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Abstract: Over the past decade, the One Strain Many Compounds (OSMAC) approach has been
established for silent gene cluster activation and elicitation of secondary metabolite production, but
so far the full secondary metabolome of a biosynthetically promising bacterium has not been
elucidated yet. Here, we investigate the ability of seven categories of OSMAC conditions to enhance
the diversity of new mass features from bacterial strains with little literature coverage but high
biosynthetic potential. The strains Bacillus. amyloliquefaciens DSM7, Corallococcus. coralloides DSM2259,
Pyxidicoccus. fallax HKI727, Rhodococcus. jostii DSM44719, and Streptomyces. griseochromogenes
DSM40499 were selected after genome mining with antiSMASH. After cultivation under OSMAC
conditions, the generated extracts were subjected to LC-MS and MZmine analysis to determine new
mass features and evaluate the tested culture conditions. 4 predicted compounds, bacillibactin,
desferrioxamine B, myxochelin A, and surfactin, were identified and up to 147 new mass features
were detected in the generated extracts, which greatly surpasses the number of predicted gene
clusters. Among the new mass features are bioactive compounds that were so far unreported for the
strains such as cyclo-(Tyr-Pro) from DSM7 and nocardamin from DSM2259. Furthermore, the tested
culture conditions were evaluated regarding their suitability for the generation of new mass features
from the selected strains and promising new starting points for further screenings are postulated.
Especially culture conditions with little prior literature coverage are responsible for the activation of
predicted gene clusters .

Keywords: mass spectrometry; OSMAC approach; natural products; silent BGC activation;
bioinformatics; screening

1. Introduction

Secondary metabolites are diverse and often complex natural products occurring in all living
beings. Currently about 300,000 secondary metabolites are known [1]. The genes coding for enzymes
involved in secondary metabolite production are often clustered. Their expression is regulated by
various parameters including growth phase and cell differentiation [1,2]. Due to their diverse
biological profile, e.g. antibiotic, cytostatic, or other activities, they are of high interest for
pharmaceutical research [2,3].

The traditional approach of natural product discovery from microorganisms comprises
bioactivity-guided screenings of microbial extract libraries obtained from existing strain collections
[4,5] or newly isolated microorganisms [6,7]. Especially actinomycetes are regarded as
biosynthetically promising sources [4]. With the development of new sequencing technologies, the
number of freely available fully sequenced genomes in public databases, e.g. National Center for
Biotechnology Information (NCBI), increased and held more than 200,000 prokaryotic genome
sequences as of 2020 with different assembly levels. This made predictions regarding potentially

© 2020 by the author(s). Distributed under a Creative Commons CC BY license.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20944/preprints202009.0019.v2
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2020 d0i:10.20944/preprints202009.0019.v2

producible secondary metabolites possible, e.g. by bioinformatics analyses of genomes using tools
like antiSMASH [8]. These analyses allow a new approach for secondary metabolite discovery: the
discovery of previously unidentified natural products from the broad spectrum of the sequenced
genomes of isolated and deposited strains [9]. Not all biosynthetic gene clusters (BGCs) for secondary
metabolites present on a genome are expressed under a certain set of fermentation conditions [10].
These silent BGCs can be activated by genetic modifications, e.g. ribosome engineering, the
manipulation of regulators or quorum sensing systems, and heterologous expression [11,12].
Heterologous expression can also be used to confirm an assumed encoding function of a BGC as was
shown by the example of pacidamycin biosynthesis [13]. Besides genetic modification, activation of
a broad spectrum of BGCs can be achieved by co-cultivation [4] or the One Strain, Many Compounds
approach (OSMAC), which focuses on the production of many compounds by one microbial source
[14].

The OSMAC approach comprises the alteration of easily adaptable culture conditions, e.g. media
composition, pH, temperature, the addition of enzyme inhibitors, oxygen supply, or culture vessel
[14]. Table 1 shows examples of pharmaceutically active new compounds obtained from successful
OSMAC experiments using easily applicable changes in culture conditions.

Table 1. Examples of activation of silent BGCs by altering culture conditions according to the OSMAC approach.

Strain Natural product  Altered Properties Reference
conditions
Sphaeropsidales 42 cladospirones  variation of antibacterial and  [15]
sp. F-24'707 media antifungal
Streptomyces sp. quinazolinone A  variation of anti- [16]
MBT27 &B carbon sources inflammatory,
antitumor,
antimicrobial
and anti-fungal
properties
Aspergillus sp. 9 new solid rice cytotoxic activity  [17]
LS34 compounds medium & against cancer
potato dextrose cell lines/ active
medium against
pathogenic S.
aureus

Additives such as solvents, heavy metals, tensides, precursors, and other small molecule elicitors are
also useful for the elicitation of secondary metabolite production in microorganisms. Chen reports
that organic solvents can either increase (DMSO, EtOH) or decrease (THF, DMF) the production of
antibiotics such as tetracenomycin and thiostrepton in Streptomyces strains [18]. A proposed
mechanism of action is the induction of heat shock response through ethanol [19].

Weinberg identified three heavy metals, Mn?, Fe®, and Zn?, as key trace metals in secondary
metabolism [20]. The same trend can be seen in Paranagama’s study on the influence of the addition
of heavy metal ions and heat shock on fungal secondary metabolite production profiles: the plant-
associated fungus Paraphaeosphaeria quadriseptata produced more monocillin I when supplemented
with 0.5 mM ZnSOs solution [21]. Heavy metals and solvents as abiotic additives constitute an
interesting addition to the OSMAC approach.

A further promising approach for secondary metabolite induction is co-cultivation, which takes
advantage of inter-species communication. The term co-cultivation designates the growth of two or
more microorganisms at once, which facilitates communication between the strains [22]. Cell-cell-
contact and signal molecules can induce a change of the metabolic profile and often lead to the
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expression of previously silent BGCs [11,23]. It was shown that co-cultivation of various marine
bacteria with terrestrial bacteria enhances antibiotic production.

A literature survey has shown, that OSMAC studies have been conducted increasingly in the
past 8 years and that some conditions are used more often than others. (Figure 1)
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Figure 1. (a ) Number of publications listed on Google Scholar with the keywords “bacteria OSMAC” from 2002
onwards (including research papers, reviews, theses, book chapters, distribution see Figure S1); (b ) Number of
research papers and theses among those from ( a ) dealing with certain sets of culture conditions applied to

bacterial cultures.

While the use of different media, the addition of inducer molecules, and the use of co-culture for
the increase of natural product titers and the activation of silent BGCs in bacterial cultures are
commonly found in literature, other options such as the addition of solvents or biotic additives, e.g.
heat-killed cells, are not extensively covered.

In this study, we contribute to expanding the knowledge of how to increase the diversity of new
mass features and activate predicted secondary metabolite BGCs of selected bacteria. Five fully
sequenced, but under-investigated and biosynthetically promising bacterial strains were identified
via genome mining. The activation of their predicted BGCs was investigated by using a broad range
of culture conditions (approx. 30 conditions per strain): biotic additives (addition of supernatant or
autoclaved cell pellet of an inducer microbe) and abiotic additives, i.e. solvents, as well as complex
media, minimal media, Fe®- and Mg?- and POs*-limitations, oxygen limitation and temperature
changes. The tested culture conditions comprise well established as well as less frequently used
conditions and are evaluated regarding their suitability for the generation of new mass features from
the strains. Based on their potential to increase the number of new mass features and diversify their
identity, PO#-limited M9 medium, Fe*-limited GMS medium, and several biotic additives are
proposed as promising starting points for further screenings. Furthermore, it was noted that 70% of
the 590 new mass features are condition-specific, i.e. they were only detected under exactly one
culture condition. This observation led us to the conclusion that especially broad screenings of
carefully selected strains are promising for future secondary metabolite discovery.

2. Materials and Methods

Genome Mining The online-tool antiSMASH bacterial version 3.0 [8] was used to examine fully

sequenced genomes of 42 bacteria from the phyla of actinomycetes, firmicutes, and proteobacteria.
The percentage of the genomes dedicated to secondary metabolite production, classes of the encoded
secondary metabolites, and the origin of the database BGCs were examined. A complete list of the
examined bacterial strains and their NCBI accession numbers can be taken from the supplementary
material (Table S1).

Organisms and Media The control groups of Bacillus amyloliquefaciens DSM7, Corallococcus
coralloides DSM2259, Pyxidicoccus fallax HKI727, Rhodococcus jostii DSM44719, and Streptomyces
griseochromogenes DSM40499 were cultivated according to recommendations by DSMZ (German
Collection of Microorganisms and Cell Cultures). B. amyloliquefaciens DSM7 was cultivated on
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nutrient medium (5.0 g-L! peptone from meat, 3.0 g-L-! meat extract, pH 7.0)[24], C. coralloides
DSM2259 was grown on SP medium (1.0 g-L raffinose, 1.0 g-L-sucrose, 1.0 g-L galactose, 5.0 g-L!
soluble starch, 2.5 g-L! casitone, 0.5 g-L-1 MgSOs x 7 H20, 0.25 g-L-1 KeHPOs, pH 7.4)[25], and P. fallax
HKI727 on MD1 medium (3.0 g-L-! casitone, 0.7 g-L* CaCl2 x 2 H20, 2.0 g-L-* MgSOs x 7 H20, 1 mL
Trace Element Solution (TES) SL4, 0.5 mg-L-! vitamin B, pH 7.0) with the following composition of
TES SL4: EDTA (0.5 g-L"), FeSOs x 7 H20 (0.2 g-L1), ZnSOs x 7 H20 (0.01 g-L), MnCl2 x 4 H20 (0.003
g-L1), HsBOs (0.03 g-L-1), CoCl2 x 6 H20 (0.02 g-L-1), CuCl2 x 2 H20 (0.001 g-L-1), NiCl2 x 6 H2O (0.002
g-L1), NazMoOs x 2 H20 (0.003 g-L1)[26]. R. jostii DSM44719 was cultivated on TSB medium (17.0
gL casitone, 3.0 g-L-'soy peptone, 2.5 g-L-1 D (+) glucose, 5.0 g-L-* NaCl, 3.0 g-L-1 KeHPOs, pH 7.3)[27]
and cultures of S. griseochromogenes DSM40499 were grown on GYM medium (4.0 g-L-! glucose, 4.0
g-L1 yeast extract, 10.0 g-L-* malt extract, pH 7.2)[28]. A detailed list of used chemicals and suppliers
can be taken from Table S2.

Growth conditions Cryo-cultures of all strains were stored at -20°C in 10 % (v/v) glycerol. Inocula
were prepared by incubating 1mL of the cryo-culture in 19 ml of medium in a baffled 100 mL-flask
on an orbital shaker at 150 rpm and 30°C (28°C for R. jostii) for 15-72h depending on the strain (B.
amyloliquefaciens for 15h at ODsow = 1.6, C. coralloides for 15h at ODeoo = 2.3, P. fallax for 72h at ODeoo =
1.3, R. jostii for 43h at ODew = 7.4, S. griseochromogenes for 15h (no ODso measurement was possible

because of clotted growth)). For the main culture, 10% inoculum was used in 90 ml fresh medium in
baffled 500 mL-flasks and cultivated on an orbital shaker at 150 rpm for the indicated period of time
(B. amyloliquefaciens and S. griseochromogenes for 3 days, C. coralloides, P. fallax and R. jostii for 7 days).
The growth curves of control group cultures are shown in Figure S2.

OSMAC experiments Variations of culture conditions comprised oxygen limitation (use of

unbaffled flasks), temperature (25°C, 35°C, 40°C), use of 3 different complex media per strain (SP
medium, TSB medium, CY/H medium, MD1 medium, MD1+G medium, LB medium, GYM medium,
NB medium, Landy medium, Luria medium), use of minimal media (M9 medium and GMS medium)
as well as Mg?*-, PO4*- or Fe?- limited versions thereof. (Tables 53-58) Acetonitrile (ACN), dimethyl
sulfoxide (DMSO), ethanol (EtOH) and toluene (Tol) were used as abiotic additives at0.5/1/3/6
Vol%.
For the biotic additives, inducer microbes were cultivated according to the regular cultivation
protocol described above. Addition of supernatant: 80 mL fresh medium + 10 mL inoculum + 10 mL
autoclaved and centrifuged or centrifuged and sterile-filtered supernatant of inducer microbe;
Addition of cell pellet: 90 mL fresh medium + 10 mL inoculum + 200 — 500 pL autoclaved cell pellet
resuspended in fresh medium.

Preparation of biotic additives For both, the cell pellet and the supernatant, cultures of all strains
(B. amyloliquefaciens, C. coralloides, P. fallax, R. jostii, S. griseochromogenes) were grown for 5 days at
30°C (20 mL medium + 1 mL cryo culture). The cultures were transferred into sterile Falcon tubes
under sterile conditions and centrifuged in a Sorvall™ RC 5B Plus centrifuge at 5,000 rpm for 20
minutes at 4°C. 10 mL of the supernatant were sterile-filtered into the main culture flasks. The

remaining cell pellet was resuspended in 1 mL of the medium used in the main culture for better
pipetting properties.

Cell removal After termination of the cultivation, cells were removed from the broth by
centrifugation in a Sorvall centrifuge by centrifuging for 20 minutes at 5,000 rpm and 4°C.
Subsequently, the supernatant was filtered through folded cellulose filters with a pore size between
8 and 12 um (Sartorius Folded Filters, Grade: 3 hw, Dia: 185 mm, 65 g-m3, Sartorius, Gottingen). The
cell pellet was collected in the respective folded filters, dried at 70°C for 24h and weighed after drying.

Extraction of fermentation broth The cell-free broth was extracted three times with the
equivalent volume of ethyl acetate. The solvent was then evaporated to dryness to gain a dry extract,
which was further prepared for LC-MS measurement.

Sample preparation 2 mL of methanol (LC-MS grade) were added to the dry extracts, which
were dissolved in the solvent via ultrasonic bath. The concentrated extract was then filtered through
0.45um nylon filters (Chromafil® Xtra PA-45/13, Macherey&Nagel, Diiren) directly into glass vials.

LC-MS/MS measurement The utilized LC-MS system comprised an Agilent Technologies 1260
Infinity HPLC system (Agilent Technologies, Santa Clara, USA) and a Bruker Compact ESI-QTOF-



https://doi.org/10.20944/preprints202009.0019.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2020 d0i:10.20944/preprints202009.0019.v2

MS System (Bruker, Billerica, USA). The injected sample volume was 2 uL. The solvents used were
ACN (solvent A) and H20 with 0.1% formic acid (solvent B) with a flow of 0.4 mL/min. The following
HPLC method was employed: 0-10 min 5%-98% solvent A, 10-15 min 98% solvent A isocratic, 15-17
min 98%-5% solvent A, 17-20 min 5% solvent A at a temperature of 40°C with a C18-column
(100x2.6mm NucleoShell RP18, Macherey&Nagel, Diiren). A DAD detector was used with a setting
from 205 nm to 400 nm. The mass spectrometer comprised an ESI ion source and a TOF analyzer and
was used in positive mode. The ESI ion source was used with a nebulizing gas pressure of 4 bar, a
drying gas flow of 12 L/min, a drying temperature of 220 °C and a capillary voltage of 4,500 V. A
mass-to-charge-ratio (m/z) range from 100 to 850 was measured. For some samples, Auto-MS-MS
experiments were conducted. For some specific mass features, multiple reaction monitoring (MRM)
measurements were used. The HPLC method was kept the same.

Evaluation of LC-MS data For the evaluation of LC-MS data, the Bruker software Compass Data
Analysis 1.7 was used. The obtained data were evaluated regarding two aspects: the number of new

mass features due to a change in culture conditions and the specific search for predicted compounds.
In this study, a mass feature is defined as a pair of a molecular mass M: and the corresponding
retention time tr. msConvert from the ProteoWizard software was used for the conversion of vendor
format raw data to mzXML-format.[29] The tool MZmine 2.35 [30] was used to identify new mass
features by comparison of obtained samples with control group samples and medium background
as well as the background of additives where necessary, e.g. supernatants. The steps and settings for
raw data conversion, mzXML-raw data preparation and peak list processing can be found in the
supplementary material (Tables S9, S10, and S11). Additionally, automated and manual refining of
the obtained results was necessary to eliminate false positive hits. A strict intensity threshold of 1-105
was set and mass features were only considered as new if they reached or surpassed that limit in both
flasks. The new mass features were compared to a list of known contaminants in mass spectrometry
[31]. New mass features were numbered and named according to the producing strain (BaXY = B.
amyloliquefaciens, CcXY = C. coralloides, PXY = P. fallax, RjXY = R. jostii, SgXY = S. griseochromogenes).
Predicted compounds were determined by using the Extracted Ion Chromatogram (EIC) function of
the Compass Data Analysis software for [M+H]:, [M+NH4]*, [M+Na]*, and [M+K]* adduct
identification with an allowed deviation of 0.01 Da.

Utilized databases For the literature survey, Google Scholar was used with the keywords

“Bacteria OSMAC”. Patents and citations were excluded. For the comparison of fragmentation
patterns generated through LC-MS/MS experiments to database entries, GNPS library search was
used in default mode, i.e. precursor ion mass tolerance = 2.0 Da, fragment ion mass tolerance = 0.5
Da, minimum number of matched peaks = 6, score threshold = 0.7. The cosine score indicates
similarity between MS/MS spectra and ranges from 0 to 1 (0 = dissimilar spectra, 1 = identical spectra)
Here, matches with a cosine of 0.7 or higher were considered [32]. For the comparison of the
experimental data to in silico fragmentation patterns of candidate molecules, MetFrag was used in
default mode (allowed deviation from neutral mass: 5 ppm or 0.001 mzabs, mode: [M+H], tree depth
= 2) with PubChem as database.

3. Results

Genome-mining for strain selection

42 Strains were selected based on risk group, availability, and genome sequencing level as well
as literature and database research. Relatively unknown representatives of phyla known for being
biosynthetically interesting were chosen for the genome analysis via antiSMASH in addition to

known secondary metabolite producers (NCBI accession numbers are given in Table S1). The genome
analysis showed that the percentage of the bacterial genome encoding putative secondary metabolite
gene clusters varies greatly among and within different phyla. On average, the selected strains
dedicate 11.9% + 5.3% of their genome to secondary metabolite production, but some strains in each
regarded phylum commit higher shares between 15 and over 20% of their genomes to secondary
metabolite production. (Figure 2)
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Figure 2. Percentage of secondary metabolism (SM) genes of the whole genome of selected bacteria according to

antiSMASH analyses [8].

The following five strains were chosen for further investigation because they dedicate high
percentages of their genome to secondary metabolite biosynthesis and possess many BGCs for
polyketides and non-ribosomal peptides, and orphan BGCs : the actinomycetes S. griseochromogenes
DSM40499 (20.92%) and R. jostii DSM44719 (12.17%), the proteobacteria C. coralloides DSM2259
(15.23%) and P. fallax HKI727 (19.08%) and B. amyloliquefaciens DSM7 (14.72%) as a representative of
the firmicutes. Figure 3 shows the relationship between the five selected strains. The total number of
BGCs present on the genomes of selected strains varies between 11 and 49. (Table 2, Table S12, Table
S13, Figures S3-57,) Furthermore, only few of the predicted compounds have been reported in
literature for these strains so far (Table 2), which makes them especially interesting for this study.

Corallococcus . . . _
& & ¢ sub- d-proteo- Corallococcus coralloides DSM2259

proteobacteria  divisions bacteria myxococcales — cystobacterineae

Pyxidicoccus

Pyxidicoccus fallax HKI727
Bacteria
badilli Bacillus Bacillus
firmicut aci bacillales bacillace: bacillaces Bacillus ) v
nicutes acillales bacillaceae  bacillaceae  Bacillus gutmlxigm%}“l;ﬁ\\em& Bacillus amyloliquefaciens DSM7

streptomycetales  streptomycetaceae  Strep yce:

Streptomyces griseoch s DSM40499
actinobacteria

corynebacteriales nocardiaceae Rhodococcus
Rhodococeus jostii DSM44719

Figure 3. Phylogenetic tree of selected bacteria. Created with iTOL and adapted [33].

Table 2. Biosynthetic potential of selected strains: % BGCs of the whole genome, number of BGCs and number

of known compounds of related strains

Strain Genome size % BGCs # of BGCs Known compounds
[Mbp]
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B. 3.98 14.7 11 surfactin [34], bacillaene

amyloliquefaciens [35], fengycin [34],

DSM7 bacillibactin [36] from B.
amyloliquefaciens FZB42

C. coralloides 10.08 15.2 34 -

DSM2259

P. fallax HKI727 10.77 19.1 33 myxochelin [37] from P.
fallax HKI727

R. jostii 7.89 12.2 18 rhodochelin [38] from R.

DSM44719 jostii RHA1

S. 10.76 20.9 49 blasticidin [39] from S.

griseochromogenes griseochromogenes (not

DSM40499 further specified)

heterolously expressed in

S. lividans

Are the antiSMASH-predicted compounds produced under the tested conditions?

Overall, seven of the predicted BGCs were detected in the generated extracts. The production of
five compounds was successfully activated by the variation of culture conditions, i.e. they were not
detected in control group samples, while bacillaene (Figure S8) and desferrioxamine B (Figure S9)
were also detected in control group samples. (Table 3, Table S14).

Table 3. Overview of number of searchable compounds, i.e. predicted non-orphan BGCs, and detected
compounds in the selected bacterial strains. Compounds in bold print were activated, i.e. they were not detected
in the control group. Mass-based identification was carried out with the Extracted Ion Chromatogram (EIC)
function of the Compass Data Analysis software with 0.01 Da tolerance and under consideration of the isotopic
profile. Deviations of the measured m/z from the calculated [M+H]* in ppm are indicated in the table. A
comparison of experimental MS2-spectra with in silico fragmentation patterns generated via MetFrag was used
for bacillibactin and nostophycin. Additionally, the fragmentation pattern of bacillibactin was compared to
literature data.[36]

Strain # of BGCs # of Detected Means of identification
according to search- compounds mass- MS2- reference
antiSMASH able (% sequence based fragmentation compound
com- similarity) (MetFrag)
pounds
B. amylo- 11 6 surfactin v
liquefaciens (82%) Appm=2.2
DSM7 (C15)
Appm=4.9
(C14)
bacillibactin v (and [36])
(100%) Appm =14
bacillaene v
(100%) Appm
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C. 34 12 -
coralloides
DSM
2259
P. fallax 33 22 myxochelin A v
HKI1727 (75%) Appm =
10.1
nostophycin v
(18%) Appm=7.0
R. jostii 18 13 -
DSM
44719
S. griseo- 49 38 desferrioxamine v
chromogenes B (100%) Appm=4.6
DSM albaflavenone v
40499 (100%) Appm
=38.8

The production of surfactins by B. amyloliquefaciens was activated by diverse culture conditions:
elevated temperature, minimal media use, Fe¥-limitation as well as the addition of solvents (Table
514, Figure S10). Bacillibactin (PubChem ID: 125349) on the other hand was only detected in Fe3*-
limited GMS extracts. This seems reasonable due to its nature of being a siderophore [40]. (Figure
511) A compound with the mass of bacillaene (Figure S8) was detected in extracts from several culture
conditions including the control group: while the use of Fe**-limited GMS medium and the addition
of sterile-filtered supernatant of P. fallax led to an increase of that compound’s peak area in the EIC,
elevated temperature, the use of LB medium and the addition of solvents decreased its peak area.
Nostophycin from P. fallax was identified using MS2-fragmentation and subsequent comparison with
an in silico fragmentation pattern using MetFrag and the corresponding nostophycin PubChem entry
(PubChem ID: 101945102). (Figure S12, Figure S13, Table S15) It was detected in extracts grown on
Fe*-limited or Mg?-limited GMS medium and when high concentrations, 6% v/v, of ethanol or
toluene were added. The by far the highest peak area was detected in the cultures with toluene
addition. Myxochelin A from P. fallax and putative albaflavenone from S. griseochromogenes were
detected under diverse OSMAC conditions. (Table S14, Figure S14, Figure S15)

None of the compounds predicted for C. coralloides and R. jostii were detected in the respective
extracts.

It was noted that high sequence similarity to database BGCs alone is not a good indicator of the
biosynthetic potential of a strain as shown for the rhodochelin BGC in R. jostii and the bacilysin BGC
in B. amyloliquefaciens. The corresponding compounds were not produced under any of the tested
culture conditions, even though they allegedly possess 100% similarity to database BGCs. There are
two possible explanations for this observation. Either the conditions needed for the activation of these
BGCs have not been met, or the BGCs are dysfunctional. Considering the number of BGCs including
the not yet annotated orphan BGCs predicted by antiSMASH, the selected strains possess even more
potential that remains to be accessed.

The overview of producing conditions in Table 514 shows that especially the culture conditions
with little prior literature coverage (Figure 1) are responsible for the activation of the detected and
predicted secondary metabolites.

Influence of selected culture conditions on the number and identity of new mass features

The applied culture conditions successfully provoked new mass features from all tested strains.
To assess the likelihood of the new mass features being secondary metabolites, they were categorized
into groups based on their physicochemical properties, i.e. Mr and tr, and compared to published
data of 56 bacterial primary and 128 bacterial secondary metabolites. (Figure 516, Figure 517) Table
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4 summarizes the genome size, the number of predicted BGCs, and the number of curated, detected
new mass features.

Table 4. Genome size, numbers of predicted BGCs and numbers of detected new mass features per strain.

Strain B. amylo- C. coralloides  P. fallax R. jostii S. griseo-
liquefaciens chromogenes

Genome size 3.98 10.08 10.76 7.89 10.77

[Mbp]

# of predicted 11 34 33 18 49

BGCs

# of new mass 127 35 143 138 147

features in

extracts

After data curation, 590 new mass features, which are likely to have originated from secondary
metabolism, from the five strains were obtained through OSMAC experiments. This number greatly
surpasses the number of encoded BGCs and verifies the assumed biosynthetic potential of the
especially selected bacterial strains.

It is evident, that not all tested culture conditions are equally successful in eliciting new mass
features and that the selected strains are susceptible to different conditions. (Figures 4-7)

Among the minimal media and limitation experiments (Figure 4), PO+*-limitation on M9
medium (1% of phosphate salts of original M9 medium recipe used) as well as Fe*- and Mg?*-
limitations on GMS medium (no iron or magnesium salts used) resulted in new mass features across
all tested strains.
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Figure 4. Number of new mass features in extracts of minimal media and limitations experiments. -

= not tested, 0 = no new mass features, ng = not grown.

This result confirms the common assumption that high POs*-concentrations act as repressors of
secondary metabolism and that a limitation of the POs*-concentration can elicit secondary
metabolism [14,35]. S. griseochromogenes and P. fallax are more susceptible to the PO4*-limitation than
the other tested strains, as demonstrated by the high numbers of new mass features obtained under
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this condition . R. jostii reacted strongly to GMS medium and its limitations with up to 36 new mass
features.

In the screening, we differentiated between minimal media experiments, M9 and GMS medium,
and their limitations, e.g. M9 FeX and GMS FeX, so that the influence of the limitation could be seen.
Therefore, new mass features from M9 or GMS medium cultures were not considered in the FeX
cultures, because they originated from the minimal medium and not from the Fe3*-limitation. During
the evaluation, it was noted that the number of new mass features varied between M9 FeX and GMS
FeX cultures, e.g. four new peaks in Fe**-limited R. jostii cultures on M9 medium versus 32 new peaks
in Fe®*-limitation on GMS medium, and their identities were completely different. (Table 5) This
observation shows, that the result of a Fe3*-limitation is also dependent on the medium it is based on.

Table 5. Comparison of new mass features produced by C. coralloides and S. griseochromogenes on M9 FeX

medium and GMS FeX medium. The mass features’ properties (m/z and tr) can be found in the supplementary

material.
Strain New mass features on M9 FeX New mass features on GMS FeX
C. coralloides Cc243, Cc244, Cc249, Cc250 Cc22,Cc181, Cc186, Cc187, Cc189,
Cc193, Cc210
S. griseochromogenes Sgl115, Sgl117, Sgl19, S5gl120, Sg96, Sg97, Sgl01, Sg103, Sg104,

Sgl135, Sg198, Sg199, Sg201, Sgl06, Sg107, Sg109
Sg203, Sg206, Sg207, Sg214

The use of complex media is a tried and trusted way of secondary metabolite discovery and BGC
activation. (Figure 1) In this study, three different culture media per strain were tested and provoked
new mass features in all cases but one. (Figure 5)
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Figure 5. Number of new mass features in extracts of complex media experiments. - = not tested, 0 =

no new mass features, c = control group.

The high numbers of new mass features in the Landy extracts are probably due to the difference
in composition compared to the strains’ control group media. While the control group media are
based on complex carbon and nitrogen sources such as casitone, yeast extract, or meat extract, the
main components of Landy medium are glucose, glutamic acid, and phenylalanine, which explains
the more pronounced change in the metabolite profile.
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The addition of solvents for the elicitation of secondary metabolites from bacterial strains has
not been excessively reported so far. Here, this underexplored concept showed heterogeneous results
across the selected strains. While P. fallax showed susceptibility by displaying between 5 and 41 new
mass features as a response to different concentrations of DMSO, ethanol, and toluene, C. coralloides
only produced 4 new mass features in total as a response to all tested solvents and concentrations.
(Figure 6)

# of new mass features
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Figure 6. Number of new mass features in extracts of solvent supplementation experiments. - = not

tested, 0 = no new mass features.

It is known that several distinct compounds are responsible for inter-species communication.
Besides acyl homoserine lactones in proteobacteria signaling, peptides are known as signaling
molecules in gram-positive bacteria [42]. It has been shown in manifold research papers that co-
culture is a productive way of exploiting the biosynthetic potential of microbes [43]. (Figure 1) The
successful use of heat-killed cells for secondary metabolite elicitation has been reported previously
in one research paper, which also mentions some studies from the 1990s which have dealt with the
use of added supernatants [44]. Still, the use of such biotic additives has not been widely exploited
(Figure 1) although it presents the possibility to mimic the presence of signal molecules and surface
proteins to provoke a metabolic response in microorganisms.

The results show that new mass features were generated in both experimental setups with
supernatants (sterile-filtered and autoclaved) in all tested strains. (Figure 7) Interestingly, the
addition of sterile-filtered supernatant did not generally lead to a higher number of new mass
features as one could expect due to the pretreatment of autoclaving. This indicates that some
signaling molecules must have been sufficiently temperature-stable during the autoclaving process.

In the case of S. griseochromogenes cultures, two new mass features were detected when
supplemented with sterile-filtered supernatant from B. amyloliquefaciens and when supplemented
with its autoclaved supernatant. Interestingly, the detected new mass features are not the same, but
four different mass features were detected: 5g255 (Peak #255 originating from a S. griseochromogenes
culture) and Sg345 from sterile-filtered supernatant, Sg358 and Sg359 from autoclaved supernatant.
Sg255 is also produced when cultures are supplemented with 0.5% toluene or sterile-filtered
supernatant of R. jostii and Sg345 is also produced when autoclaved cell pellet of R. jostii is added.
5g358 and Sg359 are condition-specific and are only produced when autoclaved supernatant from B.
amyloliquefaciens is added to S. griseochromogenes cultures.
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Figure 7. Number of new mass features in extracts of biotic additive experiments. - = not tested, 0 =
no new mass features, Ba = B. amyloliquefaciens, Cc = C. coralloides, Pf = P. fallax, Rj = R.jostii, Sg = S.

griseochromogenes.

It cannot be concluded, that one of the supernatant types is more effective for the generation of
new mass features than the other. P. fallax is the only strain with a clear benefit of the sterile-filtered
supernatant: the number of new mass features is higher in all cases of added supernatants.

The addition of autoclaved cell pellets also worked well for the generation of new mass features
in P. fallax, R. jostii, and S. griseochromogenes cultures, but C. coralloides only reacted to the addition of
B. amyloliquefaciens pellet and B. amyloliquefaciens only reacted to the myxobacteria C. coralloides and
P. fallax. Here, we might have observed some connection to the relationship between the known
predatory myxobacteria and their prey, which often constitutes Bacillus strains [45].

In contrast to the addition of organic solvents, the addition of the three types of biotic additives
reliably generated new mass features in the selected strains.

Apart from C. coralloides cultures supplemented with organic solvents, the selected strains
generated many new mass features under the tested culture conditions. Although only 11 BGCs were
predicted by antiSMASH for B. amyloliquefaciens beforehand, a total number of 127 new mass features
was discovered in its extracts (Table 4). R. jostii was expected to be a moderate producer of new mass
features according to the prediction of 18 compounds, but it produced 138 new mass features. The
most promising candidate was S. griseochromogenes with 49 predicted BGCs. This strain produced the
highest number of new mass features, i.e. 147. The results show that a high number of predicted BGCs
does not correspond to high biosynthetic potential in terms of a high number of new mass features,
as evident when comparing e.g. B. amyloliquefaciens and C. coralloides (Table 4). Overall, the selected
strains produced many new mass features under the tested culture conditions and the selection of
biosynthetically promising strains was therefore successful. Additionally, it could be shown that the
culture conditions with little prior literature coverage (Figure 1), i.e. addition of solvents, biotic
additives, limitations, also provoked many new mass features.

Suitability of tested culture conditions for the generation of new mass features

As expected and seen in Figures 4-7, the selected bacterial strains reacted differently to the same
culture conditions. While P. fallax, for example, did not generate any new mass features on GMS
medium and C. coralloides only managed to produce one new mass feature, B. amyloliquefaciens

generated 21 new mass features on the very same medium. Overall, it was observed that all tested
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culture conditions are pleiotropic as they generated more than one new mass feature in at least one
bacterial strain [46].

The authors agree with Bode’s statement that no “common rules for all microorganisms” can be
developed from OSMAC screenings and that “everything is allowed to find new natural products”
as long as no complete understanding of secondary metabolism and its regulation is achieved [14].
Still, based on our findings, we want to postulate that some culture conditions can be regarded as
more promising than others and constitute good starting points for future screenings. Therefore, we
evaluated the selected culture conditions regarding their capability to provoke new mass features
from different strains. This capability is termed hit rate and defined as the number of strains
generating new mass features in response to one culture condition over the number of tested strains.
The results show that 36% of the tested culture conditions led to the detection of new mass features
in all strains they were tested with. This corresponds to a hit rate of 1. (Figure 8)

o
2
5
©
&
n
<
@0

Figure 8. Hit rates for all tested culture conditions. Black bars: sample size n = 5 strains, dark grey bars: n =4,

Pt pellet )

Rj pellet EE—

Sg pellet
Ba sup sf B

Ccsup of I

Pt sup sf —/———

GMS FeX
GMS MgX
M9 medium
Rj sup st

Sg sup st

Hit rate [-]
o o o o
o [38] W= (o)) w0 =
O2 limitation N
M9 FeX )
S S PR
[=——%x ="~
|
i |
]
1|
]
DMSO I
ACN ===,
Tol
FtOH I
Ba pellet E——
Ccpellet B

GMS medium
T lowered

M9 1% PO4 3-

SP medium

Landy medium

T elevated
Ccsup auto ===

Pt sup auto

Rj sup auto

Sg sup auto

light grey bars: n=3.

The addition of several biotic additives (cell pellet of C. coralloides, autoclaved supernatants of all
strains but C. coralloides) and some limitation experiments (PO4*-limitation on M9 medium and Fe3*-
and Mg?-limitation on GMS medium) have reliably provoked new mass features from all strains they
were tested with and can be recommended as starting points for future screenings with other bacteria.
It should be kept in mind, that the results of the limitation experiments were dependent on the
medium as well, see M9 FeX versus GMS FeX, and therefore the exact condition of the limitation

experiments, i.e. Fe¥*-limitation on GMS medium and not Fe*-limitation alone, is recommended.

Our analysis also shows that in most tested strains over 70% of the generated new mass features were
only produced under exactly one of the tested culture conditions (condition-specific). Between 7 and
19% of the new mass features were generated under two culture conditions and even less under three

or more culture conditions. (Figure 9)
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Figure 9. Percentage of new mass features, which are activated by a certain number of culture conditions.

Due to the observed condition-specificity of the new mass features, it can be postulated that
rather a broad screening of many culture conditions with a high hit rate applied to carefully selected
and promising bacterial strains is a recommendable way of approaching the search for novel bacterial
secondary metabolites.

Are there compounds among the new peaks which are so far unreported for the strains?

The analysis of LC-MS data resulted in detailed lists of new mass features for each investigated
strain containing M, trs, and culture conditions (Tables S16-520). The 590 new mass features were
evaluated regarding their intensity and peak area with heat maps for prioritization. (Tables 518-520)
The top 5 % regarding peak area were subjected to LC-MS/MS measurements to obtain their
compound-specific fragmentation patterns. Identified mass features, their corresponding
compounds, and means of identification are listed in Table 6. The corresponding producing
conditions are listed in Table 521. Matches to reference compounds comprised matching trs and
[M+H]*. The mass deviation was less than 5 ppm in all cases but myxochelin A (Appm = 10) and is

specified in the supplementary material.

Table 6. Results of fragmentation pattern analysis of selected new mass features. Evidence is given in the
supplementary material. A summary of the experimental fragmentation pattern is given in Table 522. The level

of confidence for the identification of all compounds is given in Table S23.

ID m/z tz [min] Proposed Means of identification
compound GNPS MetFrag Reference

compound

Ba3 261.12 4.5 cyclo(Tyr-Pro) v v
Appm =0.7

Ba8 1057.57 7.2 iturin A-4 v v

Ba9 1071.58 7.6 iturin A-6 mass-based

Bal0 1085.6 7.9 iturin A-8 v

Ba58 883.26 6.1 bacillibactin comparison to fragmentation pattern

from literature, Appm =14

Cc42 601.36 4.7 nocardamin v v

Appm=4.4

P£336 405.16 5.4 myxochelin A v
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Appm =
10.1
Sgl117 587.35 4.5 desmethyl enyl v Appm =
nocardamin
Appm = 0
(GNPS)
Sg130 585.36 49 desferrioxamine v
B + Al Appm =
13 (GNPS)

Since those compounds are represented by new mass features, they were not produced in the
control group and thus activated by the variation of culture conditions. The production of
bacillibactin (Ba58), myxochelin A (Pf336), and desferrioxamine B (Sgl17 derivative, Sg130 Al-
complex) was already described above, as their BGCs were predicted by antiSMASH.

Ba3, which has been identified as cyclo-(Tyr-Pro) (Figure S21), is a cyclic dipeptide with
antimicrobial activity against gram-negative strains and has so far not been reported in literature for
strain B. amyloliquefaciens DSM7, although strains from the B. subtilis group, are generally regarded
as producers of cyclic peptides [41,42]. It is produced under various culture conditions: elevated
temperature, Mg?~-limitation, and two different complex media.

The mass features named Ba8, Ba9, and Bal0 have been putatively matched with iturins A-4, A-
6, and A-8 (Figures 522-525). Interestingly, no iturin BGC was detected by antiSMASH, although it is
a common antifungal secondary metabolite of B. amyloliquefaciens strains [49]. A detailed analysis of
the B. amyloliquefaciens DSM7 genome independent of antiSMASH conducted in 2011, revealed an
iturin BGC and a follow-up study is the only literature report of iturin production by this exact strain
[44,45]. In the study by Borriss et al., iturin A was detected in DSM7 cultures grown in Landy medium
[51], while we detected the compound in LB cultures. Since our antiSMASH genome analysis
revealed an orphan NRPS BGC on the genome of B. amyloliquefaciens DSM7, this may be the missing
iturin A BGC. This assumption remains to be investigated.

Cc42 has been identified as nocardamin, a cyclic desferrioxamine B derivative, and as such a
siderophore [52]. (Figure 526) This compound has not been reported in literature for this strain so far.
Nocardamin has only been detected in actinomycete strains, mostly in Streptomyces cultures, and has,
to our best knowledge, never been reported for any proteobacterial strain before. Our antiSMASH
analysis has not revealed the nocardamin BGC, but the C. coralloides DSM2259 genome harbors many
orphan BGCs so that the nocardamin BGC remains to be annotated.

Streptomycetes are known producers of desferrioxamine siderophores, which include
nocardamin (=desferrioxamine E) [53]. Different desferrioxamine derivatives have been detected in
our S. griseochromogenes cultures, but the corresponding BGC was already active in the control group.
It has been observed that a change in culture conditions influences the distribution of derivatives
(data not shown) and the BGC can also be turned off. Mass feature Sgl17, desmethyl-enyl
nocardamin, was only detected in the iron-deprived M9 culture (M9 FeX) and the complex of
desferrioxamine B with aluminum was only detected in cultures supplemented with DMSO. (Figures
527, 528)

4. Conclusions

The biosynthetically promising and fully sequenced bacterial strains B. amyloliquefaciens DSM7,
C. coralloides DSM2259, P. fallax HKI727, R. jostii DSM77419, and S. griseochromogenes DSM40499 were
selected for OSMAC experiments based on genome mining, availability, and literature research to
activate their predicted BGCs and increase the diversity of new mass features per strain. The five
selected strains were cultured under 30 specific culture conditions and 308 extracts were obtained
resulting in 581 new mass features. Among all strains, five BGCs could be activated using OSMAC
conditions: surfactin variants and bacillibactin from B. amyloliquefaciens extracts, myxochelin A, and
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putatively nostophycin from P. fallax extracts, and putatively albaflavenone from S. griseochromogenes
extracts. Additionally, bacillaene and desferrioxamine B were detected in cultures of B.
amyloliquefaciens and S. griseochromogenes respectively. Since these two compounds were already
present in the control group samples their BGCs were not activated. Still, some BGCs remained silent
under the tested culture conditions, some even despite 100% sequence similarity, which indicates
that high sequence similarity alone is not a good indicator for the biosynthetic potential of strains, as
could be seen in the examples of B. amyloliquefaciens and R. jostii.

The high number of provoked new mass features, e.g. 147 new peaks in S. griseochromogenes
DSM40499 extracts, validates the expected high biosynthetic potential of the selected strains. B.
amyloliquefaciens DSM7 and R. jostii DSM77419 surpassed the expectations with their high numbers
of new peaks, 127 for B. amyloliquefaciens DSM7 and 138 for R. jostii DSM44719, in comparison to the
number of predicted BGCs (Table 4). Additionally, the genomes of the investigated strains still
possess high numbers of orphan BGCs. These findings indicate that the biosynthetic potential of the
investigated strains has not been fully elucidated so far and holds more to discover. Among the new
mass features some have been identified as interesting compounds, which had not been predicted:
the bioactive cyclic dipeptide cyclo(Tyr-Pro) and the known Bacillus-lipopeptide iturin from B.
amyloliquefaciens DSM7 and the siderophore nocardamin from C. coralloides DSM2259 which are all
unreported for these strains. It remains to be investigated if any of the identified new mass features
are products originating from orphan BGCs.

The culture conditions with little literature coverage have successfully contributed to the
activation of predicted BGCs as well as to the generation of new mass features.

An analysis of the tested culture conditions and the new mass features revealed that some
culture conditions provoke the production of new mass features from the tested bacterial strains more
reliably than others. Another finding was the condition-specificity of over 70% of the generated new
mass features. From these observations, we conclude that firstly, POs-limited M9 medium, Fe¥-
limited GMS medium, and several biotic additives are promising starting points for future screenings
and secondly, that a broad screening with many tested culture conditions and a small number of
carefully selected strains is a promising approach for the search for novel bacterial secondary
metabolites due to the condition-specificity of mass features. If a broader screening leads to more
mass features provoked by several conditions, statistical analysis tools like PCA could be employed
to study the silent cluster activation mechanisms in more detail [54].

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table
S1: title, Video S1: title.
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