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Actinomycetes are known for producing diverse secondary metab-
olites. Combining genomics with untargeted data-dependent tan-
dem MS and molecular networking, we characterized the secreted
metabolome of the tunicamycin producer Streptomyces chartreusis
NRRL 3882. The genome harbors 128 predicted biosynthetic gene
clusters. We detected >1,000 distinct secreted metabolites in culture
supernatants, only 22 of which were identified based on standards
and public spectral libraries. S. chartreusis adapts the secreted
metabolome to cultivation conditions. A number of metabolites
are produced iron dependently, among them 17 desferrioxamine
siderophores aiding in iron acquisition. Eight previously unknown
members of this long-known compound class are described. A single
desferrioxamine synthesis gene cluster was detected in the genome,
yet different sets of desferrioxamines are produced in different me-
dia. Additionally, a polyether ionophore, differentially produced by
the calcimycin biosynthesis cluster, was discovered. This illustrates
that metabolite output of a single biosynthetic machine can be ex-
quisitely regulated not only with regard to product quantity but also
with regard to product range. Compared with chemically defined
medium, in complexmedium, total metabolite abundancewas higher,
structural diversity greater, and the average molecular weight almost
doubled. Tunicamycins, for example, were only produced in complex
medium. Extrapolating from this study, we anticipate that the larger
part of bacterial chemistry, including chemical structures, ecological
functions, and pharmacological potential, is yet to be uncovered.

metabolomics | secondary metabolites | antibiotics | siderophores

Bacteria produce a multitude of structurally diverse secondary
metabolites. Among those with pharmacological importance

are antibiotics such as tetracyclines (1) and the siderophore
desferrioxamine listed by the WHO as an essential medicine for
the treatment of iron intoxication (2). Other molecules are
currently under investigation, such as the antibiotic teixobactin
produced by Eleftheria terrae (3).
Traditionally, secondary metabolites are identified by screening

crude extracts for specific biological activities, followed by sub-
sequent purification and characterization. This approach has proven
to be efficient but can be plagued by high rediscovery rates (4) and
limited to the more abundant metabolites. In fact, this approach
purposefully neglects most compounds present in complex starting
materials and it reveals little about a metabolite’s natural function.
While not essential for the survival of microbes under laboratory
conditions, secondary metabolites are thought to play a crucial role
in the adaptation of bacteria to changing environmental conditions
(5). Bacterial growth and survival require adaptation on different
time scales. While the rapid adaptation to fluctuations in environ-
mental parameters, such as temperature, is realized (e.g., by regu-
lation of gene expression or protein activity), the long-term
adaptation to new or changing habitats is of a more permanent
nature and involves genetic alterations. In the present article “ad-
aptation” is used to describe the rapid response to environmental
fluctuations. To date, natural functions of only few metabolites are
known. Siderophores are a prominent example. By sequestering

iron with exquisite affinities, they allow the producer to thrive under
iron-limiting conditions (6). Antibacterial and antifungal secondary
metabolites are frequently secreted and are thought to provide an
edge in the competition for resources (7) or allow predation (8). It is
debated whether inhibitory concentrations are reached in nature,
and subinhibitory concentrations are hypothesized to play a role in
inter- and intraspecies communication (9, 10).
Some bacterial genera such as Streptomyces are particularly well

known for their biosynthetic potential (11). Significant portions of
their genomes are dedicated to secondary metabolite biosynthesis
(12). Products are known for only ∼10% of in silico annotated
biosynthesis gene clusters (BGCs) (12). Many secondary metab-
olites are produced only under specific culture conditions. For
most BGCs no expression has ever been observed, which has led
to the assumption that they are silent or have lost the ability
to produce secondary metabolites (12). To unlock the unused
chemical potential of silent BGCs, various strategies are applied,
such as genetic or cultivation-dependent activation, biosynthesis in
heterologous hosts, or synthetic biology approaches (13–18).
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Great efforts are being undertaken to characterize metabolites on
the global scale to uncover novel chemistry. Data analysis, for
instance, has been improved by introducing self-organizing maps,
which led to the identification and purification of ciromycin A and
B (19). Another example is the in-depth study of the siderophore
suite of Streptomyces coelicolor M145, which led to the charac-
terization of amphiphilic siderophores (20).
In this study, we characterized the chemical potential of Strep-

tomyces chartreusis NRRL 3882, a strain used for the production
of calcimycin and tunicamycin (21). The genome was sequenced
and analyzed using antiSMASH 3.0.5 (22). The extractable and
ionizable metabolites in the medium, which we refer to as the
“secreted metabolome,” were analyzed by untargeted data-
dependent liquid chromatography–coupled tandem MS (LC-MS/
MS). MS/MS-based fragmentation patterns were analyzed by
molecular networking (23). This approach allows even metabolites
with unknown structures to be barcoded, compared, and tracked
across samples. Known antibiotics and siderophores were identi-
fied by comparing fragment spectra with libraries and standards,
and related compounds of unknown structure were structurally
annotated by manual spectra annotation. Using the OSMAC (one
strain many compounds) approach (14), the secreted metabolome
was investigated after cultivation in different media. We demonstrate
that the combination of MS and molecular networking with genomic
information allows differential global metabolomic investigations as
well as the structural characterization of single molecules.

Results
S. chartreusis NRRL 3882 contains a single linear chromosome
and no plasmids (see SI Appendix, Table S1; European Nucle-
otide Archive accession numbers: genome sequence: LT962942;
annotation: LT963352). The analysis tool antiSMASH 3.0.5 (22)
predicts 128 putative BGCs, which account for 34% of the ge-
nome. Based on homology searches, 55 of 128 BGCs show a hit
against the antiSMASH database, such as the calcimycin and
tunicamycin BGCs (SI Appendix, Table S2). This analysis pro-
vides an idea of the compounds this bacterium might produce.
Metabolites secreted by S. chartreusis were detected by LC-MS/

MS+ from culture supernatants under three cultivation conditions:
complex medium (CM) and defined salt-based minimal media
(MM) with or without iron (MM+Fe and MM−Fe, respectively).
After molecular networking, charge correction, dereplication,
elimination of adducts, and background and media subtraction, a
total of 701 metabolites with distinct parent masses and frag-
ment spectra were detected. Additionally, to explore the sampling
depth, the culture supernatant of MM−Fe was subjected to hy-
drophobic interaction chromatography (HIC) with HP-20 column
material, a method frequently applied for siderophore enrichment
(24, 25). A further 343 metabolites were exclusively identified in
the MM−Fe-derived HIC fractions. The total of 1,044 distinct
metabolites detected in this study exceeds the number of BGCs by
approximately an order of magnitude. However, we expect to still
underestimate the chemical potential of S. chartreusis, since not all
BGCs will be active under the conditions tested, the analysis was
limited to positive ionization mode, and sampling depth can easily
be increased, as demonstrated by the HIC experiment.
The secreted metabolome is specifically tailored to the growth

conditions (Fig. 1A). Distinct sets of metabolites were detected in
CM and MM, with few metabolites being produced under both
conditions. In MM, iron supplementation had a profound influ-
ence. Two equally large sets of distinct metabolites were detected
in MM+Fe and MM−Fe. Furthermore, global changes in the
secreted metabolome correlated with nutrient availability (Fig. 1B
and SI Appendix, Fig. S1). Spectral counting, based on the signal
intensity of parent masses reaching the threshold for triggering
fragmentation, was used to estimate compound quantities. This
approach is described for quantitation of proteins and peptides
(26) and also applicable for ionizable metabolites (SI Appendix,

Fig. S2). In CM, metabolites with a higher molecular mass were
detected more frequently (Fig. 1C). The average molecular size of
all parent mass signals recorded was 621 Da, compared with
411 or 345 Da in MM+Fe or MM−Fe, respectively. Metabolites
ranging from 1.9 to 5 kDa were detected only in CM. Taken to-
gether, on average, the metabolites produced in CM are larger
and produced in larger quantity (Fig. 1C).
The molecular network contains 1,044 nodes, each represent-

ing one distinct metabolite [Fig. 2 and SI Appendix, Tables S3
and S4; Global Natural Products Social Molecular Network-
ing (GNPS): https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=
c43717fa433e4456ac01e6cf1ce7476b, MSV000081911]. Of the
nodes, 438 group in subnetworks with at least three members.
Using standards and public spectral databases [GNPS (23),
MetFusion (27)], members of six subnetworks highlighted in Fig.
2 were identified. For five of the subnetworks, all fragment
spectra, with the exception of one bisucaberin derivative (m/z of
293.1472), were annotated and structures of previously unknown
compounds predicted through comparison and annotation of
fragment spectra (Fig. 3 and SI Appendix, Figs. S3–S8). Among the
metabolites identified were the antibiotics tunicamycin and calci-
mycin, known to be produced by S. chartreusis (21). The cal-
cimycin subnetwork contains the structurally related cezomycin
(28) and N-demethyl-calcimycin (29), as well as two additional
compounds (SI Appendix, Fig. S3). The calcimycin analog with an
m/z of 513.2596, now named deoxacalcimycin, was purified and its
structure elucidated by MS/MS, NMR, and FTIR (SI Appendix,
Figs. S9–S23 and Table S5). NMR- and FTIR-based structure
elucidation confirmed deoxacalcimycin to be a calcimycin analog.
The final structure of deoxacalcimycin (SI Appendix, Fig. S10) was
among the highest-scoring predicted structures in the MS/MS
analysis but differs from the one ranked highest (SI Appendix, Fig.
S3). The tunicamycin subnetwork encompasses the known tuni-
camycins A, B, C, D, D3, and I (30, 31) (PubChem identifiers:
CID 11104835, CID 56927836, CID 56927832, CID 56927841,
CID 56927833, CID 56927848), as well as four previously un-
known derivatives, all of which differ in acyl-chain length (32) (SI
Appendix, Fig. S4). Analytical standards were measured to aid

Fig. 1. Metabolites of S. chartreusis. (A) S. chartreusis produces unique and
common metabolites when cultivated in CM and MM with (MM+Fe) and
without (MM−Fe) iron. A total of 701 distinct parent masses were detected.
(B and C) “Number of masses” indicates the number of events of a parent
mass surpassing the intensity threshold for triggering fragmentation. (B) In
CM, more metabolite molecules were recorded. (C) Binning by mass range
shows that size distribution varies by medium. No compounds with masses
between 2,501 and 3,000 Da were detected. The experiment was performed
three times independently (n = 3); averages with SDs are shown. The size
distribution of distinct compounds is given in SI Appendix, Fig. S1.
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MS/MS-based identification and structure elucidation (all spec-
tra were added to the GNPS library; SI Appendix, Table S4). Using
this approach, a subnetwork containing a molecule matching the
MS/MS spectra of nalidixic acid was identified (Fig. 2 and SI
Appendix, Fig. S5).
S. chartreusis produces a variety of hydroxamate siderophores

belonging to at least two different siderophore subgroups. The
bisucaberins and desferrioxamines (Fig. 2) are synthesized from
two and three identical building blocks, respectively (33, 34).
Shewanella putrefaciens has been shown to produce both in dif-
ferent stoichiometry depending on precursor availability (35).
The genome of S. chartreusis harbors only one desferrioxamine
BGC (SI Appendix, Table S2), which likely is responsible for the
synthesis of all detected bisucaberines and desferrioxamines. The
coelichelins, of which two were detected, are synthesized by a
separate BGC (36). The genome of S. chartreusis harbors two
further putative siderophore BGCs (SI Appendix, Table S2). Like

for the antibiotics, the structures of the unknown siderophores in
the described subnetworks were predicted based on mass
spectrometric information (Fig. 3 and SI Appendix, Figs. S6–
S8 and Table S3). Of the 17 desferrioxamines detected in total,
eight were previously unknown.
We measured total siderophore production in the supernatant

of S. chartreusis over a cultivation period of 21 d in MM+Fe and
MM−Fe using a colorimetric chromeazurol S (CAS) assay (Fig.
4A), in which siderophores compete with CAS for iron (37).
Constituents of the CM cause dye precipitation, preventing ap-
plication of the CAS assay to this medium. As expected, side-
rophores are produced under iron-limiting conditions. In parallel,
desferrioxamine abundance was quantified using continuous MSE

analysis (SI Appendix, Fig. S24). This data-independent acquisi-
tion method (38) provided better sensitivity than data-dependent
acquisition of LC-MS/MS. Except for two desferrioxamines
(493.3344 Da and 537.3605 Da), which are just above the detection

Fig. 2. Molecular network of metabolites produced by S. chartreusis. Nodes resemble metabolites detected in the culture supernatants across a 14-d time course,
with node sizes indicating cumulated abundance and colors indicating abundance in the different media (CM, blue; MM+Fe, green; MM−Fe, red). Intermediate
colors indicate metabolite appearance under multiple conditions. Gray nodes resemble compounds only detected after HIC of MM−Fe. Nodes are connected if the
cosine similarity of fragment spectra is ≥0.7 (line thickness reflects similarity score). Subnetworks on the left are named after one representative and contain
molecules identified by database search or spectral annotation. Exemplary structures for nodes highlighted in magenta are given. *LC-MS/MS spectra match those
of nalidixic acid. All structures are given in Fig. 3 and SI Appendix, Figs. S3–S8 as well as further information in SI Appendix, Table S3.

Fig. 3. Desferrioxamine structures of S. chartreusis. (A–H) Structure prediction and annotation of fragment spectra of all previously unknown desferrioxamines. Given
are themasses of protonatedmolecules [M+H]+ and them/z of detected fragments. Gray dotted lines indicate fragmentation sites, while light gray dotted lines connect
fragmentation sites. The “+”marks the potential positions of the red-marked double bond; asterisks “*” show alternative positions of red hydroxyl groups. Information
on known desferrioxamines is provided in SI Appendix, Fig. S6 and Table S3. An overview on the procedure for structure prediction is given in SI Appendix, Fig. S25.
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limit, the production of all desferrioxamines parallels the side-
rophore levels in the CAS experiment. Notably, the LC-MS/MS
experiment revealed that the desferrioxamines are not produced
in equal stoichiometry when S. chartreusis is cultured in different
media (Figs. 2 and 4B). The most common desferrioxamines, B and
E, were also the most abundant ones in MM−Fe and in CM. The
slightly smaller desferrioxamine B was the most abundant variant in
MM−Fe, while E was the most abundant in CM. Both were also
detected in trace amounts in MM+Fe after 14 d. A previously un-
known desferrioxamine of 518.3184 Da was also detected in CM and
MM−Fe. Six additional desferrioxamines were exclusively identified
in CM, four in MM−Fe. The fact that four more desferrioxamines
were detected in MM−Fe after HIC suggests that the product range
of the biosynthetic machinery extends beyond the desferrioxamines
described here. Precursor availability in the medium might contribute
to the differential production of desferrioxamines. However, pre-
cursor availability is not a strict requirement, since with the more
sensitive MSE analysis all desferrioxamines, including those detected
only in CM by LC-MS/MS, were detected in low quantities in MM
−Fe, which lacks any potential precursors (SI Appendix, Fig. S24).

Discussion
LC-MS–Based Analysis of the Secreted Metabolome. The bacterial
genus Streptomyces is one of the richest sources of bioactive
metabolites, producing ∼70% of clinically used antibiotics of
natural origin (39). S. chartreusis NRRL 3882 is a typical repre-
sentative regarding genome size (40) and genome-wired chemical

potential. The number of predicted BGCs is close to that of the
model organism S. coelicolor (RefSeq: NCC_003888.3; 128 and
118, respectively). We established an MS-based workflow that si-
multaneously enables structural and differential metabolome
analysis (SI Appendix, Fig. S25) and employed it to study the
medium dependence of metabolite secretion by S. chartreusis.
Modern LC-MS approaches allow the parallel detection of

metabolites in complex mixtures and their relative quantitation
across different cultivation conditions. Using our LC-MS/MS+–
based workflow, in total 1,044 distinct metabolites were detected,
exceeding the number of BGCs by almost an order of magnitude.
Special enrichment techniques can further lower the detec-
tion limits of metabolites as demonstrated for HIC, which led
to the detection of 343 additional metabolites from supernatants
of MM−Fe cultures. Approaches such as the parallel use of
negative-mode MS, extension of fractionation strategies, or fur-
ther variation of cultivation conditions will further increase the
number of detectable metabolites. It has already been shown that
addition of siderophores (41) or antibiotics (42) or cocultivation
(43) can alter the set of metabolites produced.
While mRNAs and proteins can be predicted from the genome

sequence with suitable accuracy, metabolites cannot be predicted
unequivocally from the genome directly. The gold standard for
structure elucidation is NMR spectroscopy. However, it has limi-
tations when it comes to analyzing complex mixtures of low-
abundant metabolites. LC-MS and LC-MS/MS can make valuable
contributions in this area, as recent works by Derewacz et al. (19)
or Sidebottom et al. (20) demonstrated. In the present study, LC-
MS/MS proved a useful starting point for structure elucidation of
metabolites in complex mixtures. The identification of deoxa-
calcimycin in the molecular network and subsequent structure
elucidation illustrate advantages and limitations of this method.
The initial identification of deoxacalcimycin as a calcimycin analog
was achieved based on MS/MS analysis, and the structural de-
viation from calcimycin was correctly localized to the benzoxazole
region. NMR analysis revealed that deoxacalcimycin contains a
3-hydroxyanthranilic acid moiety (SI Appendix, Fig. S9) rather than
a 1,3-benzoxazole moiety, which characterized the highest-scoring
structure predicted by MS/MS (SI Appendix, Fig. S3). Structure
elucidation using spectroscopic techniques clearly presents the main
bottleneck for identification of novel structural classes. The number
of annotations achievable by searching public spectral libraries is
still limited. A well-characterized BGC and structural information
on analogs can render future MS/MS-based structure predictions
more precise. Structures can be deduced by interpreting and com-
paring parent and fragment mass spectra, as demonstrated here for
desferrioxamines, which have been studied intensively since their
discovery half a century ago (44, 45). The identification of eight
previously undescribed desferrioxamines highlights the potential
for the discovery of derivatives of known compound classes.

Diversity of Secreted Metabolites. Factors contributing to the ex-
tensive metabolite diversity include, e.g., enzyme promiscuity as
described for polyketide synthases, which can utilize a variety of
starter and extender units (46–48), alternative cyclization or con-
densation reactions (49, 50), differential regulation of individual
enzymes of the biosynthetic machine (51), the release of inter-
mediates and pathway shunt products, biosynthesis mediated by
gene products not detected as secondary metabolite biosynthesis
genes by antiSMASH, or synthesis by cooperating biosynthetic
machines (52). We cannot completely exclude that primary me-
tabolites, and biotransformed or degraded media components,
further add to metabolite diversity, although we expect those to be
few. Media components of uninoculated medium were excluded
from the analysis, and particularly MM contains only glucose,
glutamate, and tryptophan, which could be degraded and bio-
transformed. Further, none of the numerous primary metabolites
represented in the GNPS database were identified.

Fig. 4. Desferrioxamine levels. (A) Siderophore levels in MM+Fe and MM−Fe
were measured by CAS assay (means of five biological replicates with SDs).
(B) The molecular network of desferrioxamines, which are represented by their
protonated mass in Da. Colors indicate appearance in media (CM, blue; MM−
Fe, red; both, purple). Gray circles represent desferrioxamines only detected
after HIC enrichment. The line thickness reflects cosine similarity of fragmen-
tation spectra; factors provide the difference in parent mass in Da.
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The production of structurally related derivatives offers an
opportunity for fine-tuning the biological activity of metabolites
to growth conditions. For example, the polyether ionophore
calcimycin exerts its antibiotic effect by disturbing metal ion
homeostasis in target organisms (53). The semisynthetic variant
4Br-A23187 of calcimycin differs in binding and transport ca-
pabilities for different metal ions (54–56). Similarly, the naturally
occurring calcimycin derivatives detected in this study might also
have divergent affinities. While cezomycin is the main product in
MM, calcimycin is absent in MM but the main product in CM. It
is postulated that, to produce calcimycin, cezomycin is modified
by the addition of a hydroxyl group, which is converted to an
amino group, which finally is methylated (29). None of these
steps is expected to require complex precursors. Thus, the ob-
served differential output of the biosynthetic machine is likely
not a result of precursor availability. The biological and eco-
logical function of these calcimycin-like ionophores is yet to be
elucidated. It is possible that the derivatives have distinct bi-
ological functions or that they fulfill the same function but with
different efficiencies depending on metal ion concentrations in
the surroundings. It remains to be investigated if this differential
production aids bacteria to prevail in their niche.
In this study, a host of siderophores was detected, some of

which have very similar structures. Siderophores aid in the uptake
of iron, but additional, nonclassical siderophore functions are also
known. Small structural modifications can shift metal affinities and
change the function from mobilization of iron to molybdenum (57).
Siderophores can protect against oxidative stress, serve signaling
purposes, or inhibit other organisms such as the siderophore-based
antibiotic albomycin (58). Desferrioxamines can be modified to
suit current living conditions (59). Traxler et al. (60) have shown
that S. coelicolor, facing other Actinomycetes, produces acylated
desferrioxamines. In the present study, the desferrioxamines
provide another example of the different biosynthetic output of
a BGC in dependence of the medium composition, which is
reflected by differently colored nodes within the subnetwork (Fig.
2). In nutrient-rich CM, the more complex desferrioxamine E is
most abundant (built from threeN-hydroxy-N-succinylcadaverines),
while the smaller desferrioxamine B (built from two N-hydroxy-
N-succinylcadaverines and N-hydroxy-N-acetylcadaverine) is more
abundant in MM−Fe. This differential production might be a
consequence of balancing functionality and economy. Among the
tested cultivation conditions, the most and largest metabolites
were produced when S. chartreusis was cultivated in CM. This
might reflect the availability of nutrients and precursors but can
also present an adaptation to nutrient-rich environments in which
secreted metabolites fulfill yet unknown functions. For most se-
creted metabolites, little is known about the ecological function,
let alone the function of mixtures of structurally related com-
pounds produced by a single species. Even for the comparably
well-studied desferrioxamines it remains to be investigated if de-
rivatives produced in CM fulfill different functions from those
produced in MM−Fe and how the production of different prod-
ucts from the biosynthetic machine is regulated.
The secreted metabolome under three growth conditions

revealed a high diversity and complementarity. It will be inter-
esting to expand this LC-MS/MS–based approach by diversifying
cultivation conditions as, e.g., in the OSMAC approach (14). Al-
ternative cultivation conditions may result in the activation of
additional BGCs that were silent under the three conditions tested
here, an approach that has been employed successfully (18). The
combination of metabolomics with global transcriptome or pro-
teome analysis and targeted mutagenesis to match BGCs with
their metabolite products will further expand our understanding
of the chemical capabilities of microbes. The conditions under
which compounds are produced might also provide clues as to
their function. The siderophores, for instance, are produced when
iron is limiting and it is tempting to speculate that among the

101 molecules detected in MM−Fe, but not MM+Fe, there are
others with a role in iron acquisition.

Conclusions
We present a workflow for the global differential analysis of
metabolites. Our approach provides a means to look at the di-
versity of molecules and at how bacteria fine-tune their chemical
repertoire in response to cultivation conditions. S. chartreusis
NRRL 3882 produces many metabolites in parallel with the
number of distinct metabolites detectable under a single condition
exceeding the number of BGCs. The set of metabolites produced
is tailored specifically to the growth conditions. Further, our ap-
proach facilitates network-guided structure elucidation by tandem
MS. We uncovered hitherto unknown siderophores and iono-
phores. Our study of the S. chartreusis NRRL 3882 secreted
metabolome shows that the chemical potential of microorganisms
is far from being fully characterized.

Materials and Methods
Experimental details including citations are provided in the SI Appendix.

Strains and Cultivation Conditions. S. chartreusis NRRL 3882 was cultivated in
yeast extract malt extract (39) complex medium (3 g/L yeast extract, 5 g/L
peptone, 3 g/L malt extract, 55.5 mM glucose, and 73 mM saccharose) or
defined MM (MM−Fe) [21 mM NaCl, 15 mM (NH4)2SO4, 8 mMMgSO4, 27 mM
KCl, 50 mM Tris, 0.6 mM KH2PO4, 2 mM CaCl2, 0.01 mM MnSO4, 4.5 mM
L-glutamate, 0.78 mM L-tryptophan, 11 mM D-glucose, pH 7.5], with
0.001 mM FeSO4 added when indicated (MM+Fe.)

DNA Isolation and Sequencing. DNA was extracted after digestion of the
mycelial cell wall with 5 mg/mL lysozyme in Tris-EDTA buffer (10 mM Tris,
5 mM EDTA, 0.075 mg/mL RNase A, pH 8), as described by Kieser et al. (39).
The genome was sequenced on the Illumina MiSeq platform, assembled
using gsAssembler 2.8 and annotated using Prokka 1.11 and GenDB 2.0.
Putative BGCs were predicted using antiSMASH 3.0.5.

HIC. Supernatant of an MM−Fe culture was incubated with 25 mg/mL of
Diaion HP-20 resin. The resin was washed with water and eluted with 25%,
50%, and 100% CH3OH.

LC-MS/MS and MSE Measurements.Over a time course of 2 wk, supernatants of
cultures were harvested. After extraction with ethyl acetate, the organic and
aqueous phases were dried, reconstituted in CH3OH, and subjected to LC-MS/
MS and LC-MSE measurements. Separation was performed on a C18 column
using an H2O/CH3CN gradient with 0.1% formic acid (FA). Mass spectra were
recorded in positive mode on a Synapt G2-S HDMS with an ESI source and
TOF detector. All experiments were performed three times independently.

Molecular Networking and Spectra Annotation. After file conversion using
Proteowizard (version 3.0.940), amolecular networkwas generated using the
GNPS platform (23). Data can be accessed at https://gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=c43717fa433e4456ac01e6cf1ce7476b. The molecular network
was visualized via Cytoscape (version 3.3.0). Redundancies and adducts were
cleared manually. Spectra of interest were annotated with the aid of the
MetFrag in silico fragmentation tool (27).

Colorimetric Siderophore Detection. A previously described CAS assay (37) was
used. Cell-free culture supernatant was mixed in equal amounts with the
reaction solution (15 μM FeCl3, 150 μM CAS, 600 μM cetyl trimethylammo-
nium bromide, 563 mM piperazin, pH 5.6). After 3 h, the absorption at
660 nm was measured.

Compound Purification and Characterization. S. chartreusis was cultivated in
international Streptomyces project medium 2 (4 g/L yeast extract, 10 g/L malt
extract, 4 g/L glucose). The culture supernatant was extracted with an equal
amount of ethyl acetate, which was subsequently evaporated, and the
remaining residue reconstituted in CH3OH. Subsequent separation was
performed by automated reversed-phase medium pressure liquid chroma-
tography on a CombiFlash Rf using a 40-g SiliaSep C18 column, with an H2O/
CH3CN gradient with 0.1% FA. Calcimycin-like compounds were detected at
360 nm. Peak fractions were combined and further analyzed. LC-MS/MS was
performed on an Exactive Orbitrap mass spectrometer equipped with an
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Accella photodiode array detector and a SEDEX Model 80 low-temperature
evaporative light-scattering detector. An H2O/CH3CN gradient with 0.1% FA
was used for separation on a C18 column. All 1H and 13C NMR spectra were
acquired on a 600-MHz Bruker Avance III NMR spectrometer operating at
600 and 150 MHz, respectively. Optical rotations were recorded on an
Autopol III polarimeter. Infrared spectra were acquired by attenuated total
reflectance using a SMART iTR accessory on a Nicolet 6700 FTIR spectrometer.
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