of culturing conditions to achieve
maximum volatile production in a fixed liquid volume. For
our compounds of interest, we have found isobaric species
detected in the background and observed complex ionisation
and adduct formation behaviour in the ion source. While
these points make this method currently unsuitable for the
untargeted analysis of the VOCs found in the fungal head-
space, a recent publication described that changes to the
atmosphere have been shown to affect ionisation behaviour
[57] to some extent. However, clear differences in the aroma
compound production among our studied cultures were
clearly visible and reproducible, indicating that with more

database building to characterise spectral profiles of aroma
compounds of interest, this method might have a place in
biotechnological laboratories as high-throughput and easy-
to-use method for culture condition optimisation.
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