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Isotope-Guided Metabolomics Reveals Divergent
Incorporation of Valine into Different Flavor Precursor
Classes in Chives
Ricarda Freke+,[a] Björn Heinemann+,[b] Samuel Edward Hakim,[c, d] Claus-Peter Witte,[e]

Marco Herde,*[e] Tatjana M. Hildebrandt,*[b] and Jakob Franke*[c, d]

Plants of the genus Allium such as chives, onions or garlic
produce S-alk(en)yl cysteine sulfoxides as flavor precursors. Two
major representatives are S-propenyl cysteine sulfoxide (iso-
alliin) and S-propyl cysteine sulfoxide (propiin), which only differ
by a double bond in the C3 side chain. The propenyl group of
isoalliin is derived from the amino acid valine, but the source of
the propyl group of propiin remains unclear. Here, we present
an untargeted metabolomics approach in seedlings of chives
(Allium schoenoprasum) to track mass features containing sulfur

and/or 13C from labeling experiments with valine-13C5 guided by
their isotope signatures. Our data show that propiin and related
propyl-bearing metabolites incorporate carbon derived from
valine-13C5, but to a much lesser extent than isoalliin and related
propenyl compounds. Our findings provide new insights into
the biosynthetic pathways of flavor precursors in Allium species
and open new avenues for future untargeted labeling experi-
ments.

Introduction

As the major stable flavor precursors of onions, garlic, leek,
chives and related species of the genus Allium, S-alk(en)yl
cysteine sulfoxides are prime examples of plant natural
products with almost daily relevance to humans. The four most
common representatives are S-allyl cysteine sulfoxide (alliin, 1),
S-trans-prop-1-enyl cysteine sulfoxide (isoalliin, 2), S-propyl

cysteine sulfoxide (propiin, 3) and S-methyl cysteine sulfoxide
(methiin, 4; Figure 1).[1,2] Allium plants containing alliin (1)
typically produce no or only trace amounts of isoalliin (2) and
vice versa.[3] In addition, S-ethyl cysteine sulfoxide (ethiin, 5) and
S-butyl cysteine sulfoxide (butiin, 6) occur in few Allium species
as minor components.[2] The molecular mechanisms by which
these compounds are activated by the enzyme alliinase to
produce volatile sulfur flavor compounds that exert various
biological effects are already well understood, thanks to
decades of vigorous investigation.[2,4–6] In contrast, how these
flavor precursors are produced in Allium plants is only partially[a] R. Freke+
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Figure 1. Biosynthesis of the flavor precursor S-alk(en)yl cysteine sulfoxides
1–6 in Allium plants. The C3 side chains of alliin (1) and isoalliin (2) are
derived from valine (8), but the link to the saturated analog propiin (3) is not
yet clear. The conversion of valine (8) to the C3 side chains of alliin (1) and
isoalliin (2) probably involves 2-carboxypropyl key intermediates such as 2-
carboxypropylglutathione (11).
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understood. Based on labeling experiments with radioactively
labeled amino acids, it was established that all of these
compounds are derived from the sulfur-containing amino acid
cysteine (7) as the source of sulfur and part of their carbon
backbone (Figure 1).[2] The allyl/propenyl side chains of alliin (1)
and isoalliin (2) were traced back to the amino acid valine (8).[2,7]

Modified glutathione-like and glutamyl peptides were identified
as putative key intermediates in the pathway.[8–10] The trans-
formation of valine to the C3 side chain likely involves addition
of the valine catabolism intermediate methacrylyl-CoA (9)[11] to
glutathione (10) to yield S-(2-carboxypropyl) glutathione (γ-
Glu� Cys(CP)� Gly, 11); this intermediate is then hypothesized to
undergo an unusual oxidative decarboxylation towards alliin (1)
or isoalliin (2).[8,12–14] In contrast, the biosynthetic origin of the
propyl side chain of propiin (3) remains unclear.[2,7] In light of
the structural similarity to alliin (1) and isoalliin (2), it has been
proposed that the propyl side chain of propiin (3) is obtained
by reduction of allyl or propenyl side chains of alliin (1), isoalliin
(2) or their precursors, and hence is ultimately also derived from
valine (8). However, the enzymatic hydrogenation of C=C
double bonds with limited activation is biosynthetically unusu-
al. Also, the existence of the other saturated S-alkyl cysteine
sulfoxides methiin (4), ethiin (5) and butiin (6), whose origin
from γ-Glu� Cys(CP)� Gly (11) is improbable, raises the question
if there is a different biosynthetic route to propiin (3) and other
S-alkyl cysteine sulfoxides.
In recent years, advances in mass spectrometry and

metabolomics have revolutionized the way how complex
metabolite mixtures and metabolic pathways can be
investigated.[15–19] Previous studies used high resolution metab-
olomics to identify sulfur-containing metabolites in Allium
plants;[20,21] universal 13C-labeling was employed to determine
the elemental composition of unknown ions.[22] Similar strat-
egies were also applied to other plants to identify metabolites
containing sulfur or nitrogen in an untargeted manner.[23,24]

However, so far no selective stable isotope labeling experiments
combined with untargeted metabolomics were conducted to
shed light on S-alk(en)yl cysteine sulfoxide biosynthesis in
Allium plants. Here, we developed an untargeted metabolomics
workflow to investigate S-alk(en)yl cysteine sulfoxide biosyn-
thesis in seedlings of chives (Allium schoenoprasum). We

demonstrate how untargeted isotopolog detection enables the
reliable detection of mass features that natively contain sulfur,
incorporate13C carbon labels from fed valine-13C5, or a combina-
tion of both in a quick and unbiased manner. With this
approach, we prove that the propyl side chains of propiin (3)
and four other propyl-bearing metabolites are indeed derived
from valine, but surprisingly the incorporation of labeled
carbons was much weaker compared to isoalliin (2) and the
four other corresponding propenyl analogs. As such, our
findings shed new light on the biosynthetic relationship of the
flavor precursors isoalliin (2) and propiin (3) in Allium species,
and our untargeted labeling method sets the basis for future
pathway elucidation.

Results and Discussion

To develop a workflow for untargeted investigation of S-
alk(en)yl cysteine sulfoxide biosynthesis in Allium species, we
first set out to establish an in vitro culture system that permits
facile feeding of stable isotope-labeled precursors via the
medium. Previous studies were based on excised garlic roots or
full onion plants,[13,14,25] but these approaches were not consid-
ered as ideal for labeling studies due to the relatively large
biomass involved, requiring unnecessarily large quantities of
labeled substrates. Instead, we first attempted to employ a
callus culture of onions as our model system. Although we
succeeded in the generation of an onion callus culture, no alliin
(1) or isoalliin (2) could be detected in extracted calli. This
finding is in agreement with observations by others,[26–29] and
excluded onion callus cultures as a suitable model system,
despite their ready availability. We therefore turned our
attention to seedlings obtained by in vitro germination. Due to
the good availability of seeds, we selected chives (A. schoeno-
prasum) as our model system. Gratifyingly, chive seeds germi-
nated readily in liquid as well as solid Murashige & Skoog (MS)
medium. Further experiments were performed in liquid MS
medium, as it allowed easier handling and substrate feeding.
Chive seeds started to germinate at around 3 days post
inoculation (dpi), and seedlings were afterwards grown for up
to 28 days (31 dpi). The presence of isoalliin (2) as the major
cysteine sulfoxide between 10 dpi and 24 dpi was confirmed by
LC-MS (Figure S1 in the Supporting Information). As the seed-
lings started to outgrow the liquid medium after 18–19 dpi, it
was decided to harvest further samples at 17 dpi. Taken
together, this suggested that chive seedlings are indeed a
suitable model system to investigate S-alk(en)yl cysteine
sulfoxide biosynthesis.
Next, we wanted to establish an untargeted metabolomics

approach that can automatically identify sulfur-containing
metabolites based on the presence of 34S isotopologs (Figure 2).
This is made possible by state-of-the-art mass spectrometers
that provide sufficiently high spectral resolution to allow
distinguishing 13C2 and

34S isotopolog peaks.[19] Measurements
with an Orbitrap mass analyzer at a spectral resolution of
140000 provided baseline resolution of 34S and 13C2 peaks up to
m/z 396, corresponding to one of the largest known metabo-
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lites of the pathway (Figure S2). To ensure that also the
chromatographic separation was suitable for analysis of highly
polar metabolites, we used a C18 column with polar endcapping.
Indeed, with this column and an optimized chromatographic
method starting at 100% water, we achieved good separation
of the major, highly polar sulfoxides isoalliin (2), propiin (3) and
methiin (4; Figure 3). We then developed a custom R script
based on previous work by Nett et al.[32] to automatically
identify sulfur-containing mass features based on the following
criteria: 1) Co-occurrence of a coeluting feature shifted by Δm/z
1.9958, corresponding to an 34S instead of 32S isotope signature.
2) An intensity ratio of both mass features close to the natural
isotope abundance of 95.0%/4.3% (or multiples of this value in
the case of multiple sulfur atoms). Mass features were identified
using the XCMS package,[30] followed by deconvolution with
CAMERA[31] to reduce redundancy from adducts and undesired
isotope peaks. Then, a pairwise comparison of all mass features
following the strategy by Nett et al.[32] was performed to extract
features exhibiting the desired mass shift and intensity ratio.
After individual optimization of parameters and thresholds for
XCMS and isotope filtering, we detected 162 sulfur-containing
features (Figure 3).
Next, we wanted to combine our metabolomics method

with selective stable isotope labeling to shed light on the
biosynthetic origin of propiin (3) in a global and untargeted
manner. From past experiments with radioactively labeled
valine it is known that the C3 side chain of alliin (1) and isoalliin
(2) is most likely derived from this amino acid via the
intermediate γ-Glu� Cys(CP)� Gly (11) and/or (2-
carboxypropyl)cysteine (Cys(CP)) (12),[2,10,14] but it is not yet clear
if there is also a link to propiin (3). We administered 1 mM
valine-13C5 to the culture medium after 10 dpi (i. e., 1.2 mg per
10 mL culture). Labeled cultures as well as unlabeled control
cultures were harvested at 17 dpi and analyzed by LC-MS
(Figure 2). We adjusted our R script to not only search for sulfur-
containing metabolites, but likewise to detect co-eluting mass

features with a mass shift of multiples of Δm/z 1.0034,
corresponding to the mass difference between 13C and 12C. This
resulted in 366 features suggestive of isotope labeling events,
either because heavy features appeared in labeled samples that
were absent in unlabeled samples, or because heavy features
were at least tenfold enriched in labeled samples compared to
unlabeled samples. To link mass features from our metabolo-
mics study to metabolites, we identified putative sum formulas
and searched for potentially matching metabolites from
previous studies on Allium metabolites and in Reaxys. Wherever
possible, metabolites were verified by comparison of retention
times and MS/MS spectra to authentic reference compounds
(Table S1). To provide structural support for metabolites with-
out available reference compounds, we harnessed parallel
reaction monitoring (PRM)[33] based on an inclusion list of about
60 prioritized ions to obtain MS/MS spectra of key metabolites.
This enabled us to successfully obtain reliable MS/MS spectra
even for low abundance ions and labeled isotopologs from
crude Allium extracts (Figures S3–S25). In total, we could
confidently identify 23 metabolites (Figure 3 and Table S2).
These included the following groups of metabolites: (Group I)
Cysteine sulfoxides isoalliin (2), propiin (3) and methiin (4) as
well as the deoxy precursors deoxyisoalliin (Cys(Propenyl) (13)
and deoxypropiin (Cys(Propyl)) (14); (group II) glutamyl
peptides[9] γ-Glu� Cys(Propenyl) (15), γ-Glu� Cys(Propyl) (16), γ-
Glu� Cys(Propenyl) sulfoxide (17) and γ-Glu� Cys(Me) (18);
(group III) 2-carboxypropyl intermediates γ-Glu� Cys(CP)� Gly
(11),[14] Cys(CP) (12)[14] and Cys(CP)� Gly (19);[20] (group IV) path-
way-related disulfides[20] Cys(SPropenyl) (20), Cys(SPropyl) (21),
γ-Glu� Cys(SPropenyl)-Gly (22) and γ-Glu� Cys(SPropyl)� Gly (23);
(group V) labeled primary metabolites linked to valine metabo-
lism, that is, valine (8), leucine (24), pantothenic acid (25) and
pantetheine (26); (group VI) unlabeled sulfur metabolites
glutathione (10), methionine (27) and methylthioadenosine
(28). Methiin (4) was found as a sulfur-containing metabolite,
but did not show any carbon enrichment from labeling.

Figure 2. Experimental workflow for stable isotope labeling and metabolomics of chive (A. schoenoprasum) seedlings. Samples were analyzed by LC-MS-based
untargeted metabolomics using XCMS[30] and CAMERA[31] to identify features containing sulfur and/or incorporating carbon from 13C-labeled precursors (here:
valine-13C5) based on their isotope signatures.
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Importantly, the top hits from our labeling dataset included the
expected +3 labeling event for isoalliin (2), but also +3 label-
ing of propiin (3) (Figure 3). This finding supports the previous
proposal that propiin (3) follows the biosynthetic route of
isoalliin (2).[7] In addition, it shows that S-alk(en)yl cysteine

sulfoxides are actively produced in chive seedlings de novo and
not just obtained from seeds.
To get further insights into the connection between

propenyl- and propyl-containing cysteine metabolites, we next
analyzed the incorporation of 13C labels into the different
metabolites identified by us in more detail (Figure 4). Isotopo-

Figure 3. Identification of 23 metabolites from A. schoenoprasum by isotope-guided untargeted metabolomics. A) Cloud plot of mass features that natively
contain sulfur (triangle vs. circle) and/or incorporate 13C from valine-13C5 (green vs. gray). Compounds assigned to metabolites based on comparison to
authentic reference compounds or analysis of MS/MS spectra are highlighted in gold. The background shows a representative base peak chromatogram.
B) Structures of identified metabolites grouped by structural similarities or properties. Group I: Cysteine sulfoxides and deoxy precursors; group II: glutamyl
peptides; group III: 2-carboxypropyl (CP) intermediates; group IV: disulfides; group V: labeled primary metabolites related to valine metabolism; group VI:
unlabeled sulfur metabolites. Underlined metabolites were identified by using reference compounds; all other metabolites were supported by MS/MS data.
C) Venn diagram showing numbers of detected features containing sulfur and/or 13C labeling.
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log peaks were picked and integrated with XCMS to determine
and plot the isotope patterns in R. The robustness of this
approach was verified by inspection of extracted ion chromato-
grams (Figures S26–S30) and manual integration. The highest
isotopolog enrichment was found – not surprisingly – for valine
itself with 24.1% at +5. The three metabolites containing 2-
carboxypropyl (CP) groups, namely γ-Glu� Cys(CP)� Gly (11),
Cys(CP) (12) and Cys(CP)� Gly (19), showed +4 labeling events
at comparable intensities of 16.8%, 17.3% and 17.5%, respec-
tively. In addition, we compared five pairs of analogous
propenyl vs. propyl metabolites: 1) Isoalliin (2) vs. propiin (3);
2) deoxyisoalliin (13) vs. deoxypropiin (14); 3) γ-
Glu� Cys(Propenyl) (15) vs. γ-Glu� Cys(Propyl) (16);
4) Cys(SPropenyl) (20) vs. Cys(SPropyl) (21); 5) γ-
Glu� Cys(SPropenyl)� Gly (22) vs. γ-Glu� Cys(SPropyl)� Gly (23).
Strikingly, for most of these pairs the incorporation of +3 labels
was drastically lower for propyl compounds than for propenyl
metabolites, particularly for isoalliin (2; 11.9%) vs. propiin (3;
1.4%) and the glutamyl conjugates γ-Glu� Cys(Propenyl)
(12.5%) vs. γ-Glu� Cys(Propyl) (2.0%). For the immediate
biosynthetic precursors deoxyisoalliin (13, 15.3%) and deoxy-
propiin (14, 5.8%), this effect was less pronounced, but still

noticeable. Only for the disulfide metabolite pairs 20/21 and
22/23 were the differences small or negligible (9.4 vs. 4.8% and
9.0 vs. 7.9%, respectively). These labeling results indicate that –
even though there was clear incorporation of valine-13C5 into
propiin (3) and related propyl metabolites – the relationship
between isoalliin (2) and propiin (3) is more complex than
previously recognized.
Two main explanations are conceivable regarding the

differences in labeling efficiencies of propenyl and propyl
metabolites. First, the propenyl and propyl classes might
underlie different flux dynamics. This could occur if genes
specific for either propenyl or propyl metabolites are differ-
entially expressed, or if an enzymatic step required for propyl
metabolites but not for propenyl metabolites is a rate-limiting
step. For example, a putative reductase capable of reducing the
propenyl side chain to propyl could represent a bottleneck in
propiin (3) biosynthesis and limit the flux of valine to this
section of the pathway. This would lead to apparently lower
labeling rates in comparison to the background of unlabeled
metabolites accumulated before the feeding period. Second,
methacrylyl-CoA (9) derived from valine (8) might not be the
only or direct carbon source for propiin (3). In plants, valine (8)

Figure 4. Isotopolog analysis of labeled metabolites reveals different degrees of labeling between propenyl-containing metabolites 2/13/15/20/22 and their
propyl-bearing analogs 3/14/16/21/23. The bar plots show peak areas of +3/+4/+5 isotopologs (1.0034×n) relative to the main 12C isotopolog peak from
three replicate samples. Isotopologs not shown were not detected. Error bars are � standard deviation (n=3).
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is eventually degraded to acetyl-CoA following a route involving
multiple C3 (and C4) intermediates which overlap with other
metabolic pathways.[11] It is possible that not methacrylyl-CoA
(9) but a different intermediate with more links to other
metabolic pathways is the ultimate propyl carbon source for
propiin (3) and hence the flux of 13C label towards propyl
metabolites is more strongly diluted. Future labeling experi-
ments will be needed to clarify the exact biosynthetic relation-
ship between the metabolite classes represented by isoalliin (2)
and propiin (3), which will be strongly facilitated by the
untargeted metabolomics method presented here.
Previously described labeling setups for Allium plants were

based on excised roots, intact onion bulbs or full plants.[12,22] In
our in vitro germination system, labeled compounds are easily
administered by addition to the liquid medium, and only small
quantities in the range of 1 mg of labeled compound are
required due to the small size of chive seedlings and the
sensitivity of modern mass analyzers. Thereby, this approach
not only avoids the risks of working with radioactive substrates
employed previously,[8,10,14] but also provides an unbiased label-
ing picture at the full metabolome level. Compared to previous
labeling studies of this biochemical pathway,[12,14] our analysis
method also does not require any tedious purification of
labeled products, but directly operates on crude extracts. The
use of parallel reaction monitoring (PRM) enables MS/MS
measurements of low abundance ions including isotopologs,
which are very helpful for assigning mass data to metabolites.
Our workflow is therefore easy to perform experimentally,
accounts for minor components which could be overlooked
with traditional methods, and even provides direct structural
information thanks to MS and MS/MS spectra.

Conclusion

In summary, we have developed a facile metabolomics system
to probe the biosynthesis of S-alk(en)yl cysteine sulfoxides in
chive seedlings by isotope-guided untargeted metabolomics.
We show that the propyl chains of propiin (3) and related
metabolites incorporate carbon atoms from valine (8), but to a
much lower extent than their corresponding propenyl analogs.
These new insights into the relationship of propiin (3) and
isoalliin (2) together with our metabolomics method are an
important basis for further unraveling the biosynthesis of flavor
precursors of everyday relevance for human nutrition and
health in Allium plants.

Experimental Section
Plant material and in vitro germination: Seeds of A. schoenopra-
sum “Staro” were obtained from Little Plants (Germany). About 30–
50 seeds were sterilized in a microcentrifuge tube with 1 mL
ethanol by shaking for 5 min. Afterwards, the liquid was removed.
Then, 1 mL of a 6% NaOCl solution (v/v) was added and the mixture
incubated for 5 min with shaking. The liquid was removed again.
Finally, the seeds were washed 5× with 1 mL sterile ddH2O. The

seeds were kept in the fridge for 2 days to break their dormancy
before further use.

Seeds were germinated on liquid half-strength Murashige & Skoog
medium, prepared from 10 g/L saccharose and 2.2 g/L MS medium
(Sigma Aldrich, Germany) at pH 5.7–5.8. Ten seeds were placed per
10 mL culture medium in a 100 mL Erlenmeyer flask. The cultures
were incubated by shaking at 70 rpm in a phytochamber under
long-day conditions (16/8 h day/night cycle, temperature 22 °C,
70% humidity, light intensity 120 μmolm� 2 s� 1).

Stable isotope labeling experiments: l-valine-13C5 (99 atom%
13C,

97% purity) was obtained from Sigma-Aldrich. A stock solution of
100 mM valine-13C5 in ddH2O was prepared and sterilized by
filtration through a 0.2 μm syringe filter. Then, 100 μL of this
100 mM stock solution was added per 10 mL culture to achieve a
final concentration of 1 mM valine-13C5. The feeding was performed
10 days post inoculation (ca. 7 days post germination). Cultures
were incubated for further 7 days after feeding and harvested on
day 17 (ca. 14 days post germination) for LC-MS analysis.

Sample preparation for LC-MS: A. schoenoprasum seedlings were
collected in a sieve and washed twice with ddH2O. Then, the black
seed coats were manually removed. The seedlings were blotted dry
on tissue paper, flash frozen in liquid nitrogen and dried for 24 h by
freeze-drying on a Christ Alpha 1–2 LD+ (Germany). The dried
material was pulverized in a Retsch MM 400 bead mill (Germany)
for 60 s at 23.0 Hz with a Ø 7 mm steal bead. The powder was
stored at � 20 °C until LC-MS measurements. 3 mg of powdered
tissue was mixed with 100 μL methanol, centrifuged at 14000g for
5 min and the supernatant transferred to a glass vial for LC-MS
measurement.

LC-MS analysis and data access: For the chromatography a
Vanquish LC (Thermo Fisher) was used in combination with a Polar
C18 column (Kinetex 2.6 μm, 150×4.6 mm, Phenomenex) and a
matching security guard ultra cartridge (Polar C18, 4.6 mm, Phenom-
enex). Chromatographic parameters were: flowrate, 1 mLmin� 1;
column temperature, 35 °C; injection volume, 5 μL; mobile phase A,
water with 0.1% formic acid; mobile phase B, acetonitrile with 0.1%
formic acid. Gradient: 0 min, 100% A; until 4 min, 100% A; 4 to
8 min, 100% to 5% A; 8 to 12 min, 5% A; 12 to 12.5 min, 5% to
100% A; until 15 min, 100% A.

The metabolites were analyzed with an Orbitrap Q Exactive Plus
mass spectrometer (Thermo Fisher) at a resolution of 140000 in full
MS mode. Samples were measured in positive polarity mode.
Automatic gain control (AGC) target and maximum injection time
were set to 3×106 and 100 ms, respectively. The scan range was
60–900 m/z. The heated electrospray-ionization (ESI) source was
operated at 0 eV collision-induced dissociation (CID), sheath gas
flow 36, auxiliary gas flow 10, sweep gas flow 1, spray voltage
3.5 kV, capillary temperature 250 °C, S-lens RF level 50.0, and aux
gas heater 220 °C. Samples were first measured in full MS mode.
Subsequently, m/z values corresponding to major chromatographic
features with an isotopic fine structure indicating the presence of
the element sulfur or incorporation of 13C from valine-13C5 were
used for an inclusion list guiding the selection of precursors for MS/
MS experiments. Parallel reaction monitoring (PRM) was employed
for MS/MS measurements with an isolation window of 1.0 m/z, a
normalized collision energy of 35 V, an AGC target of 2×105 and a
maximum injection time of 100 ms. All source parameters were
identical to those described for the full MS experiment.

Metabolomics data have been deposited in the EMBL-EBI Metabo-
Lights database (DOI: 10.1093/nar/gkz1019, PMID :31691833) with
the identifier MTBLS6921. The complete dataset can be accessed
here https://www.ebi.ac.uk/metabolights/MTBLS6921.
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Preliminary low-resolution LC-MS analyses were performed on an
Agilent Infinity II 1260 system consisting of a G7167A autosampler,
G7116A column thermostat, G7111B quaternary pump, G7110B
make-up pump, G7115A diode array detector, G1364F fraction
collector, and G6125B single quadrupole mass spectrometer
equipped with an ESI source (positive mode, 4000 V, 12 Lmin� 1

drying gas, 350 °C gas temperature) using the same chromato-
graphic method and conditions as described above.

Isotopolog detection by untargeted metabolomics in R: RAW files
from Orbitrap measurements were converted into mzXML format
using MSConvert 3. 0.21105-a3d3afac6,[34] employing peak picking
using the vendor algorithm and filtering for MS level 1. Then, mass
features matching the mass differences of 34S/32S or 13C/12C were
identified using a custom R script with XCMS[30,35,36] based on scripts
by Nett et al.[32] and Baumeister et al.[15] Features were dereplicated
using the CAMERA package.[31] Our script is available on GitHub:
https://github.com/Franke-Lab/Allium-metabolomics.
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