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ABSTRACT Microorganisms within microbial communities respond to environmen-
tal challenges by producing biologically active secondary metabolites, yet the major-
ity of these small molecules remain unidentified. We have previously demonstrated
that secondary metabolite biosynthesis in actinomycetes can be activated by model
environmental chemical and biological stimuli, and metabolites can be identified by
comparative metabolomics analyses under different stimulus conditions. Here, we
surveyed the secondary metabolite productivity of a group of 20 phylogenetically
diverse actinobacteria isolated from hypogean (cave) environments by applying a
battery of stimuli consisting of exposure to antibiotics, metals, and mixed microbial
culture. Comparative metabolomics was used to reveal secondary metabolite re-
sponses from stimuli. These analyses revealed substantial changes in global metabo-
lomic dynamics, with over 30% of metabolomic features increasing more than 10-
fold under at least one stimulus condition. Selected features were isolated and
identified via nuclear magnetic resonance (NMR), revealing several known secondary
metabolite families, including the tetarimycins, aloesaponarins, hypogeamicins, acti-
nomycins, and propeptins. One prioritized metabolite was identified to be a previ-
ously unreported aminopolyol polyketide, funisamine, produced by a cave isolate of
Streptosporangium when exposed to mixed culture. The production of funisamine
was most significantly increased in mixed culture with Bacillus species. The biosynthetic
gene cluster responsible for the production of funisamine was identified via genomic se-
quencing of the producing strain, Streptosporangium sp. strain KDCAGE35, which facili-
tated a deduction of its biosynthesis. Together, these data demonstrate that compara-
tive metabolomics can reveal the stimulus-induced production of natural products from
diverse microbial phylogenies.

IMPORTANCE Microbial secondary metabolites are an important source of biologi-
cally active and therapeutically relevant small molecules. However, much of this ac-
tive molecular diversity is challenging to access due to low production levels or diffi-
culty in discerning secondary metabolites within complex microbial extracts prior to
isolation. Here, we demonstrate that ecological stimuli increase secondary metabo-
lite production in phylogenetically diverse actinobacteria isolated from understudied
hypogean environments. Additionally, we show that comparative metabolomics link-
ing stimuli to metabolite response data can effectively reveal secondary metabolites
within complex biological extracts. This approach highlighted secondary metabolites
in almost all observed natural product classes, including low-abundance analogs of
biologically relevant metabolites, as well as a new linear aminopolyol polyketide,
funisamine. This study demonstrates the generality of activating stimuli to potenti-
ate secondary metabolite production across diverse actinobacterial genera.

KEYWORDS natural products, metabolomics, antibiotics, mixed culture, secondary
metabolites, actinomycetes
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econdary metabolites are used by microorganisms to communicate and compete

within ecological systems. As selective and potent mediators of clinically relevant
biological processes, they often become lead compounds for drug development and
have been used to identify druggable biological targets (1, 2). The biosynthetic gene
clusters responsible for the production of many classes of secondary metabolites can
be readily identified within genomic sequence data using automated bioinformatics
analyses (3-6). However, an inspection of microbial genomes reveals that the products
of a large portion of the genetically encoded secondary metabolites remain unidenti-
fied in culture extracts (7). This discrepancy between potential and isolable secondary
metabolite production may stem from low expression and/or translation of secondary
metabolite biosynthetic genes and limitations in our methods of detection via abun-
dance or biological activity (8). So called “brothological” methods (one strain many
compounds [OSMAC]) (9) that vary in cultivation parameters, such as medium compo-
sition, pH, aeration, and temperature, can effectively increase the observable secondary
metabolite output from microbial producers. These general approaches may increase
secondary metabolite production by altering precursor levels or biosynthetic enzyme
activity/stability, or through changes in gene regulation, microbial metabolism, and
growth phase timing. An alternative strategy employs, in a single growth medium,
defined chemical or biological agents that model ecological and environmental stimuli.
Discrete stimuli found to elicit natural product production include histone deacetylase
inhibitors (10, 11), exposure to subinhibitory levels of antibiotics (12-14), selection for
spontaneous antibiotic resistance (15, 16), low-level metal exposure (17), and mixed
microbial culture (18, 19). The finding that variations in discrete chemical and biological
stimuli can alter secondary metabolite production is consistent with the hypothesis that
the role of most natural products is to respond to environmental interactions.

Regardless of the means of stimulating secondary metabolite production, the
identification of the often low-abundance secondary metabolites of interest within the
observable metabolome remains a substantial challenge. High-performance liquid
chromatography-mass spectrometry (HPLC-MS) is frequently used to detect secondary
metabolites from biological extracts, but these analyses often result in the observation
of thousands of small-molecule metabolites and by-products of similar abundance to
potential secondary metabolites within the extract. The application of comparative
metabolomics methods, such as multivariate statistical methods (MVSA) and/or molec-
ular networking (16, 20, 21), has superseded the “stare and compare” approach,
providing unbiased assessments of metabolite covariance across samples. Combining
comparative metabolomics with the application of discrete stimuli can effectively
prioritize secondary metabolites for isolation (22). This facilitates secondary metabolite
identification within extracts, as they should thereby be identifiable by their responses
to multiply applied stimuli. Unbiased comparative metabolomics workflows are more
difficult to interpret productively in brothological approaches because the variations in
medium composition often eclipse changes in metabolite inventories resulting from
altered secondary metabolite production.

While the combination of chemical/biological stimuli and comparative metabolo-
mics has led to the activation, production, and identification of natural products from
actinomycetes of the genus Streptomyces (13, 23-25) and, less commonly, other
actinomycetes (16, 19, 26, 27), these strategies have not been thoroughly evaluated
across other actinobacterial genera. Here, we applied subinhibitory antibiotic exposure,
rare earth metal exposure, and microbial competition activation strategies to a selec-
tion of 20 phylogenetically diverse cave-derived actinomycetes and assessed the
resulting global secondary metabolite responses through comparative metabolomics.
Marked changes in the observed metabolomes and increased production of secondary
metabolites were evident in response to environmental stimuli. We isolated a subset of
metabolites prioritized through comparative metabolomics analyses and identified
members of natural product families, including the previously described actinomycin,
hypogeamicin, tetarimycin, aloesaponarin, and propeptin classes, as well as a novel
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linear polyketide (funisamine) produced by a Streptosporangium strain under mixed-
culture stimulus conditions.

RESULTS

Phylogenetically diverse actinomycetes isolated from hypogean environ-
ments. Phylogenetically diverse microorganisms from unique unexplored environ-
ments have a strong track record of revealing useful chemical diversity (28, 29).
Hypogean sediments are unique environments that have been shown to be replete
with bacterial diversity (30-32) but not extensively explored for secondary metabolite-
producing organisms. Caves maintain microbial habitats distinct from epigean (surface)
ecosystems. The interior regions of limestone caves in the central United States are
generally isothermal year round (~13°C), highly oligotrophic (33), and completely
aphotic. Formed millions of years ago by chemical and biological (34) dissolution of
limestone, they are often highly humid due to hydrological activity and therefore
present vast wet highly oxygenated surface areas for maintaining microbial biofilms
competing for allochthonous dissolved organic matter. Based on these unique envi-
ronmental parameters, we selected actinomycetes sourced from cave environs for
stimulus response mapping.

To investigate the secondary metabolic responses of cave-derived actinomycetes to
environmental stimuli, environmental samples were acquired from Hardin’s (Ashland
City), Snail Shell (Rockvale), and Cagle’s Chasm (South Pittsburg) caves in Tennessee by
aseptically collecting cave sediments and swabbing cave formations. These formations
(speleothems) included flowstone, stalactites, stalagmites, wall coralloids, and columns.
To provide a basis for comparison of cultivatable diversity to studies of actinomycetes
from surface environments, we used established actinobacterial isolation procedures
(35). After collection, cave sediment samples were dried, and we used 100-fold diluted
International Streptomyces Protocol 2 (ISP2) agar for dilution plating, while swabs were
suspended and directly applied to agar plates without prior desiccation. Hundreds of
individual bacterial colonies were isolated using this approach, and 16S rRNA gene
sequences were acquired for 155 strains. The majority of these (58%) were most closely
related to actinomycetes of the genus Streptomyces; however, a number of rare
actinomycetes were isolated (see Table S1 in the supplemental material), which are
important sources of novel secondary metabolites (36). A group of 20 cave strains from
this sequenced collection were selected for this study, consisting of four Streptomyces
species and 16 less commonly described actinomycetes with high 16S rRNA gene
sequence similarity (GenBank accession numbers available in Table S2) to those of
members of the genera Microbispora, Micromonospora, Streptosporangium, Saccha-
rothrix, Nonomuraea, Pseudonocardia, Nocardioides, Nocardia, Kribbella, and Paenarthro-
bacter (Fig. 1).

Stimuli increase natural product biosynthesis across actinomycete genera.
Selected strains were exposed to the following six different stimuli previously reported
to activate secondary metabolite production in actinomycetes: subinhibitory antibiotic
concentrations (1/10 the MIC) of either rifampin or streptomycin (37), rare earth metal
exposure with lanthanum or scandium (38), and microbial competition with mycolic
acid containing bacteria Tsukamurella pulmonis or Rhodococcus sp. strain BBSNAI13
(25). All organisms were cultured in ISP2 medium, a benchmark-defined medium, and
metabolites were extracted after 7 days. These total-cell extracts were then analyzed
through HPLC-electrospray ionization-MS (HPLC-ESI-MS) in both positive- and negative-
ionization modes. In this study, the combined positive and negative ESI data for all
extracts were prepared for initial comparative analysis. The metabolomic platform
XCMS (39) was used to process data sets, providing peak detection, retention time
correction, and chromatogram alignment to generate a combined list of ~19,000
features, ions with distinct m/z and retention times. Feature ion abundances from
technical replicates were averaged, and pairwise comparisons were performed be-
tween each stimulus condition and the respective controls to determine the number of
features with increased production through stimulus exposure.
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FIG 1 (A and B) Images from Cagle’s Chasm (A) and Snail Shell (B) caves. (C) Phylogenetic tree constructed using MEGA7 with
maximum likelihood analysis from 16S sequence alignment of the 20 strains selected for stimulus exposure studies and 11 type strains
for reference. Bootstrap values based on 1,000 pseudoreplicates are shown next to the branch points. The initial tree for the heuristic
search was obtained automatically by applying neighbor-joining and BIONJ algorithms to a matrix of pairwise distances estimated
using the maximum composite likelihood (MCL) approach and then selecting the topology with superior log likelihood value. The tree
is drawn to scale, with branch lengths measured in the number of substitutions per site. Isolation frequency of genera in our study
is calculated as the number of strains of a given genus identified divided by the total number (155) of sequenced isolates.

The overall responses to stimuli were measured by the number of features with
=10-fold increased ion abundance compared to the control conditions. Responses
varied between genera (see Fig. S1 in the supplemental material), and even phyloge-
netically similar isolates displayed markedly differing metabolomic response patterns.
For instance, of the two Kribbella isolates, one (BBHARD14) responded most strongly to
metal exposure, while the other (BBSNAIO8) responded most strongly to mixed culture.
Of the four Micromonospora isolates, two responded most strongly to mixed culture
(BCCAGE23 and BBHARD28), while two responded most strongly to metal exposure
(BBHARD22 and BBHARD29). Interestingly, across strains, there was relatively little
overlap of overproduced features between stimuli of the same type. For example,
within the antibiotic category, rifampin and streptomycin treatment generally led to
the accumulation of different metabolites (Fig. S2). Similar results were observed for
metal and mixed-culture exposure (Fig. S3 and S4), with the exception of two Nocar-
dioides isolates (BBSNAI19 and BBSNAI23) which exhibited a high degree of overlap
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between responses under lanthanum and scandium exposure conditions. The four
Streptomyces isolates demonstrated relatively fewer responses, suggesting that rare
actinomycetes are particularly sensitive to applications of stimuli.

At least eight families of natural products were identified within the extracts (see
below), and increased production was observed for seven of these under at least one
stimulus condition. Two of these natural product families, an unidentified polyene
natural product and a novel aminopolyol, funisamine, were detectable only under
stimulus conditions, and others, like tetarimycin, were barely detectable under control
conditions and would have been overlooked if not for enhanced production under
stimulus conditions (Tables S3 and S4). The unidentified polyene was activated in a cave
isolate, Nonomuraea sp. BCCAGE42, under antibiotic exposure conditions, and funi-
samine was produced by Streptosporangium sp. strain KDCAGE35 under mixed-culture
conditions. Interestingly, while exposure to either rifampin or streptomycin elicited
comparatively few bulk metabolomic responses across strains relative to mixed culture
and metal stimuli, antibiotic exposure demonstrated a substantial effect on the accu-
mulation of individual natural product features, which were conspicuous in pairwise
analysis. Of 23 putative natural product features with abundances of =10-fold under
stimulus conditions versus the controls, 17 were observed in greater abundance under
subinhibitory antibiotic exposure conditions (Fig. S5).

Comparative metabolomics prioritizes secondary metabolites from stimulus
exposure. Two multivariate statistical analysis methods were used to prioritize metabo-
lomic features for isolation and dereplication, volcano plots and S-plots (Fig. 2). Volcano
plots organize features on the y axis by the probability of observing such a fold change
under the null hypothesis of no-change (P value) and by relative ion abundance fold
change on the x axis but not by feature ion abundance. In comparison, S-plots organize
features on the y axis by their Pearson correlation coefficient, a measure of their linear
correlation, and on the x axis by their component coefficients, a measure of a feature’s
contribution to the total variance between conditions, which is influenced by feature
ion abundance. It is also important to note that the relative intensities of ions from a
mixture of small molecules as detected by MS do not necessarily correlate with the
relative concentrations of those compounds, due to various ionization efficiencies.
While these analyses aid in prioritizing a number of features, the practical isolability of
compounds from an extract is limited by many factors, including abundance, chro-
matographic properties, and chemical stability. Both MS and UV-Vis absorption spec-
troscopy were utilized to characterize culture extracts, and the absorption spectra aided
in determining the abundance and isolability of prioritized features.

Comparative metabolomics analyses of extracts from the cave isolate Micromono-
spora sp. BBHARD22 revealed a number of abundant features increased under
scandium-supplemented conditions (Fig. 2A and Tables S3 and S4). Overlaying ex-
tracted ion chromatograms for S-plot prioritized features onto the total ion and UV-Vis
chromatograms indicated that one feature was readily isolable based on abundance in
both MS and UV-Vis detection, as well as elution in a noncomplex region of the
chromatogram. The production of this feature was increased 6-fold under scandium
metal exposure conditions and was ultimately identified by nuclear magnetic reso-
nance (NMR) spectroscopy to be the known anthraquinone natural product aloesapo-
narin I, originally isolated from the plant Aloe saponaria (40) but also previously
observed in extracts of both marine (41) and terrestrial (42) Streptomyces species.
Another abundant feature prioritized from scandium exposure culture extracts was
additionally identified as the anthraquinone okicenone (43). In addition to these
confirmed anthraquinones, seven additional features were identified across multiply
applied stimuli that were assigned as likely secondary metabolites based on their MS,
tandem MS (MS/MS), and UV (Fig. S12 and S13) spectra in comparison to compounds
isolated and characterized from this strain. Notably, these putative secondary metab-
olites, which are likely congeners of aloesaponarin and okicenone, vary in concentra-
tion across stimuli, with discrete stimuli facilitating increased production of individual
congeners.
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FIG 2 Prioritization of natural products from comparative metabolomics. (A to C) Volcano and S-plot prioritization of aloesaponarins
(ESI=) from Micromonospora sp. BBHARD22 exposed to scandium (Sc) (A), hypogeamicins (ESI+) from Nonomuraea sp. BBHARD23
exposed to scandium (Sc) (B), and tetarimycins (ESI+) from Microbispora sp. BCCAGE54 exposed to streptomycin (Str) (C). Circles are
colored for features outside (gray) and within (blue) 0.8 Pearson correlation coefficient (coeff) thresholds for S-plots, and 0.8 probability
value and 5-fold change thresholds for volcano plots. Features corresponding to aloesaponarin (A), hypogeamicin (B), and tetarimycin
(C) are colored red in volcano and S-plots and are additionally distinguished by red arrows in volcano and S-plots as well as the UV-Vis
and MS chromatograms. Overlays of TIC chromatograms, total absorption spectrums, and extracted ion chromatograms for abundant
features were prioritized through S-plot analyses. Within each row, the color of the peak corresponds to the color of the circle in the
volcano and S-plots. The fold change of the highlighted natural product under stimulus conditions relative to the controls is shown
in tables over the S-plots for rifampin (Rif), streptomycin (Str), lanthanum (La), scandium (Sc), Tsukamurella pulmonis (TP), and

Rhodococcus sp. BBSNAIT3 (RW) conditions. Con, control.

Analysis of the cave isolate Nonomuraea sp. BBHARD23 under stimulus conditions
prioritized several features with enhanced production under scandium metal exposure
conditions (Fig. 2B and Tables S3 and S4). Under these conditions, production of the
pyronapthoquinone hypogeamicins A, B, and C, was increased, and these secondary
metabolites were prioritized through comparative metabolomics; the most abundant of
these was identified as hypogeamicin B (44). Additionally, several unidentified features
were prioritized, with m/z and UV absorbance spectra similar to those of the identified
hypogeamicins but with distinct chromatographic retention times. These putative
hypogeamicin analogs were increased under mixed-culture conditions, with produc-
tion increased almost 600-fold under exposure to competition with Rhodococcus
species. In both of these examples, the highlighted secondary metabolite classes had
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very high ion abundances relative to other prioritized metabolites. Again, individual
characterized and putative hypogeamicin congeners vary across stimuli (Tables S3 and
S4). For example, the production of hypogeamicin C and four other putative analogs
could be elicited by the administration of subinhibitory streptomycin, whereas hypo-
geamicin A could not. Scandium exposure led to increases of ~2-, 110-, and 6-fold in
hypogeamicin A, B, and C, respectively, but resulted in a decrease in the abundances
of some putative hypogeamicin analogs.

Comparative analysis of resulting stimulus extracts from Microbispora sp. strain
BCCAGE54 revealed increased production of a large number of metabolites. Volcano
and S-plot analyses of subinhibitory streptomycin exposure prioritized 295 features, but
the features with the highest ion intensity coeluted in a crowded region of the
chromatogram and eluded isolation attempts (Fig. 2C). In comparison, one prioritized
feature with relatively low ion abundance, yet a 33-fold increased production under
antibiotic exposure conditions, eluted in a chromatographically tractable region and
was correlated with a relatively large UV-Vis absorption peak. This induced feature was
identified as tetarimycin B, a polyketide secondary metabolite recently discovered via
the heterologous expression of an environmentally derived type Il polyketide synthase
(PKS) gene cluster (45). Sequence homology searches have indicated that tetarimycin-
encoding gene clusters may be widespread in the environment, and the lack of
identified tetarimycins from culture-based screens indicates the difficult-to-detect na-
ture of this secondary metabolite family (45). Indeed, while tetarimycin B was produced
in detectable levels within our unstimulated Microbispora cultures, the low-abundance
ions detected under these conditions would likely have been overlooked entirely
without prioritization through comparative metabolomics. As in previous examples, the
production of several putative new tetarimycin analogs was elicited in multiple stimuli,
along with several features displaying properties of secondary metabolites with high
molecular weight, extended UV-Vis chromophores, and responses profiles matching
tetarimycins (Fig. S21). During the isolation of tetarimycin, an additional pair of me-
tabolites was isolated from large-scale culture extracts and identified as propeptin 1
and 2. The relative abundances of these two congeners varied subtly but consistently
across stimulus classes with mixed-culture and antibiotic exposure conditions, resulting
in higher ratios of propeptin 1, and metal exposure conditions resulting in higher ratios
of propeptin 2 (Table S3).

As noted, volcano and S-plots emphasize different m/z features within the data.
Features with significant fold changes are prioritized by volcano plots, whereas those
with significant differences in abundance are prioritized by S-plots. The chromatogram
overlays in Fig. 2 show features emphasized through S-plot analyses, which were found
to be the most reliable method for prioritizing features for isolation. Similar overlays for
features prioritized by volcano plot thresholds are available in the supplemental
material (Fig. S6). Tables of observed secondary metabolite fold change across stimulus
conditions (Tables S3 and S4) along with extracted ion (Fig. S7 to S11) and UV (Fig. S13
to S22) chromatograms for prioritized metabolites and NMR spectra of identified
metabolites (Fig. S23 to S28) are also provided in the supplemental material.

Novel polyketide produced from interactions between rare Streptosporangium sp.
and microbial coculture. A cave isolate designated Streptosporangium sp. KDCAGE35
with close 16S rRNA gene sequence similarity to type strain Streptosporangium corydalis
(99.6% identity) was shown to be highly responsive to mixed-culture stimulus, with
~16% of the total detected features displaying increased ion intensity at 10-fold or
higher levels under these conditions. While the production of many features under
mixed-culture conditions was increased relative to that in unstimulated cultures, most
remained insufficiently abundant for isolation. Further mixed-culture screens were
performed with Streptosporangium sp. KDCAGE35 using Escherichia coli, Bacillus sp.
strain KDCAGE13 (99.9% 16S rRNA gene similarity to Bacillus simplex), and Bacillus
subtilis in addition to the previously screened Rhodococcus sp. BBSNAIT13 and T.
pulmonis. Volcano and S-plot analyses comparing mixed cultures with Bacillus strains
and Streptosporangium sp. KDCAGE35 monocultures identified a metabolite with a
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FIG 3 Activation of funisamine biosynthesis through mixed culture. (A to D) Volcano and S-plot comparisons between Streptospo-
rangium sp. KDCAGE35 and Bacillus sp. KDCAGE13 mixed (+Bsi) and mono- (Con) cultures and Streptosporangium sp. KDCAGE35 and
B. subtilis mixed (+Bsu) and mono- (Con) cultures (ESI-). Circles are colored for features outside (gray) and within (blue) 0.8 Pearson
correlation coefficient thresholds for S-plots, and 0.8 probability value and 5-fold change thresholds for volcano plots. The feature
corresponding to funisamine is enlarged and colored red. (E and G) Overlays of total ion chromatograms, total absorption spectrums,
and extracted ion chromatograms for funisamine (m/z 1,176.6) and other features prioritized from Streptosporangium sp. KDCAGE35
mixed cultures with B. subtilis and Bacillus sp. KDCAGE13. (F) Fold change of funisamine production in mixed cultures with Rhodococcus
sp. BBSNAI13 (Rwr), E. coli (Eco), T. pulmonis (Tpu), B. sp. KDCAGE13 (Bsi), and B. subtilis (Bsu) versus control quantified by UV absorption
at 413 nm. (H) Proposed structure of funisamine generated from HSQC, COSY, TOCSY, HMBC, and NOESY spectra. Major COSY
correlations and HMBCs are shown. Stereochemical configurations of substituent groups and double bonds were inferred from
bioinformatic analysis.

mass of 1,176.6 Da that eluted in a tractable region of the chromatogram. This mass was
correlated with a UV spectrum (A maxima, 370, 389, and 413 nm) characteristic of
conjugated polyene systems (e.g., heptaenes). The production of this feature was also
induced in screens with T. pulmonis, but the significantly enhanced production elicited
from cocultivations with B. subtilis (~70-fold increase) enabled isolation and identifi-
cation. Comparisons of production yields of this prioritized feature from cocultivation
of different species with Streptosporangium sp. KDCAGE35 are shown in Fig. 3F. The
target compound was isolated as a bright-yellow solid from several small-scale mixed
cultures (totaling 2 liters) of the Streptosporangium sp. KDCAGE35 and B. subtilis mixed
culture using a combination of adsorbent resin, size-exclusion chromatography, and
reverse-phase chromatography. Electrospray Fourier-transform ion cyclotron resonance
MS of the isolated compound yielded an accurate mass of 1,176.6507 [M-H]~ (calcu-
lated for C4,HggNO,S™, 1,176.6510, 0.25 ppm), which in combination with formula
constraints from NMR data and isotope analyses suggested a molecular formula of
CgoHooNO; 5S. The full structure was derived from correlated spectroscopy (COSY), total
correlated spectroscopy (TOCSY), heteronuclear single quantum coherence (HSQC),
heteronuclear multiple bond correlation (HMBC), and nuclear Overhauser effect spec-
troscopy (NOESY) NMR (Fig. S29 to S41 and Table S5), which identified two conjugated
systems assignable to four and seven double bonds, respectively (Fig. 3H). The structure
was separated into three spin systems by two quaternary carbons at C-14 and C-31.
Figure 3H shows important HMBCs which facilitated connections across these spin
systems. HMBCs show interactions from the proton at position CH-13 and methyl
protons CH5-59 to the C-14 quaternary carbon and to CH-15 of the next spin system.
Methyl protons at CH5-59 also showed HMBCs with CH-13 and long-range coupling in
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the COSY spectra with the proton at CH-15. The second quaternary carbon, a ketone at
C-31, was bridged by HMBCs from protons at CH-30, CH-32, CH5-57, and CH;-58 to the
C-31 carbon. NOESY correlations between methine protons CH-29, CH-30, CH-32, and
CH-33 to methyl protons CH;-57 and CH5-58 confirmed connectivity in these spin
systems. A shift of 4.61 ppm for the proton at CH-29 was consistent with a sulfate group
at C-29. This is additionally supported by the identification of a fragment consistent
with the loss of a sulfate group by MS (Fig. S42 to S44 and Table S6). We named this
compound funisamine (from the Latin noun for rope, funis).

Cocultivated elicitor strains E. coli and B. subtilis had similar growth rates and
doubling times under the culture conditions (Fig. S46) yet had differing impacts on
funisamine compound production (Fig. 3F). The mechanism and factors governing the
apparent Bacillus species selectivity of this activation remain unknown, though there
appears to be no correlation to the elicitor strain growth rate. While some related
aminopolyols do have reported antimicrobial properties against Bacillus strains (46),
funisamine exhibited antimicrobial activity only at very high concentrations, at ~25
times the levels produced under mixed-culture conditions. Microtiter plate antibacterial
assays with Staphylococcus aureus, E. coli, and Candida albicans yielded MIC values of
~1 mM. Funisamine (and perhaps other long-chain aminopolyols) may also serve a role
other than as an antibiotic in the producer’s natural environment.

An issue with mixed-culture stimulus approaches is the uncertainty of which organ-
ism(s) within the culture are ultimately responsible for producing compounds observed
within an extract. Funisamine was produced under mixed-culture conditions with the
Streptosporangium sp. KDCAGE35 and three separate cocultivated species, strongly
suggesting that Streptosporangium sp. KDCAGE35 was likely responsible for the pro-
duction of funisamine. Another prioritized and isolable metabolite was observed to be
entirely unique to B. subtilis and Streptosporangium sp. KDCAGE35 mixed cultures (Fig.
S45). This feature was isolated and identified through NMR spectroscopy to be the
antibiotic amicoumacin B, which is known to be produced by Bacillus strains and
appears to be produced in response to Streptosporangium sp. KDCAGE35. To test if
amicoumacin induced funisamine production, we added purified amicoumacin to
monocultures of Streptosporangium sp. KDCAGE35 and did not detect funisamine
production (data not shown).

Biosynthesis of funisamine. To understand the biosynthesis of funisamine, we
endeavored to identify the cognate biosynthetic gene cluster within Streptosporangium
sp. KDCAGE35. The genome of Streptosporangium sp. KDCAGE35 was determined using
a combination of Pacific Biosciences RSIl and lllumina sequencing to reveal a chromosome
of 11,340,955 bp. Potential secondary metabolite gene clusters were then identified using
the antibiotics and secondary metabolite analysis shell algorithm (antiSMASH version 4)
(47). This analysis identified 22 putative secondary metabolite-producing gene clusters
(Table S7), including 6 terpenes, 5 nonribosomal peptide synthetases, 3 lantipeptides,
2 bacteriocins, 1 lasso peptide, and 3 PKS gene clusters. One of these PKS gene clusters,
a type | PKS consisting of 26 modules (GenBank accession number MH203088), con-
tained a modular organization of catalytic domains consistent with the determined
structure of funisamine. The modular PKS diagram of this cluster is shown in Fig. 4, and
gene descriptions and a genetic organization are provided in the supplemental mate-
rial (Table S8). While the stereochemistry of substituent hydroxyl and methyl groups
has not been experimentally validated, analysis of the ketoreductase (KR) domains
within each module (Fig. S47) facilitated the estimation of the stereochemistry of the
hydroxyl and methyl substituents in the structure based on the amino acids present in
six distinguishing positions along the loop and catalytic regions of the KR, as described
by Keatinge-Clay (48). Predicted stereochemical configurations of products for each
polyketide synthase module in funisamine biosynthesis are shown in Fig. S48. Methyl
groups at positions C-14, C-30, and C-32 were consistent with antiSMASH methylma-
lonyl extender unit predictions based on acyltransferase (AT) sequences for modules at
those positions. The AT for the module predicted to activate the precursor at position
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FIG 4 Proposed biosynthesis of funisamine. Biosynthesis of the 4-aminobutanoyl-CoA starter unit from arginine and loading of the polyketide synthase is shown
on the bottom left. Propylmalonyl-CoA biosynthesis via beta-oxidation of odd-chain fatty acid pentanoate is shown on the bottom right. Stereochemical

assignment of funisamine structure shown at the top was inferred based on ketoreductase type and

geometry indicated as A1, A2, B1, B2, C1, or C2, as

previously described (48). Sulfation by putative sulfotransferase FunS1 and 3’-phosphoadenosine 5’-phosphosulfate (PAPS) cofactor shown at the top. The
modular organization of funisamine polyketide synthase genes (FunP1 to FunP8) in Streptosporangium sp. KDCAGE35 is shown in the center. The layout of
catalytic domains of ketosynthase (KS), acyltransferase (AT), ketoreductase (KR), dehydratase (DH), enoylreductase (ER), and thioesterase (TE) present within the
polyketide synthases is shown with inactive domains colored gray. A-type and B-type KR domains are colored orange and green, respectively. Acyltransferase
domains predicted to use methyl or propylmalonyl extender units are colored yellow. Acyl-carrier-proteins are colored light blue, and docking domains are
purple. Stereochemical configurations of substituent groups and double bonds were inferred from bioinformatic analysis.

C-12 was predicted to use a modified malonyl (ethylmalonyl) coenzyme A (CoA) unit for
polyketide extension, consistent with the propyl group at this position.

The proposed 4-aminobutyryl-CoA starter precursor unit is likely derived from arginine
through the unusual pathway described by Leadlay and coworkers (49) (Fig. 4a). Genes
encoding the essential arginine monooxygenase (funA7), 4-guanidinylbutanoate-CoA ligase
(funA2), agmatinase (funA3), and 4-aminobutyryl-CoA-acyl-carrier-protein (4-aminobutyryl-CoA-
ACP) acyltransferase (funA4) were all evident within the gene cluster. A putative sulfotransferase,
encoded by funST, likely catalyzes the sulfation at C-29. FunS1 is similar yet distinct in
sequence to other observed sulfotransferase enzymes involved in the biosynthesis of
aminopolyol polyketides, such as MedB (NCBI accession no. BAW35627.1, 47% identical,
60% similar) and SMALA2697 (NCBI accession no. WP_099013767.1, 44% identical, 59%
similar), which facilitate the sulfation of mediomycin and clethramycin. Production of
the evident propyl-malonyl-CoA unit added at this position most likely derives from a
3-hydroxypentyl-CoA by dehydrogenase and carboxylase enzymes encoded by funB1
and funB2 observed within the cluster. Expanded versions of Fig. 4 showing all thioester
intermediates are included in the supplemental material (Fig. S49 to S51).

DISCUSSION

Despite the oligotrophic, relatively cold, and aphotic nature of hypogean ecosys-
tems, caves have been demonstrated to harbor rich, stable, and diverse communities
of microorganisms. Metagenomic (50, 51) and metatranscriptomic (52) studies indicate
that hypogean bacteria are primarily heterotrophic but include some autotrophic
bacteria, which may be more represented in regions that are more remote from
allochthonous energy inputs. Actinobacteria have been noted as one of the most
abundant phyla associated with hypogean ecosystems (53), have been found to be
associated with speleothems (54), and constitute some of the first studied hypogean
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microbial families due to their association with degradation of prehistoric cave paint-
ings (55). Here, we confirm that actinomycetes are abundant in the three oligotrophic
cave locations we sampled using standard actinomycete protocols, and that the
actinobacterial generic distribution we observed mirrors what is found on epigean
ecosystems.

We selected 20 diverse hypogean actinobacteria for analysis of their secondary
metabolism using a stimulus-response paradigm in a single growth medium. The
organism set was biased for less commonly described actinobacterial genera, including
several from which few or no secondary metabolites have been previously reported.
Overall response data from stimulated culture extracts indicate that stimulus exposure,
even for stimuli within the same class, leads to distinct changes in the metabolic
inventories of exposed strains. This global trend is also evident within the response of
identified and putative natural product features, which largely demonstrate respon-
siveness to a specific stimulus rather than to a class of stimuli. Previous studies have
indicated that the production of some classes of secondary metabolites may be
induced by general bacterial stressors, such as oxidative stress (56) and guanosine
tetraphosphate (ppGpp) (17, 57), or by master regulators, such as ScmR in Burkholderia
spp. (58). However, the trends observed within our data set, particularly the variations
in congener abundance across stimuli, suggest that the increased abundance of natural
products under stimulated conditions stems largely from the results of specific inter-
actions with a given stimulus rather than a general response to stress.

Analysis of abundant and covarying metabolites along with manual inspections of
HPLC-MS chromatograms identified ~58 putative secondary metabolites from an
estimated 13 classes based upon MS and UV analyses, spectroscopic similarity to
validated congeners isolated in producing strains, and the matching of productive
response of putative metabolites to multiplexed stimulus conditions. The isolation of a
subset of secondary metabolites from these candidates for structural identification was
biased toward abundant compounds found in more isolable chromatographic regions
with regard to reverse-phase HPLC techniques. In all, the subset of isolated compounds
revealed 12 identified secondary metabolites within eight classes of compounds, seven
of which have been previously isolated from epigean ecosystems. One, funisamine,
represents a new secondary metabolite based on its carbon framework, though it bears
similarity to a class of giant linear polyenes isolated from other actinobacteria (59-61).
This subset of isolated structurally validated compounds revealed a moderate natural
product rediscovery rate, with one of eight compound families representing a new
carbon scaffold. However, we note that focusing on abundant chromatographically
tractable compounds may have biased our campaign toward rediscovery, and that the
products of a significant portion of putative secondary metabolites identified using this
workflow remain to be isolated and characterized.

The conservation of core structural elements within the aminopolyol class of sec-
ondary metabolites suggests that they serve important functions for producing strains
within their natural environment, and the evolution (62) and ecological role (63) of
aminopolyol natural products have recently been investigated. This class of natural
products commonly exhibits antibiotic and/or antifungal activity. The linearmycins
were found to inhibit the growth of several Gram-positive bacteria and lyse Bacillus
species by directly targeting the cytoplasmic membrane (64). A role in vesicle biogen-
esis within producing Streptomyces spp. has also been suggested for linearmycins (63).
To our knowledge, funisamine is the only known long-chain aminopolyol produced by
a Streptosporangium sp., and phylogenetic analyses reveal that many of the ketosyn-
thase and acyltransferase sequences within the funisamine PKS are divergent from
domains observed in Streptomyces-derived aminopolyol gene clusters. Thus, while
funisamine is structurally similar to other known aminopolyols, the low sequence
similarity of the funisamine gene cluster from Streptosporangium sp. KDCAGE35 to
Streptomyces gene clusters suggests a substantial amount of evolutionary distance. A
number of likely homologous sequences with high identity to the genes involved in
funisamine biosynthesis were also observed in the genome of a close relative, Strep-
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tosporangium subroseum CGMCC 4.2132, including the arginine monooxygenase
(funAT), 4-guanidinylbutanoate-CoA ligase (funA2), agmatinase (funA3), 4-aminobutyryl-
CoA-ACP acyltransferase (funA4), sulfotransferase (funS7), and 2-pentenyl-CoA carbox-
ylase (funB2), all with >97% identity. The antiSMASH analysis of publicly available
genome scaffolds for this strain (NCBI RefSeq accession number NZ_FZOD00000000.1)
revealed a fragmented biosynthetic gene cluster (BGC) with sequence similarity to the
type | PKS involved in the aminopolyol ECO-02301 biosynthesis. This indicates that
funisamine or related congeners may be produced in other Streptosporangium species.

Genome mining methods have empowered the development of a variety of com-
plementary methods to expedite the labor-intensive process of natural product dis-
covery. For example, native and heterologous expression technologies, using biosyn-
thetic gene clusters obtained from genetically “interesting” producers or environmental
DNA, identify secondary metabolites via comparative analysis between an expressing
strain and the nonexpressing host strain. Herein, we demonstrate that comparisons of
metabolite responses to multiple stimulus conditions can highlight low-abundance
secondary metabolites, in this case across a wide variety of actinobacterial genera. In
comparison to bioactivity-based approaches, the advantage of comparative metabo-
lomics approaches is that they are not constrained by specificity of a given bioassay and
permit the discovery of compounds active against a broader array of targets. Indeed,
nearly all of the compounds of this study identified solely via comparative metabolo-
mics are reported to possess a variety of useful biological activities.

However, one disadvantage of prioritization of metabolites by comparative metabo-
lomics is that it is a “shoot first, ask questions later” proposition. There is no guarantee
that the compounds identified possess therapeutically relevant biological activity. This
study highlights a critical need for prioritization in discovery. In addition to the
discovery of a new scaffold, within the known compound classes we identified here, we
observed stimulus-dependent amplification of multiple individual congeners of com-
pounds that were previously not described. These were not prioritized for isolation
based on comparative metabolomics covariance ranking, as they represented analogs
of known compounds, and we had no knowledge of beneficial activity. Thus, a
potential future avenue for these techniques is to combine bioactivity measurements
with comparative metabolomics data sets. Examples of this combined approach in-
clude overlaying bioactivity to molecular networking (65) and our own multiplexed
activity metabolomics (MAM) approach (66). In both cases, these methods enable an
estimation of the activity of unknown compounds and structure-activity relationships
within compound families prior to compound isolation using activity metabolomics
techniques (65, 66).

MATERIALS AND METHODS

Reagents and strains. All reagents were obtained from the Sigma-Aldrich chemical company, unless
otherwise specified. Mixed-culture strains Tsukamurella pulmonis, Bacillus subtilis, and Escherichia coli
were obtained from the American Type Culture Collection (ATCC 700081, ATCC 23857, and ATCC 10536),
and Rhodococcus sp. BBSNAI13 and Bacillus sp. KDCAGE13 were obtained via dilution plating from
hypogean sediments (as described below) and taxonomically assigned by 16S rRNA gene analysis.

Cave strain isolation and identification. Desiccated cave sediments from Hardin’s (Ashland City),
Snail Shell (Rockvale), and Cagle’s Chasm (South Pittsburg) caves in Tennessee collected between
2010 and 2015 were vortexed in sterile water (100 mg/ml), and supernatants were serially diluted
(10-fold, 100-fold, and 1,000-fold) and plated on minimal medium agar plates (ISP2 medium/100-fold
diluted, 1.5% agar). Plates were then incubated at 30°C, and colonies were picked over a 3-week
period. DNA isolations for purified colonies were performed with a commercial kit (Wizard DNA
isolation kit; Promega, Inc.). The 16S rRNA genes for these were then amplified with universal primers
27F (AGA GTT TGA TCC TGG CTC AG) and 1525R (AAG GAG GTG ATC CAG CCG CA) and the use of
high-fidelity DNA polymerase (Phusion; Thermo, Inc.). The PCR thermocycler conditions were initial
incubation at 98°C for 1 min and 30 cycles of (i) denaturation at 98°C for 0.5 min, (ii) annealing at
59°C for 1 min, and (iii) extension at 72°C for 1.5 min. The final extension step was conducted at 72°C
for 10 min. Target 16S rRNA amplicons were purified using a gel extraction kit (QIAquick gel
extraction kit). Purified PCR products were directly sequenced from both the 5’ and 3’ ends, and
these sequences were combined to give the near-full-length 16S rRNA gene sequences. Preliminary
genus identifications were determined by a comparison of 16S rRNA gene sequences to type strains
in the EzBioCloud database (30).
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Microbial stimulation and culture conditions. For all conditions, a spore suspension of the selected
strain was inoculated on ISP2 agar plates from frozen stocks and cultured for 7 days at 30°C. These plates
were then used to inoculate 25-ml (in 250-ml Erlenmeyer flasks) ISP2 liquid seed cultures, which were
also cultured for 7 days at 30°C on a rotary shaker at 180 rpm. For subinhibitory antibiotic exposure
fermentations, 1.25 ml of the seed culture was transferred into 25-ml (5% inoculum) ISP2 medium
experimental cultures containing either rifampin (120 nM) or streptomycin (170 nM). For rare earth metal
fermentations, 1.25 ml of the seed culture was transferred into 25-ml (5% inoculum) ISP2 medium
experimental cultures containing either scandium chloride (200 wM) or lanthanum chloride (1,500 uM).
For mixed-culture fermentations, 1.25 ml of the seed culture was transferred into 25-ml (5% inoculum)
ISP2 medium experimental cultures. After 24 h, 250 ul (1%) of either T. pulmonis or Rhodococcus sp.
BBSNAI13 overnight cultures was added to the actinomycete culture. The controls were prepared by
inoculating 1.25 ml (5%) of seed cultures into 25 ml of ISP2 without additives. All cultures were allowed
to ferment at 30°C and 180 rpm for 7 days before extraction.

Extraction of liquid fermentations. Whole-culture metabolite extracts were generated by adding
an equal volume of methanol (25 ml) to each culture. These were then shaken on a rotary shaker for 1
h before the extractions were centrifuged at 3,750 rpm. Supernatants were dried in vacuo (Genevac) to
yield crude extracts.

LC-MS data acquisition and processing. Extract samples were resuspended in 50:50 methanol-
water at a concentration of 200 mg/ml and centrifuged at 13,000 rpm, and the supernatant was
transferred to a fresh vial to remove insoluble extract components. LC-MS data acquisition was per-
formed with a 30-min gradient. Mobile phase A consisted of 95% water and 5% acetonitrile with 10 mM
ammonium acetate, and mobile phase B consisted of 95% acetonitrile and 5% water with 10 mM
ammonium acetate. A Luna 4.6- by 250-mm 5-um particle C,, 100 A column (Phenomenex) was used for
chromatographic separations, with a flow rate of T ml/min and a column temperature of 25°C. An
autosampler with a loop size of 20 ul was used for sample injection. The solvent composition began at
100% A, which was held for 1 min and ramped linearly to 100% B over the next 29 min, held at 100%
B for 15 min, and returned to 100% A over a 1-min period. The gradient was held at 100% A for the next
10 min for equilibration. The flow was split 3:1 using a flow splitter, with 750 wl/min directed through
a Surveyor PDA Plus detector and 250 ul/min diverted to the mass spectrometer. Mass spectra were
acquired at a rate of 1 Hz from 150 to 2,000 Da in both positive- and negative-ion modes for the duration
of each sample analysis on a TSQ H-ESI mass spectrometer (Thermo Scientific). The source capillary was
held at 350°C and 3.0 kV, with a desolvation gas flow of 35 liters/h and a vaporizer temperature of 300°C.
Data were converted to mzXML format using the msconvert tool from the ProteoWizard package (31).
Peak picking and alignment were performed using XCMS in R (21). See the supplemental material for
details and package locations. The resulting data matrices were formatted in Microsoft Excel. Data were
filtered by abundance to remove features with a maximal intensity of less than 1 X 10°, and features
eluting after the 30-min gradient (i.e., wash) were removed. The total ion current (TIC) for each injection
was normalized to a total value of 10,000, such that feature abundance values of 100 represent 1% of the
total abundance for that injection. Principal component and S-plot analyses were performed using
Umetrics (Waters Corp.), and formatting for Umetrics was performed by transposing the XCMS-generated
feature intensity matrix into the Umetrics software. Volcano plots were generated in Excel using P values
determined by the pairwise XCMS analysis of LC-MS data of selected stimulus conditions versus runs with
ISP2 medium without stimulus. Fold change calculations for each feature were performed in Excel after
data normalization.

Funisamine isolation. A spore suspension of Streptosporangium sp. KDCAGE35 was inoculated on
ISP2 agar plates from frozen stocks and cultured for 7 days at 30°C. The plate cultures were then used
to inoculate 25-ml ISP2 liquid seed cultures, which were also cultured for 7 days (30°C, 180 rpm). These
were then used to inoculate 50-ml (in 250-ml Erlenmeyer flasks) production cultures (5% inoculum) in
ISP2 medium, totaling 2 liters. After 24 h, 500 ul (1% inoculum) of overnight B. subtilis culture was added
to the production culture. After 7 days, the cultures were combined and extracted with Diaion HP-20
resin (50 g/liter) at 30°C for 3 h to allow for compound partitioning within the resin. Resin and mycelia
were then isolated via centrifugation and extracted with methanol for 1 h at room temperature. The
methanol extract was separated from resin and mycelia via centrifugation and concentrated in vacuo.
Funisamine was then purified from this concentrated extract by following its m/z and UV elution through
(i) size-exclusion chromatography on a Sephadex LH-20 column (2 cm diameter by 100 cm length) in
methanol, (i) preparative C,; HPLC with a linear gradient of water-acetonitrile buffered with 10 mM
ammonium acetate, and (iii) a Sephadex LH-20 column (2 cm diameter, 50 cm length) in methanol to
yield 3 mg of pure funisamine.

High-resolution mass spectrometry. Mass accuracy and fragmentation measurements were per-
formed using an electrospray 15T solariX Fourier transform ion cyclotron resonance (ICR) mass spec-
trometer (Bruker Daltonics, Billerica, MA, USA). External mass calibration was performed prior to analysis
(ESI-L tuning mix; Agilent Technologies, Santa Clara, CA). Funisamine was detected in negative mode as
the doubly charged ion ([M-2H]2~, m/z 587.8220; resolving power, 497,566) and singly charged ion
(IM-H]~, m/z 1,176.6507; resolving power, 250,639) by electrospray ionization. The calculated m/z for
CeoHogNO,5S~ was 1,176.6510, yielding an error of 0.25 ppm. For fragmentation experiments, the singly
charged ion was isolated in the source region of the instrument (quadrupole isolation window, 5.0 Da),
accumulated in the collisional hexapole (20 s), and fragmented by sustained off-resonance irradiation
collision-induced dissociation (SORI-CID) in the ICR cell using pulsed argon (pulse length, 0.25 s;
frequency offset, 500 Hz; SORI power, 2.5%).
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Genome sequencing of Streptosporangium sp. KDCAGE35. Genomic DNA was isolated from

Streptosporangium sp. KDCAGE35 using cetyltrimethylammonium bromide (67). Whole-genome se-
quencing was performed by Novogene, Inc., using a PacBio RSII platform with >40X coverage, followed
by short-read Illlumina sequencing performed by the Vanderbilt Vantage sequencing core facility.
lllumina reads were trimmed using FaQCs to remove lllumina adapters and trim at minimum quality (68).
PacBio sequences and trimmed lllumina reads were then assembled using the SPAdes genome assem-
bler version 3.11.1 (69), using default settings and the careful flag. The resulting assembled scaffolds were
polished by using the same trimmed lllumina reads using Pilon version 1.22 (70), with default settings.
The Bam file required for Pilon was generated using BWA-mem (71).

Accession number(s). The 16S rRNA gene sequences for cave isolates used in the stimulus

exposure study were deposited in GenBank with the accession numbers MH182596, MH182597,

MH182598, MH182599, MH182600, MH182601,
MH182606, MH182607, MH182608, MH182609, MH182610, MH182611,

MH182602, MH182603, MH182604, MH182605,
MH182612, MH182613,

MH182614, and MH277690 (Table S2). The sequence for the described putative funisamine BGC was
deposited in GenBank under the accession number MH203088.

SUPPLEMENTAL MATERIAL
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