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Natural products possess significant therapeutic potential but remain underutilized despite

advances in genomics and bioinformatics. While there are approaches to activate and

upregulate natural product biosynthesis in both native and heterologous microbial strains, a

comprehensive strategy to elicit production of natural products as well as a generalizable and

efficient method to interrogate diverse native strains collection, remains lacking. Here, we

explore a flexible and robust integrase-mediated multi-pronged activation approach to reli-

ably perturb and globally trigger antibiotics production in actinobacteria. Across 54 actino-

bacterial strains, our approach yielded 124 distinct activator-strain combinations which

consistently outperform wild type. Our approach expands accessible metabolite space by

nearly two-fold and increases selected metabolite yields by up to >200-fold, enabling dis-

covery of Gram-negative bioactivity in tetramic acid analogs. We envision these findings as a

gateway towards a more streamlined, accelerated, and scalable strategy to unlock the full

potential of Nature’s chemical repertoire.
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Natural products (NPs) are a family of highly diverse
molecules that have been a valuable source of bioactive
compounds with demonstrated applications in food1,

agriculture2, and most prominently in therapeutics3, where an
estimated 50% of non-biologics are NP, NP-derived or NP
mimics4. However, the discovery of bioactive NPs via traditional
bioactivity-guided screening methods has been a low-yielding
investment since the end of the golden age of exploration in the
early 1960s3. With the advent of omics science and recent com-
putational developments, NP research has experienced a revival,
bringing about a new era of optimism and discovery5.

The recent rapid rise in genomic data collection and automated
bioinformatics6,7 has led to an exponential increase in the number
and diversity of annotated biosynthetic gene clusters (BGCs)
demonstrating Nature’s chemical potential7,8. However,
microbes have evolved to react to environmental cues and conse-
quently, most encoded BGCs are expected to be cryptic9 under lab
conditions. To unlock the chemical repertoire of Nature’s biodi-
versity and tap into this vast hidden resource represented by silent
and poorly expressing BGCs, a variety of genetic and non-genetic
strategies have been developed to activate and upregulate NP bio-
syntheses in native and heterologous microbial strains10–13. While
advances in heterologous-based technologies and synthetic biology
have enabled the examination of a large number of BGCs14,15,
successful production rates range from 24% to 69%. Similarly, pre-
cise targeting and overexpression of biosynthetic pathways in native
strains are not always successful. This led us to hypothesize the
presence of global inhibitions within strains beyond specific bio-
synthetic pathways. From a metabolic engineering perspective, the
reduced productivity exhibited by these native strains under
laboratory conditions could possibly be attributed to constraints on
precursors for secondary metabolites16,17, transcriptionally silent
biosynthetic gene clusters18,19, or being in an unsuitable phase/
media for secondary metabolite production20–23. Therefore, per-
manently enhancing these native strains for secondary metabolite
production while capitalizing on their naturally evolved regulatory
and metabolic processes for biosynthesis could offer a more efficient
approach to access extensive untapped chemical diversity.

Here, we demonstrate a highly robust, flexible, and efficient
approach featuring one-step integrase-mediated genetic activation
with “one strain many compounds” OSMAC requirements10,22,23

to globally perturb and upregulate silent and/or low-yielding sec-
ondary metabolites (Fig. 1) across a range of 54 diverse actino-
bacterial strains24. Our approach exploits the well-established
Streptomyces phage-derived phiC31 integrase to enable consistent
gene editing across actinobacterial strains without dependence on
genomic information17. This allows for integration and subsequent
constitutive expression of a library of “activators” for secondary
metabolism and antibiotics production under a strong constitutive
promoter. This scalable approach has enabled us to examine a set
of unique actinobacterial strains, comprising mainly Streptomyces
andMicromonospora (Table S1) isolated from both soil and marine
environments in Singapore (Natural organism library, NOL)25.
Through molecular networking analyses, we observe an approx-
imate two-fold expansion in metabolite space with activation, and
>200-fold upregulation of selected secondary metabolite produc-
tion in actinomycetes. Finally, by deploying differential biological
profiling analysis, our multi-pronged general activation strategy for
NP discovery has enabled us to uncover and characterize the first
example of growth inhibitory activity against Acinetobacter bau-
mannii in tetramic acid-derived molecules.

Results and discussion
A robust phiC31 integrase-mediated strategy for native strain
activation. To examine positive upregulation within the native

strains, we elected to employ a multi-pronged strategy to inves-
tigate the effects of (1) modulating the native strain environment,
(2) regulation targeting biosynthetic gene clusters, and (3)
increasing substrate flux. To obtain this objective, we introduced
“activators” to upregulate and tune the native strain environment
including conserved morphological regulators: cyclic AMP
receptor protein (Crp)16 and A-factor dependent protein A
(AdpA) that affect sporulation and morphology21 while regulat-
ing balances between primary and secondary metabolites. The
potential of a sporulation and antibiotics-related gene A protein
(SarA)20 for secondary metabolite activation was also investigated
for similar functions to Crp and AdpA. Additionally, we inves-
tigated effect of the highly efficient Streptomyces antibiotic reg-
ulatory protein (SARP, RedD) as pathway-specific activators of
secondary metabolite biosynthesis18,19. Finally, we also included
the fatty acyl CoA synthase (FAS) gene which has been recently
demonstrated to mobilize triacylglycerols (TAG) flux for
increased antibiotics production17. To overexpress these within
native strains, genetic editing is an attractive option as it confers
stability. Moreover, within the actinobacteria, we have previously
observed moderate success with genetic editing11–13.

Amongst the genetic editing strategies in actinomycetes,
CRISPR-Cas mediated editing protocols are highly efficient and
have worked consistently26,27. In another genetic editing strategy
for Streptomyces, integrase, derived from actinophage phiC31,
utilizes attB sites widespread within actinobacteria for unidirec-
tional recombination28. Recent studies have shown phiC31
integrase to also work in Gram-negative microbes29, flies30, stem
cells31 and even plants32. A key bottleneck for gene editing is the
transformation or accessibility of foreign DNA. Thus to compare
these two strategies, we first interrogated the transformation
efficiencies of CRISPR-Cas (pCRISPomyces-2, Addgene #61737)
and phiC31 integrase (pSET152)28. Our initial survey of 23
unique actinomycetes strains found that phiC31 integration
vector (pSET152) could be integrated by 21 strains, whilst only 12
of these strains successfully incorporated SpCas9 containing
pCRISPomyces-2 (Table S2, Fig. 2A). Based on these findings, we
opted for phiC31 integration as a reliable and versatile genetic
activation strategy for the integration of cassettes that overexpress
genes responsible for activating and upregulating secondary
metabolite production.

To activate secondary metabolite production, we first generated
a library of phiC31 integration plasmids with various over-
expression cassettes, where each cassette will consist of 1
“activator” of interest under strong constitutive promoter
kasO*p33 (Figs. 1A and 2, Table S3). Within the 54 microbial
strains examined, the efficiencies at which these five respective
overexpression cassettes were integrated varied depending on
accessibility of the individual strain and activator (Table S4,
Fig. 2D and E). Across the integrations, regulators that are known
to adversely affect sporulation seem to have significantly lowered
integration efficiencies, possibly due to their impact on growth
(Fig. 2D). Successful integration of a single activator into the
strain is contingent upon both transformation and integration
efficiencies (Fig. 2E). In some cases, only one activator could be
integrated, this was often attributed to low transformation
efficiencies, with typically less than ten exconjugants observed
per integration. Conversely, in strains where two activators could
be integrated, transformation efficiencies were at least six times
higher on average. As transformation efficiencies and integration
efficiencies increased, we also observed a greater likelihood of
integrating activators into the strains. Interestingly, we did not
encounter any strains that could integrate all five activators.
Despite these difficulties, all 54 strains studied have at least one
mutant produced after a single round of conjugation. In total, 459
mutants were obtained from integrating 54 strains with 5
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regulators. These consisted of 1–15 mutants from a total of 124
unique strain-activator combinations (Table S5), where each
mutant would only have one overexpression cassette of an
activator integrated.

In our initial analyses, we noticed differences in the diversity
and abundance of metabolites among mutants with the same
integration cassette (Figs. S1, S2). Despite possible non-specificity
of phiC31 integration34, we found that among a group of mutants
for strain A1123 (Table S1, Fig. S3), only a single integration site
was consistently observed. These led us to hypothesize that minor
mutations might have occurred via multiple serial transferring of
colonies as part of the integration protocol35,36, that were
subsequently amplified and may contribute to differences in
secondary metabolite production between mutants (Figs. S1,
S2)37. This initial observation from the A1123 set of mutants
emphasized the importance of profiling and screening all mutants
generated in this study.

Activated strains have almost doubled metabolite space. To
understand metabolite perturbation within activated strains,
generated mutants and native strains were fermented in 3-5
media (Tables S6, S7) and the resulting 2138 fermentation
extracts analyzed with liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Surprisingly, all 124 activator-strains
(or 459 mutants) demonstrated enhanced metabolite production
with respect to their native strain in at least one media. Com-
parative MS/MS profile analyses revealed only 37 (1.7%) activated
strain extracts (from 15 parent strains) with no new or upregu-
lated metabolites over the parent strain fermented in the same
media. Out of these 37 extracts, 21 (57%) were from CA07LB

media (Table S7), indicating the importance of media conditions
on metabolite production. Global natural products social mole-
cular networking (GNPS)38 analysis of the analyzed extracts
revealed 743 unique metabolites arranged in 69 clusters (with 2 or
more metabolites) and 126 orphan metabolites (Fig. 3). In this
context, we consider networked clusters of metabolites and
individual orphan metabolites as unique scaffolds. Unique scaf-
folds have cosine similarities of <0.7 and <6 matched peaks with
each other—indicating different fragment ions and disparate core
structures. In summary, we observed an approximately 50%
increase in unique scaffolds (from 130 to 195) and a 1.8-fold
increase in new metabolites due to our multi-pronged activation
approach. Specifically, 322 new metabolites were solely detected
in the activated strains. While out of the 421 metabolites observed
in the native strains, 396 (or 94%) were also present in the acti-
vated strains. Overall, this suggests our comprehensive multi-
pronged activation approach can effectively enhance NP pro-
duction, preserving most inherent chemical diversity while nearly
doubling the output of unique metabolites under laboratory
conditions.

It should be noted that the increase in the proportion of novel
scaffolds (~1.5 fold) for these activated strains did not match the
larger increase in novel metabolites (~1.8 fold). This suggests that
a portion (~20–30%) of the observed novel metabolites produced
due to activation were likely analogs of existing scaffolds.
Although we cannot rule out that some of these metabolites
may be shunt products, intermediates from BGCs, or compounds
derived from primary metabolism, the significant expansion of
chemical space together with observations of novel bioactivity
(vide infra) strongly suggests successful upregulation of silent or

Fig. 1 Schematics of a multi-pronged general activation strategy for native microbial strains toward natural product discovery. A Microbial strains are
genetically edited via one-step phiC31 integrase protocol for heterologous expression of genes for activation and/or upregulation of secondary metabolites.
B Genetic-based activation is complemented with cultivation-based (one strain many compounds, OSMAC) activation where a range of fermentation
media (with varied nutrient compositions) is employed to probe the full biosynthetic potential of the genetically edited mutants. C Extracts are profiled both
chemically and with bioassays to characterize and discover new bioactive metabolite space. Bioactivity assays include antibacterial assays (Acinetobacter
baumannii, Klebsiella aerogenes, Pseudomonas aeruginosa and Staphylococcus aureus Rosenbach), antifungal assays (Aspergillus fumigatus) and mammalian
cytotoxicity assays (A549 human lung carcinoma cells). D In depth analysis of LCMS data allowed us to interrogate the effects of media and activators
where we found the combination of 3 regulators and 3 media were sufficient to produce maximal metabolites production. E Bioactivity profile comparison
between mutants and native strains revealed that the expanded chemical space was accompanied by increased or novel bioactivities, which were used for
new NP discovery.
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poorly expressing BGCs by the incorporated regulators. Besides,
majority (87%) of the overlapping metabolites produced by both
native and activated strains were upregulated (>1x fold change in
metabolite signal intensity) with increases in yield of up to 203-
fold for certain metabolites. Notably, amongst the 7 characterized
metabolites (Fig. 3), many new producers were observed in 5 of
the metabolites due to strain activation (Table S8). Significant
upregulation of poorly produced metabolites is critical to enable
their further characterization and isolation, allowing for more
comprehensive interrogation of accessible chemical space.

Combinatorial effects of media and regulator for maximal
chemical space access. Without a priori knowledge of the strains,
it was important to employ a “one strain many compounds”
(OSMAC) cultivation-based strategy to ensure that cultivation
conditions were optimal to meet the strains’ biosynthetic poten-
tial. The strains were fermented in 3-5 media (Table S7) with
various carbon sources, salts, and trace elements. For marine-
derived strains, sea salt (M) was also added to the media. Despite
enforced overexpression of integrated regulators through a strong
constitutive promoter, cross-strain media analysis affirmed the
importance of media optimization (Fig. 4A, B). Accessible che-
mical space (by metabolites or scaffolds) doubled when the

terrestrial (A-strains) and marine (T-strains) were fermented in
5 media compared to 1 media. Due to diminishing returns
with the addition of more types of media, a cost-effective
OSMAC cultivation-based interrogation could stop at 3 media,
which would provide approximately 80% of the accessible che-
mical space coverage within a strain collection afforded by all 5
media.

An in-depth analysis of the effect of multiple global regulators
(AdpA, Crp, RedD, and FAS) in selected microbial strains
(A61715, T1312, T1415, T343, Table S1) as a strategy alone and
in combination with cultivation-based activation (Fig. 4C)
demonstrates their synergy to unlock novel chemical space. A
strategy employing only cultivation-based activation or only
genetic-based activation gave similar increases in unique
metabolites from 9% to 44% or to 36%, respectively. However,
when genetic and cultivated-based strategies are employed in
combination, there is a significant increase in metabolic potential
of 1.5-2.7-fold compared to the individual strategies or >10-fold
compared to fermentation of a native strain in a single media.
However, significant variance (±11-12%) in chemical space
coverage between individual regulators or combinations of 2
regulators (Fig. 4C) highlights the importance of regulator
selection. For cost-effective multi-regulator interrogation of

Fig. 2 Strain editing. A Transformation success rate of 23 unique actinobacterial strains by pSET152 (empty vector) and pCRISP-omyces (no sgRNA,
pCRISP-omyces, Addgene #61737). Mutants are screened for presence of plasmids. B Schematics of phiC31 integration of FAS overexpression cassette.
C Table of regulators examined and their abbreviations. D Average integration efficiencies of overexpression cassettes in 54 strains respectively to each
activator. Y-axes: dark blue bar refers to the average integration efficiency (%) across all strains with the same activator integrated. Integration efficiencies
(%) is given by the percentage of correctly integrated mutants over total exconjugants screened for the respective activator per strain (this includes 0%);
light blue bar refers to the number of strains with integrated cassette out of 54 strains. E Comparison of average integration efficiencies (%, dark blue) and
transformation efficiencies (%, light blue) across 54 strains. 54 strains are categorized into the number of activators that were successfully integrated into
the strains. 12 strains have 1 activator integrated, 22 strains have 2 activators, 11 strains have 3 activators, and 9 strains have 4 activators. Y-axes: dark blue
bar refers to the average integration efficiency (%) across all strains with the same number of activators integrated. Integration efficiency (%) for each
strain is calculated as the percentage of correctly integrated mutants over total exconjugants screened for each strain per activator. Transformation
efficiencies refer to the percentage of (number of exconjugants observed from integration across 5 activators)/1000 per strain. Average of transformation
and integration efficiencies were taken across the different groups of strains. Detailed information can be found in Table S4. (F) Phylogenetic tree
construction was as follows. 16S rRNA sequences of 50 strains (Table S1) and 4 model Streptomyces (Streptomyces venezuelae, Streptomyces griseus,
Streptomyces albidoflavus and Streptomyces coelicolor) were aligned using Mafft (v7.505)71. The alignment file was used to generate the phylogenetic tree
using IQ-TREE (v2.2.0.3)72 with default options and visualized using iTOL v573.
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strains, a combination of 3 regulators is suggested as it would
cover roughly 95% of the metabolite space provided by 4
regulators. Together, our results imply that a combination of
activation and cultivation-based strategies is critical in accessing
targeted metabolite spaces of interest in a high throughput and
generalized manner.

Is there a universal regulator? A cross-media, cross-strain
comparison of the 124 unique strain-regulator combinations
(Table S5) suggests regulators that affect native strain environ-
ment such as AdpA, Crp, and the regulator that changes sub-
strates flux, FAS, are slightly more prolific than RedD or SarA in
increasing the chemical space in terms of metabolites or scaffolds
(Fig. 5A). An in-depth analysis of the effect of global regulators
(SarA, AdpA, FAS, and Crp) in selected microbial strains (A1123,
A1137, A2056, A33995, A80510, Table S1) on their respective
metabolites production demonstrate there is varied distribution
of unique metabolites across regulators in the 5 strains (Fig. 5C).
Together, this emphasizes that regulation is highly strain and
activator dependent and thus unfortunately, there is not a “one
size fits all” regulator.

We also took this study as an opportunity to evaluate a putative
global activator, SarA. In previous studies, SarA was shown to
significantly affect actinorhodin production20,39. Similar to
AdpA21, there are also observations of SarA effect on morpho-
logical differentiations21. Although SarA may not consistently
produce as many new metabolites as FAS, Crp or RedD (Fig. 5A),
it has allowed us to access unique chemical space not observed in
other regulators (Fig. 5B, C). We noted the appearance of 49
unique metabolites (base peak signal intensity abundance ≥ 105)
in 5 SarA-activated strains that are not produced by native strains
(Fig. 5B), suggesting that SarA overexpression was sufficient to
significantly extend chemical space. Amongst the 32 metabolites
produced in both native and SarA-activated strains, half of these
were upregulated by up to 18-fold (Fig. S4).

To compare our general activation approach with a pathway-
specific one, we focused on TPU-0037 analog40 production in
strain A80510 (Table S1). In A80510 mutants, we noted increased
bioactivity against Staphylococcus aureus related to increased
production of TPU-0037 analogs A, C and D (0. 5D, S5–S8)40. As
a comparison, we integrated an overexpression cassette of LuxR
activator specific to A80510’s lydicamycin BGC under kasO*p
(Fig. S9) and evaluated its yields against our other activators. It is
noteworthy that with pathway-specific LuxR overexpression,
upregulation of production yields was not as substantial as
compared with Crp or SarA (~2-fold vs ~4-fold to 12-fold,
Fig. 5D). This suggests that although pathway-specific activators
may be useful13, limitations to NP synthesis and activation could
be pleiotropic ones beyond the BGC41.

Discovery of Gram-negative bioactivity for tetramic acid ana-
logs. To prioritize for bioactive NP discovery, antimicrobial and
cytotoxic abilities of the extracts of fermented strains were also
tested. Comparison of the bioactivity profiles of mutants against
native strains (Fig. 6A, S5–S6, S10–S11) revealed that expansion
of chemical space was accompanied by increased or novel
bioactivities under identical media conditions. In FAS integrated
mutants of strain A58051 (Table S1), enhanced Acinetobacter
baumannii growth inhibitory activity was used to identify, isolate,
and characterize two new tetramic acid compounds, 1 (named
BE-54476-A) and 2 (named BE-54476-B) (Fig. 6). Our multi-
pronged activation strategy led to significantly increased pro-
duction of 1 and 2 compared to the native strain (Fig. S12).
Under optimal media conditions, 1 and 2 were isolated at yields
of 3.5 mg/L and 2.3 mg/L respectively and fully characterized
(Figs. S13–S33, Table S9). 1 and 2 were active against Gram-
negative Acinetobacter baumannii (ATCC® 19606™) (Table S10,
Fig. S32), with MIC50 of 9.8 µM and 6.9 µM respectively. Other
structurally similar tetramic acid analogs have also been reported
to exhibit anti-tumor activity or antimicrobial activity mainly

Fig. 3 Global natural products social molecular networking (GNPS) analysis of tandem mass spectra of 2138 fermentation extracts from 54
actinobacterial strains and their 459 mutants in 3–5 media. 743 unique metabolites arranged in 69 clusters (with 2 or more metabolites) and 126
orphans were identified (signal intensity > 103). Each cluster and individual orphan were counted as unique scaffolds. Scaffold and metabolite distributions
describe the number of scaffolds or metabolites found in native strains only (blue), in activated strains only (magneta), and in both native and activated
strains (gray). Fold change distribution of the metabolites depict the fold change (<1x to >4x) of the metabolite signal intensity between the native and
activated strains. Chemical structures of metabolites 1-7 were elucidated by matching against GNPS spectral libraries. Surfactin was further verified by
NMR characterization (Figs. S34–S39).
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against Gram-positive bacteria39,42–45. Interestingly, the absence
of a methyl group from BE-54476 is sufficient to produce Gram-
negative bioactivity in such scaffolds. As an indication of the
uniqueness of these metabolites, high-resolution mass spectro-
metry scans among ~2 K actinomycetes within the NOL Singa-
pore collection yielded no other evidence of compounds 1 and 2.

Conclusion
The comprehensive study presented here demonstrates a versatile
and effective approach for natural product discovery through
multi-pronged activation. Our highly flexible and robust one-step
integrase-based protocol has achieved successful integration of a
library of “activators” across a diverse set of 54 actinomycete
strains. Using a combination of media and strain engineering, we
have observed remarkable upregulation of secondary metabolites,
including near-doubling of accessible metabolite space along with
consistent upregulation of these secondary metabolites by up to
203-fold—within over 98% of the tested activated strain fer-
mentation extracts under controlled laboratory conditions.
Regarding the challenges in engineering native strains, it is
important to highlight that among a possible 270 permutations
(comprising 54 strains and 5 activators), we managed to generate
functional engineered strains of only 124 activator-strain com-
binations after a single round of conjugation. However, all
activator-strain combinations have enhanced metabolite

production (fold change >1) with respect to its native strain in at
least one media. In contrast, when employing heterologous
engineering methods, although refactoring and engineering
techniques may be highly efficient, the resulting strains do not
consistently yield the anticipated metabolites14,15,46,47. The
insights gleaned from this study also extend to analyses on the
impact of “activators” and growth media on strain enhancement.
From this work, we have identified the minimal conditions for
maximizing accessible chemical space, allowing for resource-
efficient interrogation of the chemical potential of strains. Finally,
the application of our multi-pronged activation approach has
enabled our discovery of new tetramic acid analogs displaying the
first example of gram-negative bioactivity within their compound
class. In the current landscape of increasingly accessible, rapidly
improving automation48 and genetic tools, our approach provides
the blueprint needed for a streamlined, accelerated, and scalable
strategy to effectively and permanently enhance native strains for
NP production, interrogate cryptic BGCs, and circumvent time-
consuming traditional requirements of precise engineering,
refactoring, and assembly14,15,49,50. Moving forward, we envision
that our multi-pronged activation strategy, together with high
throughput data analytics, will serve as key enabling technologies
to drive actionable insights that enable the full utilization of
Nature’s chemical repertoire.

Fig. 4 Media and regulator effects on accessible chemical space. Media effects analyses separated by environmental origin and performed on tandem
mass spectral data from (A) 8 native T-strains of marine origin (T108, T265, T298, T343, T354, T676, T1236, T4680, Table S1) and their 99 mutant clones
(Table S5) as well as (B) 17 native A-strains of terrestrial origin (A1090, A1123, A1137, A1301, A2056, A2705, A4217, A5252, A8274, A8567, A11345,
A33995, A34053, A44034, A58051, A61715, A80510, Table S1) and their 177 mutant clones (Table S5). Regulator effects analyses were performed on
tandem mass spectra from (C) a single media (CA08LB) and (D) across 5 media (CA02LB, CA07LB, CA08LB, CA09LB, CA10LB) were done on 4 strains
(A61715, T1312, T1415, T343, Table S1) that have mutants with AdpA, Crp, RedD, or FAS integrated (Table S5). Marine actinomycetes (T1312, T1415, T343)
have 40 g/L sea salt added in their media. Coverage refers to the accessible chemical space of metabolites or scaffolds of the native or activated mutant
strains detected by liquid chromatography-tandem mass spectrometry averaged across all possible combinations. Coverage (%) is calculated by relative
portion of scaffolds or metabolites produced with respect to the maximum observed metabolites or scaffolds in 5 media (wild-type values are relative to
wild type in 5 media and mutant values are relative to mutant in 5 media) for media effects or relative with respect to 4 regulators in 5 media for regulator
effects. Error bars of 1 standard deviation are given for different combinations of media or regulators. In this context, we have defined unique scaffolds as
networked clusters of metabolites and individual orphan metabolites, which have cosine similarities of <0.7 and <6 matched peaks.
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Materials and methods
Vectors containing integration cassette. Overexpression cas-
settes consist of the respective genes (Table S3) under strong
constitutive kasO* promoter. The integration plasmid was
derived by cloning the overexpression cassette into pSET15228.
More details are given in Supporting information 2 (Table S11
and Figs. S41–S46). The gene of interest was first PCR amplified
from Streptomyces coelicolor or Streptomyces lividians and cloned
into a vector carrying the kasO* promoter via Gibson Assembly.
The gene fragment together with the kasO* promoter was then

ligated into pSET152 via the XbaI cut site to give the integration
plasmids (Table 1).

Conjugation. WM6026 and WM3780 E.coli donor strains
(Table 2) were used to perform conjugation experiments with R2
agar without sucrose. Spore preparation and conjugation proto-
cols follow Zhang et al.51. Apramycin selection was used to select
for integrated mutants. The genetically integrated mutants were
screened via PCR using primers flanking the kasO* promoter and

Fig. 5 Further analyses on impact of regulators. A Regulator effects analyses of tandem mass spectra data from 124 strain-regulator combinations
(number of examples: AdpA – 15, CRP – 36, FAS – 27, RedD – 33, SarA – 13). Fold change refers to the ratio of metabolites or scaffolds produced by all
mutant strains with that regulator relative to the metabolites or scaffolds produced by their corresponding native strains across all available media.
B Distribution of unique metabolites produced by the 5 native strains and their SarA mutants across 5 media observed in high resolution mass spectra
(MS1). (To note, the sum of the SarA metabolites in Fig. 5C is higher than the total number of SarA metabolites reported here due to 3 duplicate
metabolites). C Comparison of new metabolites produced under different global regulators SarA, FAS, Crp and AdpA across 5 strains (A1123, A1137,
A2056, A33995 and A80510, Table S1) and 84 mutants observed in high-resolution mass spectra (MS1). The number of metabolites observed under each
of the 4 global regulators are given in brackets, metabolites in the overlapped sections indicate that they can be induced by either regulator. D Upregulation
of TPU-0037 analogs in A80510 and respective mutant strains observed in tandem mass spectra, and chemical structures of TPU-0037 analogs.
Normalized yields were calculated as the average of n= 3 independent mutants. Fold change refers to the cross-media comparison of the highest
normalized yields of TPU-0037 analogs in mutant strains relative to the native. Error bars are shown for 1 standard deviation.
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the overexpression cassettes (Table 3, Fig. S40) with wild-type
genome as negative control. Sanger sequencing was used to
confirm the integration of the overexpression cassettes.

Fermentation and extraction of terrestrial and marine actino-
mycetes. Wild-type strains and edited mutants were cultured on
ISP2 plates [malt extract 10 g/L, Bacto yeast extract 4 g/L, glucose
4 g/L, Bacto agar 20 g/L] at 28 °C for 5 days. Three agar plugs of
5 mm diameter from the culture plate were then used to inoculate
into 250 mL Erlenmeyer flasks each containing 50 mL SV2 seed
media [glucose 15 g/L, glycerol 15 g/L, soya peptone 15 g/L, cal-
cium carbonate 1 g/L, pH 7.0] and incubated for 4 days at 28 oC,
with shaking at 200 rpm. A volume of 2.5 mL of the homogenized
seed cultures were then inoculated into 250 mL Erlenmeyer flasks
each containing 50 mL of ferment medium, CA02LB, CA07LB,
CA08LB, CA09LB or CA10LB (Table S7). Marine actinomycetes
strains were fermented in the same media with the addition of
40 g/L sea salt. All the cultures were fermented at 28 °C for 9 days
shaking at 200 rpm with 50 mm throw. At the end of the incu-
bation periods, cultures were freeze dried. The lyophilized
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Fig. 6 Discovery of new bioactive tetramic acid compounds. A Differential bioactivity profiling of microbial strains integrated with FAS expression
cassette compared to their native strains. A549 (brown) = cell cytotoxicity against human lung carcinoma cells. SA (red) = antibacterial activity against
Staphylococcus aureus. EA (purple) = antibacterial activity against Klebsiella aerogenes. PA (blue) = antibacterial activity against Pseudomonas aeruginosa.
ACB (green) = antibacterial activity against Acinetobacter baumannii. AF (orange) = antifungal activity against Aspergillus fumigatus. B Chemical structures
of antibiotic BE-54476 and the novel bioactive analogs BE-54476-A (1) and BE-54476-B (2).

Table 1 Plasmids used in this study.

Plasmids Description Origin

pSET152 Site-specific integration vector, contains phiC31
integrase, attP, and oriT (RK2), apramycin-
resistant cassette

28

pCRP63 pSET152- kasO*p-SCO2792 (AdpA) This work
pCRP65 pSET152- kasO*p-SCO3571 (Crp) This work
pCRP67 pSET152- kasO*p-SCO4069 (SarA) This work
pCRP178 pSET152- kasO*p-SCO6196 (FAS) This work
npC697 pSET152- kasO*p-SLIV09220 (RedD) This work
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samples were extracted overnight with methanol. The extract
mixture was passed through cellulose filter paper (Whatman
Grade 4, 1004-185) and the filtrate was then dried using rotary
evaporator. Media compositions are given in Table S7.

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/
MS). The extracts were analyzed on an Agilent 1290 Infinity LC
System coupled to an Agilent 6540 accurate-mass quadrupole
time-of-flight (QTOF) mass spectrometer. 5 µL of extract was
injected into a Waters Acquity UPLC BEH C18 column, 2.1
×50 mm, 1.7 µm. Mobile phases were water (A) and acetonitrile
(B), both with 0.1 % formic acid. The analysis was performed at
flow rate of 0.5 mL/min, under gradient elution of 2% B to 100%
B in 8 min. Both MS1 and MS/MS data were acquired in positive
electrospray ionization (ESI) mode. The typical QTOF operating
parameters were as follows: sheath gas nitrogen, 12 L/min at
325 °C; drying gas nitrogen flow, 12 L/min at 350 °C; nebulizer
pressure, 50 psi; nozzle voltage, 1.5 kV; capillary voltage, 4 kV.
Lock masses in positive ion mode: purine ion at m/z 121.0509 and
HP-0921 ion at m/z 922.0098.

Global Natural Products Social Molecular Networking
(GNPS)38. MSConvert v3.0.22198-0867718 from Proteowizard52

was used for initial processing of raw liquid chromatography-
tandem mass spectrometry (LC-MS/MS) data into open-source
mascot generic format (.mgf). All tandem mass spectra (MS/MS)
signals with intensity values below 1000 signal intensity were
removed as background correction. Classical molecular net-
working was performed on the MS/MS spectra using the online
workflow from the GNPS website (http://gnps.ucsd.edu, accessed
November 2022). All peaks in a ±17 Da around the precursor ion
mass were deleted to remove residual precursor ions, and peaks
not in the top 6 most intense peaks in a ±50 Da window were
filtered out. The precursor ion mass tolerance was set to 0.02 Da
and an MS/MS fragment ion tolerance of 0.02 Da. A network was
then created where edges were filtered to have a cosine score
above 0.7 and more than 6 matched peaks. Further, edges
between two nodes were kept in the network if and only if each of
the nodes appeared in each other’s respective top 10 most similar
nodes. Finally, the maximum size of a molecular family was set to
unlimited. The spectra in the network were then searched against
GNPS’ spectral libraries. The library spectra were filtered in the
same manner as the input data. All matches kept between net-
work spectra and library spectra were required to have a score
above 0.7 and at least 6 matched peaks.

Metabolites 1–7were elucidated bymatching against GNPS spectral
libraries. Surfactin was further verified by NMR characterization
(Figs. S34–S39). TPU-0037 analog, TPU-0037-A was previously
isolated from A80510 and its chemical structure was confirmed by
comparison of NMR data with literature values40, related analogs
TPU-0037-C and TPU-0037-D were putatively assigned through high
resolution mass spectrometry (HRMS) matching with literature
values40 and molecular networking (Figs. S7–S8).

Metabolite production fold change comparison between wild-
type and mutated strains. MSConvert v3.0.22198-0867718 from
Proteowizard52 was used for initial processing of raw liquid
chromatography-tandem mass spectrometry (LC-MS/MS) data
into open-source mascot generic format (.mgf). All tandem mass
spectra (MS/MS) signals with intensity values below 1000 signal
intensity were removed as background correction. Metabolite
yields from each fermentation extract were referenced from the
converted mgf files by comparing the total ion current (TIC)
abundance of all sample MS/MS spectra with precursor mass
within 0.02 Da and retention time within 0.4 min of the mean
values of the unique metabolites identified from Global Natural
Products Social Molecular Networking (GNPS) molecular
networking38 online workflow from the GNPS website (http://
gnps.ucsd.edu, accessed November 2022) and taking the highest
TIC abundance for each unique metabolite present. Only 359 out of
the 396 metabolites identified by GNPS as present in both native
and activated strains were identified via this workflow. As each
strain were fermented in multiple media, the highest value across
all fermentation media for each strain was taken to represent the
metabolite yield for that unique metabolite and strain combination.
Strains were separated into 2 groups—(i) wild-type strains, and (2)
mutated (activated) strains. As multiple strains were observed to
produce identical metabolites, the highest metabolite yields across
all strains within each group were taken to represent that group’s
yield of a given metabolite. These representative metabolite yields
for each unique identified metabolite were then compared between
the 2 groups with the following formula:

Fold Change ¼ Metabolite Yield ðMutantÞ
Metabolite Yield ðWildtypeÞ

Metabolite coverage comparisons (media/activator effects).
Unique metabolites from each fermentation extract were identi-
fied and assigned via the Global Natural Products Social Mole-
cular Networking (GNPS) molecular networking38 online

Table 2 Strains used in this study.

Strains Description Origin

OmniMAX™ Escherichia coli for plasmid preparation and cloning ThermoFisher Scientific, USA
WM6026 Auxotrophic Escherichia coli that requires diaminopimelic acid supplementation, for conjugation with

Streptomyces

69

WM3780 DNA methylase-deficient Escherichia coli, for conjugation with Streptomyces 70

Table 3 Primers used in screening of exconjugants.

Primers ID Sequence Primer region

1 tgttcacattcgaacggtctctgc kasO*p N-terminus
2 acacgactggatactgacttttcacactagtgaacgccggacgggctgagtgtg SCO2792 (AdpA) C-terminus
3 acacgactggatactgacttttcacactagtcaggggcgcgctccgtaccg SCO6196 (FAS) C-terminus
4 acacgactggatactgacttttcacactagtcagcgggagcgcttggccagtc SCO3571 (Crp) C-terminus
5 acacgactggatactgacttttcacactagtcagaccagacgcaccggcttctcg SCO4069 (SarA) C-terminus
6 acagctatgacatgattacgaattcgatcaggcgctgagcaggctggtgtc SLIV09220 (RedD) C-terminus

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05648-7 ARTICLE

COMMUNICATIONS BIOLOGY |            (2024) 7:50 | https://doi.org/10.1038/s42003-023-05648-7 | www.nature.com/commsbio 9

http://gnps.ucsd.edu
http://gnps.ucsd.edu
http://gnps.ucsd.edu
www.nature.com/commsbio
www.nature.com/commsbio


workflow from the GNPS website (http://gnps.ucsd.edu, accessed
November 2022) vide supra. Networked clusters of metabolites
and orphan (unconnected singular) metabolites were considered
as unique scaffolds. Unique scaffolds have cosine similarities of
<0.7 and <6 matched peaks when compared against any other
unique scaffold. New metabolites due to media/activator effects
were identified via spectral comparison of LC-MS/MS between
wild-type and modified fermentation extracts. In this way, media
components and their respective degradation products present in
both would be automatically ruled out as potential false positives.

Biological assays. The minimum inhibition concentration (MIC)
and minimum bactericidal/fungicidal concentration (MBC/MFC)
of the isolated compounds against a panel of microbial pathogens
were determined using the microbroth dilution method. This was
conducted following the Clinical Laboratory Standards Institute
(CLSI) guidelines, with the following modifications: antibacterial
assays were carried out with Acinetobacter baumannii (ATCC®
19606™), Klebsiella aerogenes (ATCC® 13048™), Pseudomonas
aeruginosa (ATCC® 9027™) and Staphylococcus aureus Rosenbach
(ATCC® 25923™) at 5.5 × 105 cells/mL. Antifungal assays were
performed with Aspergillus fumigatus (ATCC® 46645™) at
2.5 × 104 spores/mL. Gentamicin (Gibco) and amphotericin
(Sigma-Aldrich) were used as the assay controls for the anti-
bacterial and antifungal assays respectively. For MIC determi-
nation, the bacterial cells were incubated together with the
isolated compounds at 37 °C for 24 h; and at 25 °C for 72 h for the
fungal spores. Optical density at 600 nm was then measured using
a microplate reader (Tecan Infinite® M1000 Pro) to assess the
inhibitory effect of the compounds on microbial growth. Fol-
lowing that, MBC/MFC were then evaluated by transferring 5 µL
of the treated culture into fresh media in 384-well microtiter
plates. The plates were incubated under the same conditions, and
MBC/MFC was determined by measuring the optical density at
600 nm. Primary bioactivity assays were performed in duplicates
whilst assays were performed in triplicate for isolated compounds.

For the mammalian cell cytotoxicity assay, A549 human lung
carcinoma cells (ATCC® CCL-185™) were seeded at 3.3 × 104

cells/mL. The cells were treated with the compounds for 72 h and
incubated at 37 °C in the presence of 5% CO2. Puromycin
(Sigma-Aldrich) was used as the assay control for cytotoxicity
testing. To assess the cytotoxic effect of the compounds on the
cells, the microplates were incubated with PrestoBlue™ cell
viability reagent (ThermoFisher Scientific, USA) for 2 h, followed
by fluorescence reading at excitation 560 nm and emission
590 nm. The analysis of antimicrobial and cytotoxicity activity
for their IC50 values were carried out with the GraphPad Prism
program (GraphPad Software, CA).

Bioactivity heat maps. Comparison of bioactivity in the 6 bio-
logical assays between extracts obtained from mutant-parent
pairs. The highest biological assay %inhibition value from all
clones of a given activator-strain combination across all media
was taken as a representative value to calculate the bioactivity
difference from wild type by the following equation:

Mutant Assay%Inhibition Value� Native Assay%Inhibition Value

¼ Difference

Where the highest biological assay %inhibition value from the
native strain extracts across all media from the parent strain of
that given activator-strain combination was taken as the repre-
sentative value for “Native Biological Assay Value”. This was
done to represent the perturbation and triggering of antibiotics
production due to our multi-pronged activation approach.
Bioactivity heat maps were constructed with a 3-color palette with

the following set-points:

DarkGrey ¼ �100Difference

White ¼ 0Difference

Colour ðA549 ¼ Brown; SA ¼ Red;EA ¼ Purple;PA ¼ Blue;ACB

¼ Green;AF ¼ OrangeÞ ¼ þ100Difference

A549 (brown) = cell cytotoxicity against human lung
carcinoma cells. SA (red) = antibacterial activity against
Staphylococcus aureus. EA (purple) = antibacterial activity
against Klebsiella aerogenes. PA (blue) = antibacterial activity
against Pseudomonas aeruginosa. ACB (green) = antibacterial
activity against Acinetobacter baumannii. AF (orange) = anti-
fungal activity against Aspergillus fumigatus.

A -100 to +100 range was set to allow finer differentiation of
biological activity due to activation. However, values of less than
-100 and more than +100 are present.

BE-54476-A and BE-54476-B: Large scale fermentation and
extraction. A100020 mutant was grown on Bennet’s agar
(Himedia, M694) plates at 28 °C for 5 days. Three agar plugs of
5 mm diameter from the culture plate were then used to inoculate
the mutants into 250 mL Erlenmeyer flasks containing 50 mL of
SV2 seed media each and incubated for 4 days at 28 °C, with
shaking at 200 rpm. Homogenized seed cultures (2.5 mL) were
then inoculated into 250 mL Erlenmeyer flasks each containing
50 mL of ferment medium, CA07LB. All the cultures were fer-
mented at 28 °C for 9 days shaking at 200 rpm with 50 mm throw.
At the end of the incubation periods, cultures were harvested and
freeze dried. The lyophilized cultures were extracted overnight
with methanol. The extract mixture was passed through cellulose
filter paper (Whatman Grade 4, 1004-185) and the filtrate was
then dried using rotary evaporator.

BE-54476-A and BE-54476-B: Compound isolation. The dried
extracts obtained from 1 L of fermentation were combined and
partitioned with 240mL CH2Cl2/MeOH/H2O in a ratio of 1:1:1.
The aqueous MeOH layer was washed with 80 mL CH2Cl2 (x2)
and dried under reduced pressure using a Buchi rotary eva-
porator. The dried crude extract (6 g) was soaked and resus-
pended with 20 mL MeOH, sonicated for 5 min and centrifuged
to separate the insoluble from the soluble fractions. The super-
natants were transferred to 50 mL round bottom flaks and dried
using a Buchi rotary evaporator. The dried enriched samples
(427 mg) were dissolved in 2.5 mL MeOH, centrifuged and the
supernatants were then subjected to C18 reversed-phase pre-
parative HPLC purification under the following conditions (sol-
vent A: H2O+ 0.1% HCOOH, solvent B: MeCN + 0.1%
HCOOH; flow rate: 30 mL/min, gradient conditions: 90:10 iso-
cratic for 5 min; followed by 10% to 45% of solvent B over 15 min,
45% to 75% of solvent B over 38 min, 75% to 100% of solvent B
over 2 min, and finally isocratic at 100% of solvent B for 12 min)
to give 3.5 mg of BE 54476-A (1) and 2.3 mg of BE 54476-B (2).

BE-54476-A and BE-54476-B: Chemical analysis. A JASCO
P-2000 digital polarimeter was used for specific rotations mea-
surement. NMR spectra were collected using Bruker DRX-400
NMR spectrometer with Cryoprobe. 5-mm BBI (1H, G-COSY,
multiplicity-edited G-HSQC, and G-HMBC spectra) or BBO (13C
spectra) probe heads equipped with z-gradients. The 1H and 13C
NMR chemical shifts were referenced to the residual solvent
peaks for MeOH-d4 at δH 3.31 and δC 49.0 ppm. For analytical
HRMS analysis, an Agilent UHPLC 1290 Infinity coupled to
Agilent 6540 accurate-mass quadrupole time-of-flight (QTOF)
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mass spectrometer equipped with a splitter and an ESI source was
used to conduct HPLC-LCMS. For over 8.6 min, under standard
gradient condition of 98% water with 0.1% formic acid to 100%
acetonitrile with 0.1% formic acid, the analysis was performed
with a Acquity UPLC BEH C18 2.1 × 50 mm, 1.7 µm column at
flow rate of 0.5 mL/min. Agilent 1260 Infinity Preparative-Scale
LC/MS Purification System and Agilent 6130B single quadrupole
mass spectrometer with Agilent 5 Prep-C18 column (100 ×
30 mm, 5 µm, 100 Å) was used to perform preparative HPLC
experiment. All solvents for chromatography, specific rotations,
and UV were Fisher Chemical HPLC or LCMS grade.

BE-54476-A and BE-54476-B: structural characterization. BE-
54476-A was isolated as a brown amorphous powder and was
assigned the molecular formula C20H29O5N following analysis of
the (–)-HRESIMS data (m/z 362.1968 [M–H]–, calcd for
C20H8O5N, 362.1973). Optical rotation and UV-Vis data of BE-
54476-A are as follows: ½α�23D + 50.8 (c 0.5, MeOH); UV (MeCN/
H2O) λmax (%) 220 (100%), 285 (77%) nm. The 1H NMR spec-
trum of BE-54476-A showed the signals corresponding to four
methyl groups (δH 0.75, 1.04, 1.63, and 3.26), three methylenes
(δH 1.15/1.65, 1.29, and 3.75), and eight methine protons (δH
1.39, 2.12, 2.57, 2.76, 2.99, 3.43, 4.06, and 5.61). The 13C NMR
and edited HSQC spectra exhibited twenty resonances including
four methyls, three methylenes, eight methines, and five non-
protonated carbons. The UV absorptions maxima at 220 and 285
nm53,54 were typical for a tetramic acid moiety, which was further
supported by the characteristic broad 13C NMR signals at δC
104.5, 178.2, 196.0, and 201.855,56. The broad 13C peaks were
most likely due to keto-enol tautomerism of the tetramic acid
moiety56. The remaining structure of BE-54476-A was assigned
based on COSY and HMBC data (Figs. S19-S20). Analysis of
COSY spectrum provided the fragments of H-5/H-6/H2-7/H-8/
H-9/H-10/H-11/H-2/H-3 and H3-15/H-8 (Fig. S20). These data
together with HMBC correlations from H-5 to C-6, C-7, and C-
11, from H-10 to C-6 constructed a partial structure of decalin.
Further, 1H-1H COSY spin-system of H-3/H2-12/H3-13 along
with HMBC cross-peak from H2-12 to C-3 confirmed the loca-
tion of CH3-CH2- substituent at C-3. In addition, HMBC cor-
relation from H3-14 to the olefinic carbon at δC 135.4 placed a
methyl group at C-4. The position of a methoxy group at C-10
was evidenced by HMBC correlation from the singlet methyl
resonance at δH 3.75 to an oxygenated carbon at δC 88.7. The
presence of a tetramic acid moiety at C-2 was further confirmed
by HMBC correlations from H2-5’ (δH 3.75) to C-2’ and C-4’ and
by considering the deshielded chemical shift of H-2 (δH 4.06),
which was typical of tetramic acids system44,56. Finally, a hydroxy
group was located at C-9 by considering the molecular formula of
BE-54476-A and the chemical shift of CH-9 (δH/δC 3.43/75.1).

The relative configuration of BE-54476-A was assigned by
analysis of NOESY data (Fig. S21) and 1H-1H coupling constants,
as well as comparison of reported values of NMR data of similar
decalin-containing tetramic acid compounds. For instance, the
chemical shift of the decalin ring junction signals H-11 (δH 2.76) and
H-6 (δH 2.12) were consistent with other cis-decalin tetramic acid
analogs44,57–60, when compared to the trans-fused congeners55,61–64.
A large coupling constant of 9.8Hz between H-9 and H-10 indicated
that these protons were axially oriented. NOESY correlations
between H-2 and H-9 as well as between H-9 and H-7ax [δH 1.15,
ddd (12.3, 12.3, 12.3)] suggested these protons to be on the same side
of the molecule (α-oriented). Finally, further NOESY cross-peaks
between H-6 and H-8 as well as between H-3 and H-11 supported a
β-configuration of these protons. Hence, the structure of BE-54476-
A was established as a new tetramic acid derivative similar to a
known compound BE-54476 and named BE-54476-A.

BE-54476-B was also isolated as a brown amorphous powder
and assigned the molecular formula C20H31O5N by (–)-HRESIMS
data (m/z 376.2132 [M–H]–, calcd for C20H30O5N, 376.2129).
Optical rotation and UV-Vis data of BE-54476-B are as follows:
½α�23D + 28 (c 0.2, MeOH); UV (MeCN/H2O) λmax (%) 222 (100%),
286 (83%) nm. The 1H and 13C NMR data as well as UV spectrum
of BE-54476-B were similar to those of BE-54476-A. Detailed
analysis of NMR and MS data of BE-54476-B suggested that it has
an additional –CH2– group. 2D NMR data analysis indicated that
BE-54476-B had a propyl moiety at C-3 instead of an ethyl group
in BE-54476-A. This was further supported by HMBC correlations
from a triplet methyl at δH 0.81 (13-CH3) to C-12 and C-13 as
well as COSY correlations for 13-CH3/H2-13/H2-12/H-3. The
same relative configuration previously determined for BE-54476-A
was also assigned for BE-54476-B following analysis of NOESY
spectrum and 1H-1H coupling constants. Thus, the structure was
given the trivial name BE-54476-B.

Full details of the NMR assignments of BE-54476-A and BE-
54476-B are provided in Table S9.

BE-54476-A and BE-54476-B: biological assays. The minimum
inhibition concentration (MIC) and minimum bactericidal/fun-
gicidal concentration (MBC/MFC) of the isolated compounds
against a panel of microbial pathogens were determined using the
microbroth dilution method. This is done according to the
Clinical Laboratory Standards Institute (CLSI) guidelines, with
the following modifications: antibacterial assays were carried out
with Acinetobacter baumannii (ATCC® 19606™), Klebsiella aero-
genes (ATCC® 13048™), Pseudomonas aeruginosa (ATCC® 9027™)
and Staphylococcus aureus Rosenbach (ATCC® 25923™) at
5.5 × 105 cells/mL. Antifungal assays were performed with
Aspergillus fumigatus (ATCC® 46645™) at 2.5 × 104 spores/mL.
Gentamicin (Gibco) and Amphotericin (Sigma-Aldrich) were
used as the assay controls for the antibacterial and antifungal
assays respectively. For MIC determination, the bacterial cells
were incubated together with the isolated compounds at 37 °C for
24 h; and at 25 °C for 72 h for the fungal spores. Optical density at
600 nm was then measured using a microplate reader (Tecan
Infinite® M1000 Pro) to assess the inhibitory effect of the com-
pounds on microbial growth. Following that, MBC/MFC were
then evaluated by transferring 5 µL of the treated culture into
fresh media in 384-well microtitre plates. The plates were incu-
bated under the same conditions, and MBC/MFC were deter-
mined by measuring the optical density at 600 nm. All assays
were performed in triplicates to ensure reproducibility.

For the mammalian cell cytotoxicity assay, A549 human lung
carcinoma cells (ATCC® CCL-185™) were seeded at 3.3 × 104

cells/mL. The cells were treated with the compounds for 72 h and
incubated at 37 °C in the presence of 5% CO2. Puromycin
(Sigma-Aldrich) was used as the assay control for cytotoxicity
testing. To assess the cytotoxic effect of the compounds on the
cells, the microplates were incubated with PrestoBlue™ cell
viability reagent (ThermoFisher Scientific, USA) for 2 h, followed
by fluorescence reading at excitation 560 nm and emission
590 nm. The analysis of antimicrobial and cytotoxicity activity
for their IC50 values were carried out with the GraphPad Prism
program (GraphPad Software, CA).

Genomic analyses of A1123 integration mutants. In order to
sequence genomes, a library was created for using 10 ng of
genomic DNA per mutant (plexWell™ 96, Massachusetts, USA).
The library was sequenced using the 2 × 151 bp paired-end
protocol on an Illumina HiSeq 4000 platform. Breakpoints in the
genome is located by first aligning the sequenced reads to the
reference genome and npC697 using BWA65. This is followed by
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filtering using SAMtools66 using the -F 14 flag to locate paired
end reads where one of the mate reads mapped to npC697
whereas the other read mapped to the reference genome. These
breakpoint crossing reads are collected across samples noting the
genomic location in both the reference genome and npC697. As a
quality control measure, at least 50 such breakpoint reads are
required before considered a valid breakpoint. Results are sub-
sequently visually confirmed by IGV67.

Statistics and reproducibility. In this study, we tested all the
available biological replicates in 3- 5 fermentation media. Each
biological replicate underwent independent cell culture and fer-
mentations, ensuring unbiased processing and reproducibility.
The full description of the biological replicates and their corre-
sponding fermentation media experiments are given in Table S6.
Analyses were performed in Microsoft Excel (Microsoft Office
365—version 2203—build 15028.20204).

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
Numerical source data for Figs. 2–6 and supplementary tables S1–S6 can be found as
supplementary data files (e.g., Figure2_Data.xlsx, Supplementary_Data_Tables_S1_to_S6.xlsx). A
copy of this supplemental data set consisting of the numerical source data for Figs. 2–6 and
supplementary tables S1–S6 has also been made available on figshare68. The full LC-MS/MS
dataset24 from this work is available via the Mass Spectrometry Interactive Virtual Environment
(MassIVE) repository (accessed via: https://massive.ucsd.edu/) as a MassIVE Dataset with
accession number MSV00009223724.
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