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ABSTRACT: Recent advances in genome sequencing unveiled a large discrepancy between the genome-encoded capacity of micro-
organisms to produce secondary metabolites and the number of natural products (NP) actually detected in their extracts. In order
connect biosynthetic gene cluster diversity to NPs, common approaches include genetic manipulation of producers and diversifying
the cultivation conditions. However, the range of detectable metabolites is fundamentally limited by the applied analytical method.
In this work, we present a two-platform mass spectrometry analysis for the comprehensive secondary metabolomics characterization
of nine myxobacterial strains. We evaluated direct infusion (DI) measurements of crude extracts on a Fourier Transform lon Cyclotron
Resonance (FTICR) mass spectrometer and compared them to measurements conducted on a Time-Of-Flight (TOF) device coupled

to liquid chromatography (LC), a setup widely used in NP laboratories.
We demonstrate that both methods are likewise successful to detect
known metabolites, whereas statistical analysis of unknowns highlights
their complementarity: strikingly, 82-99% molecular features were only
found with one of the analytical setups. In addition, we evaluated NP
profile differences seen from our set of strains grown in liquid culture
versus their swarming colonies on agar plates. The detection of 21-96%
more molecular features when both liquid and plate cultures were ana-
lyzed (compared to only one of them) translates into increased chances
to identify new NPs. Determination of strain-specific compounds in
combination with GNPS molecular networking revealed strain Mx3 as
particularly promising in terms of isolation and structure elucidation of

novel secondary metabolites.

INTRODUCTION

There is an imminent threat emerging from antimicrobial re-
sistance development in microbial pathogens.* As the need for
novel antimicrobial lead structures is becoming more and more
urgent, natural product research is experiencing a resurgence.??
Complementary to well-studied microorganisms like strepto-
mycetes and bacilli, myxobacteria represent an ubiquitous but
yet underexplored source for natural products.*® Previously
identified and isolated myxobacterial secondary metabolites ex-
hibit a wide range of biological activities as well as intriguing
structural diversity.5*® Many of the compounds isolated early
on were identified by activity guided isolation, while genomics
and metabolomics driven approaches have recently come into
focus.?*¢ This is mainly caused by advances in sequencing
technology, as well as in silico annotation and predictions tools,
that supplied natural product laboratories with an unprece-
dented amount of ready to use genomic data*’*° These data re-
vealed that the number of biosynthetic gene clusters (BGCs) en-
coding secondary metabolites by far exceeds the amount of

compounds characterized to date.?>2* Common approaches to
access these “hidden” secondary metabolites include the activa-
tion or inactivation of underlying biosynthetic pathways. This
is attempted by changing the cultivation conditions, introducing
environmental challenges or by genetically manipulating the
strains.?2% While this relatively slow methodology has proven
to be successful for compound discovery, one often overlooked
limiting factor for compound detection and identification is the
analytical setup applied during microbial crude extract analysis.
Common analytical setups include liquid chromatography -
mass spectrometry (LC-MS), gas chromatography - MS (GC-
MS) and matrix assisted laser desorption ionization - MS
(MALDI-MS) based systems. LC-coupled time of flight (TOF)-
MS is among the most frequently used high resolution analyti-
cal setups in bacterial secondary metabolomics. The main ad-
vantages of TOF-MS are its high dynamic range, high sensitiv-
ity, high mass accuracy and easily established automation.?”-2
TOF mass spectrometers are also well suited to be coupled to
liquid chromatography due to their fast scan rates. This offers
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the advantage to link mass signals with LC retention times that
serve as an orthogonal identifier, which increases the confi-
dence of annotations and allows association of adducts based
on peak congruence.®32 Although this setup is capable of de-
tecting a wide range of microbial secondary metabolites, it has
some inherent limitations that need to be considered. The choice
of eluents as well as columns adds a discriminatory effect that
limits the detectable chemical space. An inadequate choice of
the chromatographic conditions can lead to the dilution of com-
pounds in the LC gradient, rather than the desired concentration
due to the chromatographic retention. To bypass these factors
mass spectra can also be generated using direct infusion into the
mass spectrometer (DI). In order to use DI-MS as a profiling
tool, mass spectrometers need ultrahigh resolution to differen-
tiate between near-isobaric substances.®® A Fourier transform
ion cyclotron (FTICR)-MS offers ultrahigh resolution as well
as a low limit of detection and high precision.® Nevertheless,
the ultrahigh mass accuracy of the system requires a slower scan
rate than TOF instruments which makes them less suitable for
LC-MS hyphenation. Therefore, direct infusion setups are a
plausible choice for FTICR instruments. While DI-FTICR ap-
plications remain underrepresented in bacterial secondary
metabolomics, there are several applications in fields ranging
from biomarker identification to petroleomics already utilizing
the strengths of DI-FTICR to rapidly and accurately analyze
complex mixtures.®° However, a drawback of DI-MS appli-
cations is the higher prevalence of ion suppression effects.*°
Moreover, the injection of complex mixtures like bacterial
crude extracts generates a dense ion cloud, which may cause
reduction in data quality due to so called space-charge-effects.
To minimize these effects in the FTICR cell, a spectral stitching
method as developed by Southam et al. can be applied. Herein,
the quadrupole incorporated in the device is used as an ion filter
for a specific m/z value range. The whole m/z range can thus be
divided into smaller segments, entering the FT-ICR cell one af-
ter another.*

Myxobacteria require complex cultivation media to grow,
which contain well ionizing molecules including a variety of
polar compounds and lipids. This may be one of the reasons
why LC-TOF is commonly employed as the analytical method
of choice. The LC method separates all components across a
polarity gradient, resulting in reduced ion suppression effects.*?
But when cultivated in rich and complex liquid media, the cul-
tivation conditions greatly differ from the ecological niche of

myxobacteria which are soil living organisms. A practical ap-
proach to cultivate myxobacteria under conditions that resem-
ble their natural habitat is to grow myxobacteria on agar plates.
This has a big influence on their unique morphology as they are
only able to form their characteristic fruiting bodies or show
their characteristic swarming behavior when grown on solid
medium.*® Those changes in phenotype are accompanied by im-
mense changes in the secondary metabolite profiles.*

This work aims at extending the detectable space of microbial
secondary metabolites, using the characterization of the metab-
olomes of nine different myxobacterial strains as an example.
Furthermore, we study the influence of different cultivation
conditions on the metabolites produced and herein evaluate the
possible impact of DI-FTICR as a hitherto non-standard analyt-
ical setup in bacterial secondary metabolomics research. In a
first step, we investigate the production of known myxobacte-
rial metabolites in the two different cultivation systems as well
as their detection using DI-FTICR and LC-TOF platforms. Sec-
ondly, all metabolites detected in our analyses are analyzed into
a non-targeted metabolomics workflow. MS/MS spectra in
combination with molecular networking are used to further in-
vestigate metabolites only detectable with one of the analytical
setups. The generated data is ultimately used to distinguish be-
tween primary and secondary metabolome.

MATERIALS AND METHODS

All materials, including the bacterial strains used for this anal-
ysis (as diverse set of representatives of different myxobacteri-
cal families), bacterial cultivation media, fermentation proto-
cols, related sample preparation and experimental procedures
are described in detail in the supporting information.

Cultivation and Sample Preparation. Myxobacterial strains
were cultivated in liquid culture as well as on agar plates using
CYH medium. All cultivations were done in biological tripli-
cates. Cells from the agar plate cultures were scraped off and
liquid cultures were centrifuged to separate cells and superna-
tant, respectively. Prior to extraction with methanol, the cell
pellets were lyophilized. Blank samples were generated by ly-
ophilizing and extracting the cultivation medium treated in the
same way as the bacterial fermentation cultures.

DI-FTICR and LC-TOF Analysis. All MS measurements
were performed in duplicates. DI-FTICR measurements were
performed using positive as well as negative ionization on the
Bruker SolariX XR 7T. Samples were diluted 1:200 with meth-
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Figure 1. General workflow (left side) and measurements conducted per strain (right side).



anol prior to measurements and the mass spectrometer was ex-
ternally calibrated to a mass accuracy below 1 ppm. The sam-
ples were injected with a preinstalled syringe pump at
2.0 pl/min flowrate. 110 scans were performed within 4
minutes accumulating for 150 ms. The total m/z range from
100-1500 was divided in eight segments that were later com-
bined to a full spectrum. Collision RF Amplitude was optimized
for each segment. The data size was set to 4 M with a 2 s tran-
sient. LC-TOF measurements were performed on a Dionex Ul-
timate 3000 SL system coupled to a Bruker maXis 4G
UHRTOF. The mobile phase consisted of (A) ddH.O with 0.1%
formic acid and (B) acetonitrile with 0.1% formic acid. For sep-
aration a linear gradient from 5-95% B in A on a Waters Ac-
quity BEH C18 column (100 x 2.1 mm, 1.7 pm d,) was used.
The flow rate was set to 0.6 mL/min and the column thermo-
stated at 45 °C. Extracts were diluted 1:20 prior to measure-
ments. The LC flow was split to 75 pL/min before entering the
mass spectrometer, which was externally calibrated to a mass
accuracy below 1 ppm. Mass spectra were acquired in centroid
mode ranging from 150-2500 m/z at a 2 Hz scan rate. Further
details of the analytical setups are described in the SI.

Statistical Analysis and Annotations. Statistical interpretation
for targeted and non-targeted metabolomics analysis was car-
ried out with MetaboScape 4.0 (Bruker). The minimal intensity
threshold for feature detection was set to 1.5 x 10* for DI-LC-
TOF data and 6 x 108 for DI-FTICR data. The maximum charge
was set to three (positive and negative) and the minimal group
size for creating batch features to five. Known metabolites were
annotated using an in-house database containing myxobacterial
secondary metabolites (Myxobase).

MS? Analysis and Molecular Networking. SPL-guided MS?
spectra were generated on the LC-TOF system using the same

chromatographic conditions as for MS measurements. For en-
hanced spectra coverage, a specified precursor list was used,
containing only features originating from the bacteria.*® MS?
spectra generated on the FT-ICR system were recorded manu-
ally and parameters were optimized for each precursor ion. A
complete list of CID energies can be found in the SI. MS? data
was uploaded to the GNPS server at the University of Califor-
nia, San Diego.*® The clustered dataset was visualized using Cy-
toscape 3.7.2.

RESULTS AND DISCUSSION

In order to extend the scope of detection for myxobacterial sec-
ondary metabolites, we generated a total number of eight differ-
ent analyses per strain (Figure 1). Each strain was cultivated in
liquid cultures and on agar plates. Subsequently, the two ex-
tracts per strain were measured on the two analytical systems
(LC-TOF and DI-FTICR) in positive and negative ionization
mode. This cascade therefore allows metabolomics-based com-
parison under four different aspects: the ionization polarity, the
analytical systems operated in the same ionization mode, the
two cultivation systems and the metabolome of the different
strains used for our analysis.

Targeted metabolomics comparison of the two analytical
setups and cultivation systems. To assess the production of
known compounds under the two cultivation conditions as well
as their detectability with the two analytical setups, the recorded
data were annotated using analytical details from our in-house
database Myxobase. As most of these metabolites were for-
merly detected in positive ionization mode, negative ionization
data was excluded here. For annotations to be accepted as valid,
we used a mass accuracy window of 5 ppm and allowed reten-
tion time deviations up to 0.2 min. As there is no second dimen-
sion such as retention time for the DI-FTICR measurements, we

Table 1. Known myxobacterial secondary metabolites detectable in Mx1 extracts by analysis with LC-TOF and DI-FTICR. The ion types
assigned by automated annotations were manually confirmed. Only hits with mass deviation below 5 ppm and retention time deviation (if
given) below 0.2 min were considered as valid. Additional evidence for correct annotations was gained by antiSMASH annotations of the
corresponding known biosynthetic gene clusters (BGCs) to confirm the strains ability to produce the detected secondary metabolites.
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only considered hits where more than one member of a second-
ary metabolite family was detected, or those that were also de-
tectable with the LC-TOF setup, as valid annotations. Most of
the strains studied here are new isolates and therefore barely in-
vestigated in terms of secondary metabolite richness. This ex-
plains why there are only few annotations for most strains, mak-
ing them on the other hand interesting subjects for screening
approaches aimed at novel natural product discovery. Table 1
exemplarily shows secondary metabolites detectable in Mx1
extracts.*”-5® This strain is one of the best characterized myxo-
bacterial strains and produces several natural product families
comprising a high number of family members, demonstrated by
the high number of annotated features. Detailed annotation re-
sults for the targeted investigation for all other strains can be
found in the SI.

When comparing the metabolic effects of the cultivation condi-
tions on agar plate and in liquid medium within the LC-TOF
datasets, more than 75% of the known compounds produced
with liquid cultivation were also found in the extracts from plate
cultures. Analyzing DI-FTICR data for differences between the
two cultivation systems also shows that 8 out of 9 metabolites
can be detected in plate extracts as well as in liquid extracts.
Myxovirescin A was only found in the liquid extract and
DKxanthene-534 only in the plate extract. Otherwise, all anno-
tated compounds were found in both extracts. Therefore, the
general picture emerging from comparison of the two analytical
setups is that they can be regarded as similarly capable to detect
the known myxobacterial compound classes. When analyzing
the individual members of the secondary metabolite families,
however, not all derivatives found with the LC-TOF setting
were also detectable with DI-FTICR. We furthermore observe

major differences in the ion types that are detected. In the LC-
TOF analyses [M+H]" represents the most abundant ion type.
[M+Na]* adducts are often also detected and can be assigned to
the other adducts by the chromatographic peak profile. In the
DI-FTICR measurements [M+Na]* and [M+K]* ions are the
most abundant ions, likely because the salts are not separated
from the metabolites as it would happen during an LC run. Fre-
quently, [M+H]* cannot be found in the DI-FTICR analyses at
all. Although this does not affect conclusions from the measure-
ments in principle, operators need to be aware of this in order
to avoid false annotations.

Generally, most annotations can be found for the combination
of liquid cultivation and LC-TOF analysis, showing that the
standard cultivation and analytical setup is suitable for a broad
range of metabolites. As our in-house database strongly relies
on input of natural products isolated after cultivation in liquid
medium and detected by LC-TOF, our analyte data collection is
biased towards compounds detectable with exactly this setup.
In order to make a less biased statement on which setup leads
to detection of the largest share of secondary metabolites, in-
cluding unknowns, we conducted non-targeted metabolomics
analysis next.

Non-targeted comparison of the two cultivation and analyt-
ical systems. For non-targeted comparison of our measure-
ments, the detected signals were grouped into molecular fea-
tures to collect different ion types belonging to one metabolite
as a first data reduction step. Subsequently, all molecular fea-
tures from one analysis were compared to the ones measured in
the same ionization mode, either to compare the two cultiva-
tions or the two analytical setups. In that way, the percentage of
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Figure 2. Features detected for the nine different myxobacterial strains comparing the two analytical systems. Blue: DI-FTICR Features, Red:
LC-TOF Features. Percentage of unique features to one of the analytical systems shown at the respective end of a bar and marked as dashes.
Bars to the left represent molecular features detected in negative mode and bars to the right features in positive mode.



features only present in one of the analyses (later on referred to
as unique features) was calculated.

In positive ionization mode we can find between 53 and 93%
plate unique molecular features (DI-FTICR). In our liquid cul-
tivation experiment the percentage of unique molecular features
is 42-87%. Cultivation on plate therefore delivers more unique
features that we can detect in positive mode than cultivation in
liquid (see SI). The absolute amount of molecular features de-
tectable in negative mode is generally lower than in positive
mode (Figure 2 and SI). In negative ionization mode we find
22-62% plate unique and 21-72% liquid unique molecular fea-
tures (DI-FTICR). Hence, in negative mode we observe the per-
centage of liquid unique molecular features a bit higher than the
percentage of plate unique molecular features. Comparing our
results of the DI-FTICR measurements to the results of the LC-
TOF measurements, the percentage of unique molecular fea-
tures is even higher in the LC-TOF measurements. In positive
ionization mode we observe 70-93% plate unique molecular
features and 58-92% liquid unique molecular features (LC-
TOF). For measurements conducted in negative mode the per-
centage of unique features is in a similar range, giving 56-96%
plate unique molecular features and 48-96% liquid unique mo-
lecular features (LC-TOF).

The absolute number of features detectable is highly strain de-
pendent, also accounting for the percentage of features uniquely
found in one cultivation system (Figure 2). However, we ob-
serve a trend that more positive than negative ionizing sub-
stances are detectable in the plate extracts (6 out of 9 strains
with DI-FTICR and 7 out of 9 with LC-TOF). Most im-
portantly, our study shows that we lose minimum 21% and max-
imum 93% of information when just using one cultivation sys-
tem, as those features are uniquely produced under one cultiva-
tion condition. Our results confirm that cultivation on plate sig-
nificantly changes the metabolite profile and should be seen as
important complementary method rather than an occasional
amendment to bacterial cultivation in liquid medium.

When now comparing the two analytical setups to each other
within the context of one cultivation system, in positive mode
we find an average of 88-94% LC-TOF unique molecular fea-
tures in the plate extracts. With DI-FTICR we find 88-96% fea-
tures that we cannot detect with the other method. Those results
highlight the comparably small overlap of the two systems, and
at the same time reveals the huge chemical space not captured,
when solely using one of the analytical methods. Analysis of
the liquid extracts shows consistent results compared to the
plate extracts. Here we detect 85-97% unique LC-TOF molec-
ular features and 82-98% unique DI-FTICR molecular features
in positive mode. In negative mode we find 86-99% unique LC-
TOF molecular features and 86-99% unique DI-FTICR molec-
ular features for liquid cultivation. Plate cultivation shows sim-
ilar results, giving 92-98% unique LC-TOF molecular features
and 86-98% unique DI-FTICR molecular features. Our analysis
therefore suggests, that the analytical system chosen for the de-
tection of metabolites has a considerably bigger influence on
the observable metabolome than the choice of cultivation sys-
tem.

Nevertheless, as already shown for the targeted metabolomics
analysis, the ion type detectable with DI-FTICR may differ
from the ion type detectable with LC-TOF. This also has a large
influence on the output of a non-targeted analysis, as the detec-
tion of several ion types is crucial for molecular feature gener-

ation. When only one ion-type is detected during the measure-
ment, the feature extracting algorithm cannot distinguish be-
tween [M+H]*, [M+Na]* or [M+K]*. This would result in dif-
ferent calculated molecular masses, leading to mismatching in
our analysis. In order to estimate the degree to which this phe-
nomenon may have influenced our non-targeted analysis, we
calculated the minimum number of specific features. We re-
peated the non-targeted comparison in positive ionization mode
between LC-TOF and DI-FTICR for the strain Mx1. As
[M+Na]* and [M+K]" were the most common ion types besides
[M+H]* in our targeted analysis, we calculated the theoretical
molecular masses corresponding to the three ion types. For
every single feature in our analysis, we therefore obtained three
different molecular masses. Subsequently, we calculated the
amount of common features under the assumption, that only
[M+Na]* (respectively [M+K]* or [M+H]*) is detectable. The
common features of all three calculations were added up and
subtracted from the total number of features, giving the mini-
mum amount of features unique for one of the analytical setups.
In this scenario we still found 53-74 % unique features for each
platform when comparing LC-TOF and DI-FTICR in positive
mode. However, this calculation likely underestimates the
amount of unique features, as the amount of features is artifi-
cially inflated and the same feature could be matched more than
one time. We therefore consider our initial calculations as more
suitable for a practical assessment of analytical system comple-
mentarity. Moving beyondthis minimum number of unique fea-
tures calculation, we performed MS/MS fragmentation and sub-
sequent GNPS-clustering, which provides extendes molecular
feature comparison.

MS/MS clustering of DI-FTICR unique features. To deter-
mine whether molecular features produced by the strain Mx1
uniquely found with DI-FTICR really constitute an extension of
the detectable chemical space, 18 DI-FTICR unique molecular
features found in our prior analysis were fragmented. Their
fragmentation pattern was compared to the fragmentation pat-
tern of all molecular features found for Mx1 in the LC-TOF
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Figure 3. Molecular network of MxI1 features detected with
LC-TOF (grey nodes) and eight of the most intense features
uniquely found with DI-FTICR (blue nodes). Known compound
families produced by this strain are marked in red (Myxovirescins),
yellow (DKxanthenes) and green (Myxalamides).



analysis. None of these 18 molecular features found uniquely
with DI-FTICR clusters to molecular features found with LC-
TOF (see Figure 3). This result suggests that substances we can
detect exclusively with DI-FTICR are not simply derivatives of
compound families that can also be observed with LC-TOF.
Therefore, DI-FTICR analysis of bacterial extracts unlocks pre-
viously undetectable metabolites. Final characterization of the
chemical structures of all molecular features found with DI-
FTICR nevertheless could not be performed with our current
setup, as fragmentation here is non-automated and therefore
only possible for a limited number of molecular features. Alt-
hough only a limited set of molecular features uniquely detect-
able by DI-FTICR were fragmented, we already observe
MS/MS based fragmentation pattern clustering of two of the
DI-FTICR unique molecular features. Such substances are of
special interest, since secondary metabolite families usually
have several family members.

Comparison of the influence of the ionization mode on the
analysis. In previous studies, Nordstrom et al. have reported
that they achieved a 90% increase in detected ion species when
performing ESI-MS analysis in both ionization modes instead
of just using one mode in a human serum extract analysis.>* We
were therefore interested to assess, whether the influence of the
ionization mode is comparably high for myxobacterial metabo-
lite detection. Across all nine strains and after subtraction of
blank features, 17,295 molecular features were detected in pos-
itive and 13,359 molecular features in negative ionization
mode. In positive ionization mode, we are consistently able to
detect more molecular features (Figure 4). Only for the combi-
nation of LC-TOF and liquid cultivation, the number of de-
tected molecular features are in the same range. This discrep-
ancy is likely due to the variance in ionization efficiencies be-
tween positive and negative ionization for different compounds.
555 |t seems likely that due to their chemical structure, featuring
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cording to the analytical setup and cultivation condition. The mean
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tive and negative ionization measurements is indicated below the
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many hydroxyl, carbonyl and amine groups a majority of myx-
obacterial metabolites has a higher ionization efficiency in pos-
itive ionization mode. When comparing positive and negative
ionization between the two analytical setups, we observed a dif-
ference in the mean m/z values of the measured molecular fea-
tures. In the DI-FTICR experiments, the mean m/z of all molec-
ular features detected with positive ionization is about 20-30 %
higher than the mean m/z of all molecular features detected with
negative ionization. For LC-TOF data, we observed the oppo-
site effect, with the mean m/z of all features measured in nega-
tive mode being about 10 % higher.

Characterization of the unique secondary metabolome for
each myxobacterial strain. In order to cope with the large
number of features in our analyses and to prioritize features for
isolation and structure elucidation, we devised a workflow to
estimate which molecules stem from primary and which from
secondary metabolism. This distinction is of great importance
when searching for antimicrobial natural products, as secondary
metabolites are often produced as defending mechanism for the
producing organism against competitors. A large number of
metabolites detectable in a metabolomics investigation, how-
ever stem from primary metabolism. The presented workflow
enables us to remove all features from the primary metabolism
and focus on the unique metabolome per strain which makes the
discovery of novel secondary metabolites much easier. As fully
automated MS/MS fragmentation is only possible on the LC-
TOF system and our previous analysis showed that more myx-
obacterial metabolites ionize in positive mode, we only per-
formed this analysis for the data generated with positive LC-
TOF data. All molecular features detected in one strains’ anal-
ysis were compared to all the features of the other strains. Each
features found in at least one other strain is removed and the
remaining features are submitted to MS/MS analysis and GNPS
based molecular networking (Figure 5).46 By subtracting all mo-
lecular features that appear in several analyses, we believe to
remove most of the compounds belonging to the primary me-
tabolism, as these would appear in most of the analyzed strains.
We likely also remove frequently occurring secondary metabo-
lites from the analysis. Secondary metabolites appearing in sev-
eral strains are, in principle, of less interest to us than a unique
molecular family, as the likelihood of discovering novel chem-
istry is increased in these cases and rediscovery of already de-
scribed secondary metabolites additionally is more frequent in
those cases. Furthermore, if the unique metabolome of one
strain appears to be comparably small, our workflow also al-
lows for the calculation of a shared metabolome between two
or more strains to cope with this aspect.

After removal of common molecular features from each strains
analysis the average of 6662 features that we detect per strain
(combined plate and liquid) could be reduced by 94% to an av-
erage of 409 features per strain. Remarkably, the amount of
unique features per strain is very diverse. The strain with the
lowest amount of unique features is Mx2 only showing 16
unique molecular features, whereas Mx3 also belonging to the
family of Myxococcaceae shows 1242 unique molecular fea-
tures. After selectively targeting only these molecular features
for an MS/MS experiment and GNPS clustering, we obtain a
molecular network of solely unique molecular features across
all strains. When now analyzing the molecular network of those
features, 2/3 of the MS-clusters comprise features solely pro-
duced by one strain. 1/3 of the MS-clusters contain mixed fea-
tures from different strains, meaning that the different strains
produce different variants of related natural product families.



This finding is also reflected on the genetic level, as many
strains contain BGCs of the same BGC family with less than
100% similarity.'? In total, we find 81 MS-clusters where all
features are just produced by one single strain. Interestingly, 35
MS-clusters thereof solely contain molecular features that are
plate-unique molecular features. Thirteen MS-clusters only
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contain molecular features that are just produced in liquid cul-
ture. For more than half of the secondary metabolite families in
our analysis the change of the cultivation conditions therefore
is an all-or-nothing criterion. Under one condition a set of de-
rivatives is produced, whereas under the other condition the
BGC remains inactive.
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Figure 5. Prioritization workflow to cope with the large number of molecules deriving from primary metabolism. Molecular features depicted
are the average number of molecular features detected per strain. Molecular network shown on right side derives from strain Sr1. Nodes
depicted in light purple derive from plate cultivation, dark purple nodes from liquid cultivation and pink nodes can be found in both analyses.

CONCLUSION

In this work, we showed that both LC-TOF as well as DI-
FTICR can be used to detect myxobacterial secondary metabo-
lites in a targeted metabolomics workflow. Certainderivatives
of known metabolites were only found when cultivating in lig-
uid medium and subsequently analyzing the corresponding ex-
tracts with LC-TOF. Nevertheless, this analysis is severely bi-
ased, as secondary metabolites known so far and used for the
annotation are mainly found in LC-MS experiments. In the DI-
FTICR setup [M+Na]*and [M+K]* adducts are often the only
observed ion type, which should be kept in mind for further
analysis and when searching for and annotating specific metab-
olites. The non-targeted analysis of our data showed, that the
two myxobacterial cultivation methods (agar plates and liquid
culture) are complementary to each other and 21-93% of the
myxobacterial metabolome cannot be detected when just apply-
ing one cultivation method. The amount of information lost
strongly depends on the investigated strain as well as on the em-
ployed analytical setup. The choice of the analytical system
used for myxobacterial metabolomics has an even bigger im-
pact on the output of the study than the cultivation system. 82-
99% of molecular features are unique for one of the two analyt-
ical systems that were compared in this study. MS/MS spectra
of a subset of unique DI-FTICR features furthermore confirmed
that many features uniquely detectable in DI-FTICR measure-
ments belong to a different chemical space than the features de-
tected in LC-TOF analyses. In general, positive ionization mode
allows the detection of more myxobacterial molecular features
than negative ionization mode. We could also observe a differ-
ence in the mean m/z value detectable depending on the used
analytical setup, giving a lower mean m/z value detectable with
DI-FTICR than with LC-TOF. The immense amount of data
created from this metabolomics analysis requires further prior-

itization strategies to optimize secondary metabolite identifica-
tion. One suitable approach presented in this work is to exclude
molecular features found in more than one analysis. This results
in over 90% data reduction. Remaining molecular features can
be further grouped with GNPS molecular networking. This
whole workflow results — for the set of example strains pre-
sented here - in a manageable amount of 14 unique MS-cluster
families per strain that can be readily followed up. Comparing
the nine myxobacterial strains investigated, Mx3 showed the
highest potential for metabolomics-guided isolation and struc-
ture elucidation because of its high amount of unique MS-
clusters besides the few known natural products it produces.

In conclusion, this study highlights that the choice of cultivation
and analytical system massively influences the results of any
microbial secondary metabolome analysis. In targeted work-
flows one well-chosen setup may be considered sufficient to de-
tect all metabolites of interest. In a non-targeted workflow how-
ever, we were able to show using at least two analytical setups
as well as different cultivation conditions leads to a drastic in-
crease of the metabolome coverage. The additional molecular
features uncovered by complementary growth conditions and
analytical setups directly translate into increased chances for the
discovery of new natural products. Thus, we argue that the sim-
plification of screening workflows should not come at the cost
of decreased metabolomics characterization, as this not only
paints an incomplete picture of the bacterial secondary metabo-
lome complexity but also results in missed compelling target
molecules.

Data availability: The recorded MS data, molecular network-
ing files, and other files used for data evaluation are available
for download at ChemRxiv.org.
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