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Microbial natural products have historically been a cornerstone for the discovery of therapeutic agents.
Advanced (meta)genome sequencing technologies have revealed that microbes harbor far greater
biosynthetic capabilities than previously anticipated. However, despite the application of CRISPR/Cas-
based gene editing and high-throughput technologies to activate silent biosynthetic gene clusters, the
rapid identification of new natural products has not led to a proportional increase in the discovery rate of
lead compounds or drugs. A crucial issue in this gap may be insufficient knowledge about the inherent
biological and physiological functions of microbial natural products. Addressing this gap necessitates
recognizing that the generation of functional natural products is deeply rooted in the interactions
between the producing microbes and other (micro)organisms within their ecological contexts, an
understanding that is essential for harnessing their potential therapeutic benefits. In this review, we
highlight the discovery of functional microbial natural products from diverse niches, including those
associated with humans, nematodes, insects, fungi, protozoa, plants, and marine animals. Many of these
findings result from an organismic-interaction-quided strategy using multi-omic approaches. The
current importance of this topic lies in its potential to advance drug discovery in an era marked by
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1 Introduction

Microbial natural products have been constituting a prolific
source for medicinal therapies, beginning with the discovery of
penicillin, which initiated the Golden Age of Antibiotics. This
period, spanning from the 1940s to the 1960s, was marked by
the discovery and development of numerous antibiotics, such
as streptomycin, tetracycline, and vancomycin, many of which
remain frontline treatments in clinical use today." These
bioactive compounds mostly discovered through
screening extracts of actinomycetes, which are readily isolated
from soil.> However, sustained implementations of such
a bioactivity-guided strategy have led to a significant decrease in
the hit rates of drug leads, a trend further complicated by the
spread of drug-resistant strains and the emergence of highly
pathogenic infectious diseases.?

Advances in sequencing technologies and assembly algo-
rithms have revealed that the number of biosynthetic gene
clusters (BGCs) responsible for synthesizing microbial natural
products far exceeds the number of compounds identified to
date.* This discrepancy presents an unparalleled opportunity to
explore the biosynthetic potential of microorganisms for new
drug candidates in the post-genomic era. Nevertheless, to avoid
being overwhelmed by the deluge of BGC data and to harness
such big data resources, it is imperative to prioritize the most
promising BGCs via multi-omics technologies and a multidis-
ciplinary strategy. The challenge of identifying new entities
from vast data by integrating bioinformatic prediction with
experimental translation likely stems from a lack of under-
standing of the ecological functions of microbial natural
products.

In response to organismic interactions in ecological envi-
ronments, microorganisms produce compounds with a variety
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of physiological and biological functions,”® including metal
chelators for nutrient uptake, antioxidants for protection
against oxidative damage, signaling molecules to coordinate
microbial community behaviors, and antimicrobials for defense
against other competing microbes. Furthermore, symbiotic and
commensal microorganisms produce growth factors to support
their hosts, along with immunosuppressants and cytotoxins to
assist hosts in killing other higher eukaryotes.”® These micro-
bial natural products confer adaptive advantages to the
producers in environments with intense organismic competi-
tion and limited food and nutrient availability. In return,
ecology serves as a driving force for microorganisms to select
practical BGCs across taxonomic lineages.” These intricate
relationships also drive microorganisms to evolve and select
resistance genes to counteract the effects of toxic compounds
produced by the microorganisms themselves.' Therefore,
identifying self-resistance genes within BGCs could help iden-
tify the putative molecular targets of a natural product(s) and
prioritize BGCs for downstream synthetic biology efforts, such
as gene cluster refactoring and heterologous expression.

Here, we highlight the potential of organismic interaction-
guided strategies in discovering new bioactive microbial
natural products for drug-lead discovery. While traditional
microbiology methods involving microorganism isolation and
cultivation were employed and remain essential and indis-
pensable, understanding the ecological context and interac-
tions in natural habitats was critical in guiding and promoting
these discoveries. By leveraging the extensive biosynthetic
capabilities of microbes in microbe-microbe and microbe-
eukaryote relationships, organismic interaction-guided strate-
gies can effectively contribute to combating the growing issue of
antimicrobial resistance and the urgent need for new drugs.

2 Human-—microbe interactions:
bioactive compounds from an invisible
organ of the human body

The human microbiota, communities of microbes living inside
and on our bodies, are primarily inherited from the mother and
subsequently shaped by environmental influences. Although
our microbiota only weigh 500 g, the ratio of the microbial cells
to human cells is approximately 1:1," and the gene content of
the microbiota is 150-fold higher than that of the human
chromosomes.” The human microbiota functioning collectively
as one of the most critical organs are instrumental in the
processes of digestion, nutrient synthesis, immune regulation,
protection of gastrointestinal and vagina against pathogens,
drug metabolism, and mental health modulation.”* The
microbiota encoding thousands of pathways shared across
diverse strains,™ produce small molecules from dietary and
host-derived substrates, as well as through de novo synthesis.*

Many of the above biological and physiological processes are
either governed by or associated with small molecules.’ Link-
ing and elucidating their biosynthetic pathways in the micro-
biota, particularly via big data analysis,””* allows us to
prioritize BGCs for structural identification and functional
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characterization of bioactive compounds. These compounds
might be promising in targeting and modulating humans'’
biological pathways and protecting the human host.

2.1 Lugdunin and epifadin: guardians of the human nasal
cavity

The human microbiota regulate colonization by competitors
using antimicrobials, thereby aiding colonized microbes to
block invasion. The human nasal cavity is notably deficient in
nutrients, indicating that resident bacteria likely employ effi-
cient strategies for mutual competition.” Two staphylococci
isolates, Staphylococcus lugdunensis IVK28 and Staphylococcus
epidermidis IVK83 from the nose, produce the broad-spectrum
antibiotics lugdunin (1)** and epifadin (2),* respectively
(Fig. 1). Compounds produced in a species-specific manner
have the potential to modulate the local microbial community
dynamics. Therefore, understanding the ecological roles of
these bioactive compounds in their natural environments is
necessary for assessing their potential therapeutic applications.
Lugdunin (1) and epifadin (2) were tested against the nasal
opportunistic pathogen Staphylococcus aureus to evaluate their
effectiveness in reducing colonization of this common path-
ogen, as S. aureus is carried by approximately 1/3 of the human
population and can cause illnesses ranging from minor skin
infections to life-threatening systemic infectious diseases.*

Lugdunin (1), a non-ribosomal cyclopeptide natively produced
by S. lugdunensis IVK28, is characterized by a thiazolidine moiety.
This unique structural feature is formed by a terminal reductase
domain that triggers head-to-tail thiazolidination.”* Structure-
activity relationship (SAR) studies have shown that tryptophan,
leucine, and thiazolidine residues as well as its secondary amine
are indispensable for antimicrobial activity.”® This activity,
particularly against difficult-to-treat methicillin-resistant S.
aureus (MRSA) with a minimum inhibitory concentration (MIC)
of 1.5 pg mL™", involves the dissipation of the bacterial cell
membrane potential. Notably, lugdunin (1) maintains its potency
against MRSA without developing resistance over a 30 day period.
Moreover, it enhances the human host defense by promoting the
expression and release of LL-37 and CXCL8 and by recruiting
phagocytic cells. This action thereby amplifies the innate
immune response in primary human keratinocytes mediated by
commensal microbes.*

Epifadin (2) is natively produced by S. epidermidis,* the most
abundant commensal bacterium in the nasal mucus of healthy
humans.”” The compound is a hybrid of peptide, polyene, and
tetramic acid, which is synthesized by a polyketide synthase-
non-ribosomal peptide synthetase (PKS-NRPS) gene cluster
located on a 55-kb plasmid. Interestingly, epifadin (2) has
a broad antimicrobial activity by perturbing membrane integ-
rity of bacteria and fungi, but it is highly unstable under stan-
dard lab conditions, as well as in simulating skin or
nasopharyngeal habitats. The transient life span of epifadin (2),
lasting only a few hours, may serve to limit collateral damage to
mutualistic bacteria and host cells. This might suggest a previ-
ously unrecognized antimicrobial strategy, distinct from
narrow-target and contact-dependent approaches.*

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Antibiotics (1-6, 8—14, and 17-19), inhibitor of protein synthesis (7), and protease inhibitors (15 and 16) identified within the human
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arrow, inhibition). The drug molecules mirroring the bioactive compounds are also shown. (a) and (b) in compounds 8-13 represent dehydrated
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2.2 Salivaricins and salivabactin: shields for the human oral
cavity

The human oral cavity serves as a direct interface for the
exchange of substances between humans and external envi-
ronments. It harbors diverse microbial communities in sites
such as saliva, gingiva, palate, tonsils, and teeth, where many
kinds of microbes coexist and interact with each other and with
the human host.?®*?*® Understanding these microbes, especially
Streptococcus, is essential for comprehending human health
and diseases. This includes conditions like dental caries asso-
ciated with Streptococcus mutans, as well as diseases like phar-
yngitis and impetigo linked to Streptococcus pyogenes (Group A
Streptococcus; GAS).>*3°

Streptococcus salivarius K12 is a probiotic originally isolated
from the oral cavity of a healthy infant. Its antibacterial activity
largely relies on its 190-kb megaplasmid, pSsK12, which houses
two BGCs encoding two different families of bacteriocins.** Some
strains of this species produce lantibiotics, namely salivaricins (3,
Fig. 1) and their phosphorylated products,® to penetrate oral
biofilms and kill specific disease-associated bacteria including S.
pyogenes, and also enhance host immunity by priming neutrophil
and boosting phagocytosis.*>** The production of salvaricins is
controlled by the sal operon located on pSsK12. Also located on
this plasmid is a trans-AT PKS-NRPS BGC (sar) directing the
discovery of salivabactin (4/5, Fig. 1) from its salAB (responsible
for the biosynthesis of salivaricins) deletion mutant with the
observation of preserved anti-GAS activity of this mutant. Sali-
vabactin (4/5), produced by the wild-type strain, is a mixture of
two geometric isomers and represents a novel scaffold of anti-
biotics for the presence of 2-ylidene-1,3-thiazolidines moiety.**
Salivabactin (4/5) is active against GAS with an MIC of ~2 ug
mL™" and other clinical Gram-positive pathogens, without
inhibiting against Gram-negative pathogens. Its in vivo protec-
tion against GAS is comparable to penicillin G. The findings
illustrate that the megaplasmid pSsK12 endows S. salivarius K12
with potent antibacterial properties, underlining its importance
in the probiotic's ability to combat pathogens and enhance host
immunity.

2.3 Big data driving the discovery of drug-like molecules

The examples discussed showcase that peptides and peptide-
polyketide hybrids enable human-colonized bacteria to set up
barriers for blocking pathogenic invasions.** Therefore, struc-
tural and functional characterization of these compounds can
yield new antimicrobials against pathogens with minimal
impact on healthy commensal strains, and assist in developing
therapeutic bacteria, the efficacy of which depends on human
host colonization. This concept is illustrated by analyzing the
biosynthetic capabilities of the human microbiota from the
Human Microbiome Project (HMP)."”2° The HMP was initiated
to enhance our understanding of the human microbiota and
their roles in health and disease,*® which generates a compre-
hensive genome resource repository from various microbial
communities in and on the human body.

Detailed investigations originated from a systematic exami-
nation of 752 metagenomes from phase 1 of HMP** which led to
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the identification of 3118 BGCs in healthy individuals.'” These
BGCs are predominantly identified in bacterial genera typically
associated with the human microbiome, such as Bacteroides,
Parabacteroides, Corynebacterium, Rothia, and Ruminococcus.
These genera are not commonly found in non-human envi-
ronments, highlighting the unique biosynthetic capabilities of
the human microbiota. The >3000 BGCs include classes of
saccharides, non-ribosomal peptides, polyketides, terpenes,
ribosomally synthesized and post-translationally modified
peptides (RiPPs), and hybrids. The gut and oral cavity are
particularly rich in BGCs due to their high microbial abun-
dance. For example, a typical gut sample harbors 599 BGCs,
while an oral cavity sample contains 1061 BGCs. In contrast, the
skin, airways, and urogenital tract have fewer BGCs, reflecting
their lower microbial diversity. BGCs encoding RiPPs are
modestly enriched across all body sites.'”** A prevalent NRPS
family with up to four modules and a terminal reductase
domain exclusively exists in the gut, while polyketide synthases
(PKS) are relatively uncommon.'”*® These findings highlight the
diversity and uniqueness of the human microbiota.

2.3.1 Lactocillin and tyrocitabine: antibiotics from vaginal
microbes. Lactobacillus gasseri, one of the four commonly found
bacterial species in the vaginal microbial community, defends
against pathogenic infections through two chemical means:
acid production to maintain an acidic vaginal environment and
the synthesis of antibacterial RiPPs.*” Specifically, L. gasseri JV-
V03 harbors a plasmid-based thiopeptide BGC, discovered
through a systematic genome mining of human bacteria and
expressed in its wild-type strain.’” The strain natively produces
lactocillin (6), a specific antibiotic against Gram-positive
bacteria. Lactocillin (6) distinguished by its indolyl-S-cysteine,
trithiazolylpyridine, and multiple thiazoles is the first struc-
turally characterized thiopeptide from the human microbiota
(Fig. 1). Notably, these structural features result from non-
oxygen-requiring posttranslational modifications, consistent
with the anaerobic environment where L. gasseri flourishes in
the vagina.

Lactocillin (6) with a relatively narrow-spectrum antibacterial
activity disrupts protein synthesis in pathogens like S. aureus
and Enterococcus faecalis with MICs of 42 and 425 nM, respec-
tively. It also inhibits the vaginal pathogen like Gardnerella
vaginalis with an MIC of 212 nM, yet preserves vaginal
commensal Lactobacillus species. Its structure is similar to the
antibiotic LFF571 that underwent Phase II clinical trials con-
ducted by Novartis for treating Clostridium difficile infection
diarrheal.®® The BGC for lactocillin (6) has also been detected in
oral metatranscriptomic reads, suggesting its mobility and
active transcription in the human microbiota. The discovery of
lactocillin (6) might explain the molecular mechanism of L.
gasseri in maintaining vaginal health.

Lactobacillus iners LEAF 2052A-d is an isolate from the vagina
of a bacterial vaginosis patient and encodes a widely distributed
BGC (tybA-E) in the human microbiota. This BGC was heterol-
ogously expressed in Pseudomonas putida under an orthogonal
T7 promoter with computer-aided design of synthetic genetic
elements inserted in front of each gene. This led to the identi-
fication of tyrocitabine (7), a nucleotide featuring an orthoester

This journal is © The Royal Society of Chemistry 2024
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linkage at its phosphate moiety. The Similarity Ensemble
Approach, which computationally predicts potential targets by
assessing chemical similarities between tryocitabine (7) and
known ligands, led to the identification of components involved
in protein translation. Tryocitabine (7) inhibited the translation
of a GFP reporter with a half-maximal inhibition (ICs,) of
13 mM (Fig. 1), while the acylated tyrocitabine lost this bioac-
tivity, indicating a prodrug mechanism.*

2.3.2 Broad- and narrow-spectrum RiPPs from targeted
genome mining. A computational survey of RiPPs was con-
ducted on 2229 genomes from phases 1 and 2 of HMP***
focusing on lanthipeptides and lasso peptides due to their
specificity against Gram-positive bacteria and Gram-negative
bacteria, respectively. Heterologous expression of 70 represen-
tative BGCs from bacteria species throughout the human body
in Escherichia coli resulted in 23 RiPPs (Fig. 1).*° These RiPPs
were tested for growth inhibition assays against pathogens and
commensal bacteria, enhancing the understanding of the
chemical barrier of the human microbiota and possible mech-
anism of dysbiosis caused by microbial translocation.

LANII-687 (8) from a vaginal strain of Lactobacillus iners LEAF
2053A-b showed broad-spectrum activity, notably against
vancomycin-resistant Enterococcus faecium (VRE) and S. aureus,
but also targeted commensal Lactobacillus species, implicating
L. iners in vaginal microbiota dysbiosis. LANII-691 (9) from the
skin-associated Streptococcus pyogenes GA19702 had a similar
antibiotic spectrum with less potency.

Lanthipeptides (e.g. LANII-286 (10), LANII-287 (11), and
LANII-916 (12)) and lasso peptides (e.g. LAS-1009 (13)) from oral
Streptococcus sp. M344 and Rothia aeria F0474 specifically
inhibited the gastrointestinal commensal Bifidobacterium ado-
lescentis. Oral bacteria translocate to the gut through saliva,
ingestion of contaminated food, or bloodstream infection
following periodontal disease. Once in the gut, these bacteria
colonize the intestinal environment and interact with resident
microbial communities. This potentially leads to the reduction
of B. adolescentis, a beneficial gut commensal. B. adolescentis
produces short-chain fatty acids, which help it compete with
pathogens and support the immune system. The reduction in B.
adolescentis can increase gut permeability and create a pro-
inflammatory state, which are risk factors for inflammatory
bowel disease. Furthermore, the altered microbial environment
can promote the growth of pathogenic bacteria and oncogenic
processes, contributing to the development of colorectal cancer
and liver cirrhosis.**** Lanthipeptides (10-12) and lasso
peptides (13) from oral bacteria targeting B. adolescentis suggest
that RiPPs are involved in pathogenic processes, including gut
microbiota dysbiosis, primary sclerosing cholangitis, and
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ulcerative colitis. This finding partially explains the molecular
mechanism of dysbiosis caused by microbial translocation.*

The human skin with hair follicles and glands rich in lipids
and proteins serves as more than a mere physical and chemical
barrier. It creates a niche with acidic, high-salt, desiccated, and
aerobic conditions for the growth of commensal bacteria, while
also potentially harboring opportunistic pathogens such as S.
aureus.**** Based on the initial analysis of large-scale BGCs,"”
a follow-up study focused on a RiPP BGC present in some
isolates of Cutibacterium acnes, one of the most common species
within the human skin microbiota. The BGC is linked to the
biosynthesis of cutimycin (14), whose structure resembles that
of lactocillin (6). S. aureus and S. epidermidis are susceptible to
cutimycin (14) with MICs ranging from 0.2 to 3.2 pM.* This
might partially explain that the overgrowth of C. acnes, possibly
due to the inhibition of S. epidermidis by cutimycin (14), leads to
the development of acne, while in healthy skin, S. epidermidis
controls the proliferation of C. acnes.*® The cutimycin (14) BGC
is also present in the nasal microbiome metagenomic data,
indicating its protective role in niche competition by inhibiting
the colonization of pathogens across body sites.*

2.3.3 Dipeptide aldehydes: protease inhibitors from the
gut. The human gut microbiota predominantly contain a gene
cluster family encoding NRPSs with up to four modules. These
NRPSs feature a terminal reductase domain, responsible for
catalyzing reductive off-loading to afford a C-terminal aldehyde.
However, over 30 (dihydro)pyrazinones derivatives rather than
aldehyde products were identified through heterogenous
expression of representative BGCs in E. coli or Bacillus subtilis.
These products primarily from dipeptide aldehydes spontane-
ously undergo intermolecular Schiff base cyclization to form
dihydropyrazinones, followed by oxidation to afford pyr-
azinones (Scheme 1).*

The structural resemblance of dipeptide aldehydes to Bor-
tezomib, a proteasome inhibitor as an anticancer drug for
treating multiple myeloma and mantle cell lymphoma, and
therefore, compounds such as Phe-Phe-H (15), Val-Phe-H, Leu-
Phe-H, and N-acyl Met-Phe-H (16) were tested for their in vitro
activity against lysosomal cysteine proteases (Fig. 1). Dipeptide
aldehydes with a free amino group (e.g. 15) exhibited potent
activity against cathepsin L with an ICs, of 5 nM but signifi-
cantly less against cathepsin B with an ICs, of 9.4 uM.
Conversely, N-acyl dipeptide aldehyde (e.g. 16) displayed no
detectable activity against cathepsin L but showed nanomolar
efficacy against cathepsin S with an ICs, of 13 nM, indicating
a distinctive selectivity profile. Isotopic tandem orthogonal
proteolysis-activity-based protein profiling revealed that Phe-
Phe-H (15) inhibits the catalytic cysteine of cathepsin L with
significant selectivity over other cathepsins.”

Ji 1 spontaneous Ri I

Dlhydropyrazmone

Pyrazmone

Conversion of dihydropyrazinones and pyrazinones from dipeptide aldehydes.
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2.3.4 Uncommon polyketides uncovered by innovative
algorithms. For the purpose of mining BGC directly in meta-
genomic sequencing data of the human microbiome, a read-
based algorithm termed MetaBGC was developed.”® As a proof
of concept, this study utilized 2544 metagenomic samples from
phase 1 of HMP** and MetaHIT (Metagenomics of the Human
Intestinal Tract),"” aiming to identify type II PKS BGCs, which are
not commonly found in the human microbiota. Since cyclases
are the universal and specific signature catalyzing polycyclic
aromatic reactions in the type II PKS system, the enzyme was
employed as a probe. This led to the identification of 13 complete
BGCs, six of which are actively transcribed in the human body.
Two BGCs from oral Actinobacteria Rothia dentocariosa and gut
Blautia wexlerae were heterologously expressed in Streptomyces
albus J1074 and Bacillus subtilis, resulting in the identification of
five aromatic polyketides, metamycins (e.g. 17) and wexrubicin
(18, Fig. 1). Interestingly, wexrubicin (18) shares structural simi-
larities with the anticancer drug doxorubicin, yet these poly-
ketides are not toxic to human HeLa cell lines at tested doses,
presumably due to their human body origin. Since metamycins
resemble the previously isolated antibiotics setomimycin and
oviedomycin from Streptomyces, the antimicrobial activity of
metamycins was tested. Metamycin D (17) has strong antibacte-
rial activity against Gram-positive bacteria, especially opportu-
nistic pathogens from the oral cavity, such as Streptococcus
sanguinis, Streptococcus intermedius, Streptococcus salivarius, and
Atopobium parvulum, with MICs ranging from 4 to 64 uM,
showing efficacy comparable to the clinically used antibiotic
tetracycline. This suggests their potential role in oral niche
competition and pathogen defense.*

3 Bacteria—nematode—insect
interactions: drug leads from the gut of
nematodes

Entomopathogenic nematodes that carry specific endosymbiotic
bacteria, Xenorhabdus and Photorhabdus, in their gut, canonically
belong to the genera of Steinernema and Heterorhabditis. The
bacteria-nematode pair actively hunts insect larvae in the soil by
detecting signals emitted from plant roots damaged by insects.
When the nematodes invade insect prey, the endosymbiotic
bacteria are released into the insect hemolymph, where they
proliferate and synthesize toxins, lytic enzymes, and natural
products. These products aid in promoting the development of
the nematode host (isopropylstilbene, 19)," killing the insect
prey,**® decomposing the insect cadaver, and protecting the
cadaver (e.g. odilorhabdins, evybactin, darobactin, and dyno-
bactin, 20-25)*°° against other soil-living prokaryotic and
eukaryotic organisms (Fig. 2).

Such bacteria-nematode-insect interactions offer a promising
model for understanding the ecological functions of the bacterial
natural products, which could dramatically inspire the discovery
of drug leads. This is because: (1) the ecosystem is constructible in
laboratory environments.*”*® The endosymbiotic bacteria, ento-
mopathogenic nematodes, and insects can be efficiently cultured,
enabling imitation of the interactions under standard laboratory
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conditions. (2) The endosymbiotic bacteria are genetically trac-
table.* This allows elucidating the ecological function of indi-
vidual bacterial natural products. (3) Xenorhabdus and
Photorhabdus, belonging to y-Proteobacteria, harbor vast biosyn-
thetic potential of natural products, which is comparable to the
prolific Actinomycetia in both quantity and diversity. Additionally,
the adaptation of Xenorhabdus and Photorhabdus to harsh envi-
ronments and competition with other soil organisms likely drives
the selection of valuable BGCs that yield highly efficacious natural
products.**® (4) Over 40% of genes in nematodes are highly
similar to human genes,” and both nematodes and insects have
been widely used as model organisms in the study of human
diseases and drug screening. Assuming that the bacterial natural
products, which are non-toxic at effective concentrations towards
the nematode host, are tailored for specific ecological niches, we
might already have solutions for diseases from the tripartite
relationship. Based on the functional assignment of the bacterial
natural products on the ecosystem, we could apply analogous
usage for treating human diseases. Here we stress three prom-
inent compound classes as exemplary cases.

3.1 Isopropylstilbene: a signaling molecule for treating
psoriasis

Isopropylstilbene (19), known as tapinarof and benvitimod and
first discovered from Photorhabdus luminescens, is a multipotent
compound and an essential growth factor of dauer-stage
nematodes (Fig. 2).*® In 2022, isopropylstilbene (19), acting as
an agonist of the aryl hydrocarbon receptor (AhR) and marketed
under the brand name VTAMA®, was approved as a clinical
drug by the FDA for treating psoriasis.®

Stilbenes are well-known natural products in plants, whose
biosynthesis involves type III PKS systems.* Interestingly, the
efficacy that distinguishes isopropylstilbene (19) from other
stilbenes is attributed to the isopropyl group,** which is
installed by the cross-talk between type II PKS and fatty acid
biosynthesis, remarkably different from the pathway in
plants.*®*>¢ The biosynthetic genes are highly conserved across
all Photorhabdus strains;* however, unlike a canonical BGC,
these biosynthetic genes are scattered throughout the genome
as individual genes and small operons.*®

Despite the unknown mode of action of isopropylstilbene
(19) in the development of entomopathogenic nematodes, it
binds to AhR,**® reminiscent of the interaction between Pseu-
domonas aeruginosa and eukaryotic hosts.* The AhR of
eukaryotic hosts monitors the signaling molecules of P. aeru-
ginosa, such as phenazines, homoserine lactones, and quino-
lones, to regulate the scale and intensity of eukaryotic host
immune defense.* Therefore, it is reasonable to hypothesize
that entomopathogenic nematode hosts sense iso-
propylstilbene (19) produced by Photorhabdus to defend against
other pathogens through fine-tuning immune responses.

3.2 Odilorhabdins and evybactin, non-ribosomal peptides
for multidrug-resistant infections

Insect cadavers in the soil are rich in proteins, lipids, carbo-
hydrates, and vitamins, which must be protected from

This journal is © The Royal Society of Chemistry 2024
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(a) Growth factor (19) and promising antibiotics (20 and 23-25) identified from entomopathogenic bacteria, Xenorhabdus and Photo-

rhabdus. (b) Overview and close-up views of the NOSO-95179 (21) binding site at the decoding center of the small ribosomal subunit, relative to
the binding sites of negamycin, tetracycline, paromomycin, and streptomycin.

competitors to allow the entomopathogenic nematodes to
continue their life cycle. Consequently, it is not surprising that
entomopathogenic bacteria biosynthesize natural products that
are active against bacteria, fungi, and protozoa, which are
abundant in the soil surrounding the insect cadaver. Compre-
hensive BGC analysis revealed that the odl NRPS BGC respon-
sible for the biosynthesis of odilorhabdins was a unique gene
cluster family in Xenorhabdus and predominantly Photo-
rhabdus.* Odilorhabdins, also known as NOSO-95A-C (e.g. 20)
initially identified from Xenorhabdus nematophila CNCM 1-4530
exhibited broad-spectrum activity against carbapenem-resistant
Enterobacteriaceae (CRE) and MRSA with MICs ranging from 8
to 16 pg mL ™" (Fig. 2).*° The antibiotics are linear cationic
peptides with non-proteinogenic amino acid residues and a C-

This journal is © The Royal Society of Chemistry 2024

terminal putrescine. A N-acetyltransferase confers self-
detoxification by primarily acetylating Dab(BOH),.”

Inspired by the investigation of the detoxification mecha-
nism, Sarciaux et al. synthesized NOSO-95C (20) and undertook
in-depth SAR studies through alanine-scanning.”* This
approach identified the essentiality of the primary amino group
in Lys;, Dab(BOH),, and Orn;, leading to the development of
NOS0-95179 (21). This modified compound, with improved
inhibition of bacterial translation and reduced toxicity, paved
the way for the development of the preclinical antibiotic
candidate NOSO-502 (22). NOSO-502 exhibited potent activity
against multidrug-resistant strains with MICs ranging from 0.5
to 4 pg mL " and a favorable safety profile, making it a prom-
ising candidate for treating serious hospital-acquired
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infections. Odilorhabdins bind the small 30S subunit and form
multiple hydrogen bonds with 16S rRNA residues. This binding
site differs from other antibiotics targeting the 30S subunit,
such as aminoglycosides and tetracyclines, highlighting odilo-
rhabdins’ unique mechanism of action.*

Evybactin (23) produced by Photorhabdus noenieputensis
DSM25462 was discovered by differential screening of 58 Xen-
orhabdus and Photorhabdus strains for antitubercular poten-
tial.>® A type I NRPS mega BGC with 12 modules, spanning 49.6
kb, encodes the biosynthesis of the cyclic depsipeptide. This
BGC appears to be a singleton, which has only been found in P.
noenieputensis so far. Evybactin (23) exhibits high selectivity
against Mycobacterium tuberculosis H37Rv (MICs 0.0625-0.250
ng mL™") without affecting S. aureus and other commensal
bacteria, and has non-toxicity to human cells. It gains entry into
Mycobacterium tuberculosis cells via the relatively rare BacA-type
transporter, not found in human gut commensals, which
explains the selectivity of evybactin (23). The compound inhibits
an allosteric site of DNA gyrase with an ICs, of 0.25 pg mL™,
which is different from the binding sites of drugs like mox-
iflxacin and similar to that of a new class of synthetic thiophene
antibiotics.* Thus, evybactin (23) emerges as a promising drug
candidate, mitigating the risk of antibiotic resistance and
safeguarding the health of humans and microbiota.

3.3 Darobactin and dynobactin: RiPPs revolutionizing the
combat against pathogenic Gram-negative bacteria

Darobactin (24) initially identified from Photorhabdus khanii
HGB1456 by screening a panel of Xenorhabdus and Photo-
rhabdus strains for activity against E. coli is a heptapeptide
belonging to RiPPs (Fig. 2).°° It is biosynthesized by a five-gene
operon (darA-E), with heterologous expression studies’”* con-
firming that DarA (precursor peptide) and DarE (radical SAM
enzyme) are sufficient for darobactin (24) production in E. coli.”
DarE catalyzes the formation of a unique aromatic-aliphatic
ether linkage between two tryptophan residues, as well as an
aromatic-aliphatic carbon-carbon bond between tryptophan
and lysine residues.””® This endows darobactin (24) with a rigid
B-strand conformation.

Darobactin (24) has selective antibiotic activity against
multiple Gram-negative bacteria, both in vitro and in animal
infection models. This includes strains resistant to polymyxin,
such as Pseudomonas aeruginosa with MICs of 2 to 16 pg mL ™",
and those resistant to B-lactam, including Klebsiella pneumoniae
with MICs of 2 to 4 ug mL™" and E. coli with an MIC of 2 ug
mL~". Importantly, it remains safe for human cells and
commensal gut bacteria at therapeutically effective concentra-
tions.*® The rigid B-strand conformation of darobactin (24)
mimics the recognition signal of native BamA substrates,
enabling 24 to specifically target BamA. BamA is a bacterial
insertase located on the outer membrane facilitating the
assembly and insertion of outer membrane proteins. Conse-
quently, darobactin (24) compromises the integrity of the outer
membrane without penetrating the bacterial cells.>®”® Interest-
ingly, BamA analogous in gut commensals such as Bacteroides
have a single point mutant G424D in the key B-strand, different
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from pathogenic Gram-negative bacteria. This mutation may
partially explain the insensitivity of gut commensals to
darobactin.”

The intriguing structure and unique mode of action of dar-
obactin have sparked tremendous follow-up studies in meta-
bolic  engineering,”””  chemical synthesis,®**®*  SAR
analysis,”>”””7® and genome mining®** to enhance production
yields and identify new analogs. A study using the radical SAM
enzyme DarE as a probe, whose homologs are distributed across
the bacteria kingdom, led to the identification of dynobactin
(25) from Photorhabdus australis (Fig. 2).°> The structure of
dynobactin (25) with a carbon-carbon bond linking tryptophan
to asparagine residue, as well as a carbon-nitrogen bond con-
necting tyrosine to histidine, was elucidated by cryo-electron
microscopy and micro-electron diffraction. This endows dyno-
bactin with a flexible conformation in contrast with the rigidity
of darobactin. Similar to darobactin, dynobactin also targets
BamA with an ICs, of 16 + 2 nM, but with higher affinity to
BamA and better water solubility—probably owing to its flexible
conformation and additional ionizable sites.”

4 Other eukaryotes and microbe
interactions

After discussing the interplay between humans and their resi-
dent microbiota (Fig. 1), as well as the interactions between the
endosymbiotic bacteria, nematode, and insect (Fig. 2), we
extend our focus to a wider spectrum of eukaryotes and their
microbial partners. Given the ubiquity of microbes across all
earthly environments, from terrestrial to marine, and their
adaptation to hosts of varying sizes, from protozoa to plants and
insects, we aim to understand how these eukaryotic organisms
not only survive but also thrive with the contributions of their
microbial partners. This not only broadens our understanding
of microbial versatility but also enhances our ability to leverage
these relationships for developing innovative therapeutic and
environmental solutions.

4.1 Bacteria-fungi interactions: microorganisms
cooperatively fend off enemies

The nests of fungus-growing ants have been pivotal in pio-
neering studies in chemical ecology, providing an exceptionally
informative system for investigating bacteria—fungi interac-
tions, as well as for discovering lead compounds. This ecolog-
ical phenomenon governed by natural products has been the
subject of many extensive reviews.** This sets a foundation on
which implementation of cell imaging has enhanced our
knowledge of bacteria-fungi interactions into a new dimension.

Fungi are increasingly recognized for hosting endobacteria,
as revealed through imagining and sequencing techniques.
These symbiotic interactions often induce or enhance the
production of natural products, serving as defense mechanisms
against other (micro)organisms. For example, certain soil fungi,
upon preyed by soil-dwelling nematodes, have evolved to
produce nematocidal compounds as a survival strategy. This
adaptation is notably demonstrated by the symbiotic

This journal is © The Royal Society of Chemistry 2024
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relationships between the fungus Podila verticillata and its
endosymbiont Candidatus Mycoavidus necroximicus, as well as
between the fungus Rhizopus microsporus and its endosymbiont
Mycetohabitans rhizoxinica. The Ca. M. necroximicus produces
polyketides termed necroximes (e.g. 26) against Caenorhabditis
elegans with an ICs, of 24.66 pM and a cyclic lipopeptide sym-
biosin (27), which synergistically protect the fungal host from
nematodes. Although symbiosin alone is ineffective, it acts as
a biosurfactant, influencing the permeability of substances into
the nematodes (Fig. 3).**® The symbiosin BGC encodes a seven-
module NRPS generating a hexapeptide backbone, indicating
a module-skipping mechanism.*® The endosymbiont M. rhi-
zoxinica produces rhizoxins S1 and S2 (e.g. 28) to safeguard its
fungus host R. microsporus from the amoeba Planoprotostelium
aurantium (ICs, = 65 nM for 28 in liquid survival assay) and
nematode predation (IC5, = 248 uM for 28 in liquid feeding
inhibition assay) (Fig. 3).*” A bacterium-fungus complex
contains the bacterial endosymbiont Alcaligenes faecalis SCSIO
B001, which predominantly resides within the mycelia of its
fungal host Spiromastix sp. SCSIO F190 and is also presented in
the spores of the fungal host. The symbiont was isolated from
a marine sediment sample collected in the Northern South
China Sea by streaking serial dilutions onto fucose-proline agar
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plates containing trimethoprim and nystatin. The fungal host
produces the polyketide spiromarmycin (29, Fig. 3),
a compound exhibiting broad-spectrum antibacterial and anti-
fungal activity against pathogenic bacteria with MICs ranging
from 4 to 128 pg mL ™" and (phyto)pathogenic fungi with MICs
ranging from 1 to 16 ug mL~ " against different Candida albicans
strains. Notably, the presence of the endobacterium A. faecalis
significantly up-regulates the yield of spiromarmycin (29).%®
Fusarium graminearum is the primary phytopathogenic fungus
responsible for Fusarium head blight in cereals. During the
sexual stage, a microbiome comprising various bacterial species
is formed on the surface of perithecia, affording a specific
microecological niche that facilitates disease establishment
through interactions spanning from mutualism to antago-
nism.**** Nonetheless, the molecular mechanisms underlying
antagonistic interactions are obscure, because bacteria playing
an antagonistic role often do not dominate under natural
conditions. Pantoea agglomerans ZJU23 within this bacterial
community notably stands out due to its highest antagonistic
activity towards F. graminearum. The bacterium produces herbi-
colin A (30), a glycosylated lipopeptide compound that exhibits
potent antifungal activity against F. graminearum with an ECs, of
1.72 ug mL ™" and a wide array of phytopathogens, while being

HO o
Produce
— i
OH

o]

0
Spiromarmycin (29)

Mycetohabitans rhizoxinica OH

Producei

oy Rhizoxin S1 (28)

‘ﬁy
)N

: 8 on ~ S Inhibit
/@/ Inhibit \\.\\_\'\ 6’7\\(&
HO Symbiosin (27) \ A= Amoebae
Nematodes

<

o
\
OH O
(o]
H

Fig. 3 Fungal endobacteria produce compounds (26—29) that defend their fungal host against the predation of nematodes and amoebae, as

well as against the infection of various pathogenic microbes.
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non-toxic to plant leaves and fruits (Fig. 4). The mechanism by
which herbicolin A (30) functions involves impeding ergosterol
biosynthesis in fungal pathogens, thus disrupting fungal lipid
rafts.® Therefore, herbicolin A (30) has potential for application
in agricultural and clinical settings.

4.2 Bacteria-plants interactions: FR900359 against
pathogenic nematodes holds promise for treating G,PCR-
related diseases

FR900359 (31), a cyclic depsipeptide characterized by unusual
amino acid units like N-methyldehydroalanine and N,O-dime-
thylthreonine, was originally isolated from Ardisia crenata,
a plant widely used in traditional Chinese medicine found
across tropic and subtropical areas.”* From a biosynthetic
perspective, the presence of non-proteogenic amino acid resi-
dues suggests that 31 likely originates from microbes that

1640 | Nat. Prod. Rep., 2024, 41, 1630-1651

establish a symbiosis relationship with the plant. The frs BGC
encoded in Candidatus Burkholderia crenata, an obligate
bacterium in A. crenata leaves, is linked to FR900359 (31)
production (Fig. 5). In the ecological system, Ca. B. crenata
adapts by reducing its genome to focus on 31 production,
benefiting A. crenata by deterring insect predation, while A.
crenata provides Ca. B. crenata with nutrients.”> Additionally,
a culturable bacterium Chromobacterium vaccinii isolated from
roots of cranberry is otherwise able to produce FR900359 (31),
offering protection against pathogenic nematodes as demon-
strated both in vivo and in vitro experiments (Fig. 5), by inhib-
iting the signal transduction of their G, protein.”® The
biosynthetic logic of FR900359 (31) reveals novel features, such
as an atypical thioesterase (Fig. 5b) domain catalyzing inter-
molecular side chain transesterification.®* This highlights the
potential for attaching the macrocyclic core with different side

This journal is © The Royal Society of Chemistry 2024
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chains (propionyl in FR900359 and acetyl in its analog YM-
254890) that can lead to crucial pharmacological differences,
for example, FR900359 metabolized significantly faster and has
a slower dissociation kinetic compared to YM-254890.%
FR900359 (31) is the most potent known inhibitor of the het-
erotrimeric G4 family proteins, engaging its molecular target
with unparalleled selectivity.®® Thus, the compound holds
significant promise for treating Ggrelated diseases such as
asthma and uveal melanoma.®’

This journal is © The Royal Society of Chemistry 2024

4.3 Bacteria-amoebae interactions: polyketides and non-
ribosomal peptides defending the amoeba host as
amoebicidals and antifungals

Amoebae are a diverse group of single-celled organisms found
in soil, water, and within host organisms. Some species of
amoebae are harmless, while others are pathogenic to humans,
causing neglected tropical diseases and other conditions like
amoebic dysentery, Acanthamoeba keratitis, and primary
amoebic meningoencephalitis (brain eating).
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In soil environments, the interaction between the model
eukaryote Dictyostelium discoideum and Pseudomonas sp.
QS1027 interaction has been extensively studied.”®**° This
interest stems from the isolation of Pseudomonas sp. QS1027
strain from D. discoideum, alongside the discovery that D. dis-
coideum uses other Pseudomonas as a food source. This rela-
tionship indicates that Pseudomonas when associated with the
amoeba could produce compounds lethal to other competitors
(amoebicidals) and antimycotic agents. Amoebicidal and anti-
mycotic activities are interconnected to some extent, as the
social amoeba D. discoideum shares certain characteristics with
fungi, including aspects of their life cycles like spore formation
and the ability to aggregate and form multicellular structures
under specific conditions. Exploiting this ecological relation-
ship has led to the isolation and identification of various
natural products from Pseudomonas sp. QS1027, including the
polyketide mupirocin (32) and the non-ribosomal peptides
jessenipeptins (e.g. 33) and keanumycins (e.g. 34).°**° Mupir-
ocin (32) and jessenipeptin (33) with an ICs, of 4 ug mL™"
against D. discoideum demonstrate synergistic effects against
amoebae, Bacillus subtilis, and MRSA (Fig. 6).°>'* Keanumycin A
(34) shows strong amoebicidal activity with ICs, values of 4.4,
2.0, and 3.1 nM against D. discoideum, Acanthamoeba castellanii,
and Acanthamoeba comandoni, as well as potent activity against
different fungal pathogens of humans and plants.”®

View Article Online

Review

4.4 Bacteria-bee interactions: symbiotic defenses against
fatal pathogenic threats

Bees, as essential pollinators, are critical in ecological balance
and economic activities. They support the biodiversity of natural
habitats through the pollination of a vast array of plants and
contribute to agricultural productivity and food security by
pollinating crops. Honeybee larvae and pupae may die from
epizootic America Foulbrood or European Foulbrood, caused by
the super pathogens Paenibacillus larvae and Melissococcus plu-
tonius, respectively. To fight against these fatal pathogenic
bacteria, symbiotic or gut bacteria associated with bees may be
employed to produce bioactive molecules for host protection. For
example, from stingless bee Melipona scutellaris, the symbiotic
Actinobacteria strains Streptomyces sp. ICBG1323 which
produces lobophorins (e.g. 35), and Micromonospora sp.
ICBG1321 which produces kosinostatin (36), show selective and
high inhibition against P. larvae with MICs ranging from 0.040 to
0.19 uM (Fig. 7)."** The gut microbiota of bees are also a potential
source for antibiotic discovery. A systematic investigation of 477
bee gut microbiota genomes from honeybees and bumblebees
identified a RiPP from Gilliamella apis active against M. plutonius.
Although the exact structure remains unidentified, this finding
underscores the potential of bee gut microbiota in producing
therapeutic agents for bee disease control.'*
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Fig. 6 Amoebae store Pseudomonas sp. that produces various amoebicidals and antifungals (32—-34).
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4.5 Bacteria-beetle interactions: unleashing polyketide
arsenals against fungal threats

Beetles undergo metamorphosis development stages from egg
to adult, facing threats from numerous entomopathogenic
fungi before reaching maturity. Lagria villosa has evolved
unique “back pockets” in the larval and pupal stages to house
bacterial symbiont Burkholderia gladioli Lv-StB HK10739.'** The
symbiotic bacteria protect the immature life stages against the
entomopathogen Purpureocillium lilacinum by producing anti-
fungal agents. Two polyketides, lagriamide (37) and gladi-
ofungin (38), have been identified to showcase such a defensive
function. For example, 38 inhibits the growth of the insect
pathogen P. lilacinum already at 5 pg mL™" (Fig. 8).2%%** Inter-
estingly, B. gladioli Lv-StB HKI0739 with a reduced genome that
renders the bacteria unculturable under lab conditions, priori-
tizes antibiotic production to protect the immature life
stages.'” The polyketide lagriamide (37) shows structural
similarity with the potent antitumor agent bistramide A from
marine ascidians, indicating that such a compound class for
chemical defense is universally used by symbionts associated
with different animal species.’® Adult beetles also employ
symbionts to tackle possible pathogenic fungal infections. For
example, the pine beetle Dendroctonus frontalis uses Strepto-
myces sp. SPB74, which produces a polyene peroxide mycangi-
mycin (39) to selectively inhibit its fungal antagonist,
Ophiostoma minus with an MIC of 1.2 pg mL™" (Fig. 8). Mycan-
gimycin (39) shows comparable efficacy to amphotericin B.**

This journal is © The Royal Society of Chemistry 2024

4.6 Bacteria-mosquito interactions: non-ribosomal peptides
preventing malaria transmission

Mosquitoes are vectors in spreading infectious diseases, such as
malaria, Zika fever, dengue fever, and chikungunya fever.
Within the guts of certain mosquitoes (e.g. Aedes and Anoph-
eles), microbial communities generate natural products to
establish and mediate the association with the mosquitoes and
Plasmodium parasites that cause malaria.'*”'*® Serratia, the most
abundant genus within laboratory- and field-caught Anopheles
stephensi mosquitoes, includes a strain that can be isolated
from both midguts and salivary glands being capable of
producing stephensiolides A-K. Among them, stephensiolide F
(40) moderately inhibits entomopathogenic Bacillus subtilis
with an ICs, of 15 ug mL™", suggesting a protective role for
mosquitoes from being infected and killed by entomopath-
ogens (Fig. 9). The structure of stephensiolides is characterized
by hydrophobic tails and hydrophilic head groups that may
function as biosurfactants. This might enhance the swarming
capability of Serratia sp. to facilitate colonization and migration
across mosquito tissues, coincident with the strain isolated
from different tissues.'”® Analysis of the BGCs of the mosquito
microbiome led to the discovery of eight types of siderophores,
including serratiochelin A (41) and pyochelin (42). Compounds
41 and 42 serve not only as metal chelators, but also (i) for
female mosquitoes, reduce blood-feeding propensity and over-
all fecundity, thereby decreasing the possibility of Plasmodium
parasites spread; and (ii) for Plasmodium parasites, inhibit
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multiple species and life stages of Plasmodium, thereby blocking
malaria transmission (Fig. 9).'” The discovery of stephensio-
lides in Serretia elucidates their ecological roles and can help
understand its pathogenesis in humans. Furthermore, this
finding suggests the potential of genetically engineering Serra-
tia with selective elements for controlling population of
mosquitoes, thus reducing the spread of serious infectious
diseases.'”

4.7 Bacteria-sponge interactions: symbionts yielding
defensive drug-like compounds

Sponges hosting diverse symbiotic microbes represent impor-
tant sources of novel natural products. Many natural products
initially isolated from sponges have later been reattributed to
bacterial origins. For example, Haliclona sponges house the
obligate symbiont Candidatus Endohaliclona renier-
amycinifaciens in their specialized cellular reservoirs called
chemobacteriocytes. The bacteria engage in mutualistic
symbiosis and produce the chemical defense compounds
renieramycins (e.g. 43), which exert antimicrobial and cytotoxic
activities of ecological and therapeutical relevance (Fig. 10).
Their production depends on the sponges hosts for substrates

1644 | Nat. Prod. Rep., 2024, 41, 1630-1651

like angelic acid and tyrosine, as well as cofactors needed for the
biosynthetic enzyme activities. This necessity arises because the
symbiotic bacteria have lost central metabolic pathways,
including those for amino acids, cofactors, prosthetic group,
and nucleoside biosynthesis.'*®

4.8 Bacteria-shipworms interactions: non-ribosomal
peptides and polyketides targeting multidrug-resistant
pathogens

Shipworms (Teredinidae) have adapted to a lifestyle of feeding
on wood and rely on their symbiotic bacteria partner, Ter-
edinibacter turnerae. This culturable species living in gills is
isolated from various shipworm species. It helps with wood
degradation and nitrogen fixation, while the shipworms provide
shelter and nutrients. This shipworms-T. turnerae relationship
has advantages for studying compounds of ecological signifi-
cance due to: (1) wood digestion of T. turnerae, which provide
abundant glucose, a precursor for natural product biosyn-
thesis;"" and (2) the presence of conserved BGCs regulated by N-
decanoyl-.-homoserine lactone'*? in T. turnerae isolates world-
wide suggesting potential ecological for the
compounds related to these BGCs." Following these clues, four

functions

This journal is © The Royal Society of Chemistry 2024
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lipopeptides turnercylamycins (e.g. 44 and 45) related to negative bacteria, including E. coli (MIC = 1 ug mL "), Klebsi-
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(Fig. 11). Both turnercyclamycins and colistin interact with the
LPS pathway, but turnercyclamycins remain effective against
clinical isolates resistant to colistin. This suggests that turn-
ercyclamycins may act through a different mechanism or target
different sites within the LPS pathway compared to colistin.
Additionally, turnercyclamycins do not exert their antibacterial
effect through mechanisms mediated by mcr-1, thus displaying
a distinct resistance profile from colistin."***** These differences
underscore the potential of turnercyclamycins as promising
new candidates for treating multidrug-resistant bacterial
infections.

The macrodiolides tartrolons, including tartrolon D (46) and
its boronated derivative tartrolon E (47), synthesized by the
trans-AT PKS in T. turnerae exhibit broad bioactivities against
competing gill symbionts and transient microbes, such as
Bacillus subtili, Pseudomonas aeruginosa (MIC = 0.36 uM for 47),
Vibrio anguillarum, and MRSA (MIC = 1.14 uM for 47), as well as
apicomplexan parasites (ECs, = 3.1 nM for 47), potentially due
to their ability to bind to boron (Fig. 11). This serves both boron
detoxification in the ocean and boron transportation within the

1646 | Nat. Prod. Rep., 2024, 41, 1630-1651

shipworm-bacteria symbiosis, and also offers a defensive
mechanism against bacteria and Plasmodium."*>'*°

4.9 Bacteria-algae-slug triple interactions: anticancer and
defensive non-ribosomal peptides delivered by predation

Kahalalides comprising over 20 variants*’-'** are depsipeptides
initially discovered from the sea slug Elysia rufescens. Kahalalide
F (48),"* a notable member, underwent clinical trials for the
treatment of esophageal and xenograft-associated cancers
dominantly in 2012, with its cyclopeptide backbone being
primarily responsible for the bioactivity.'*® The structure
feature, a hybrid of a fatty acid and a cyclic peptide with several
p- and non-proteinogenic amino acid residues, led to the
hypothesis that kahalalides are produced by a bacterial or
fungal symbiont. Integrative analyses using metagenomic,
metatranscriptomic, chemical analysis, and fluorescence
microscopy have identified the intracellular bacterium Cadida-
tus Endobryopsis kahalalidefaciens as the authentic producer.
This bacterium lives obligately within the algae Bryopsis sp.,
which is the diet of the slug E. rufescens. The bacterial symbiont

This journal is © The Royal Society of Chemistry 2024
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has a reduced genome, in which 20 NRPSs account for 20%,
a configuration likely to prioritize the production of kahala-
lides. These NRPSs are each linked to kahalalides of varying
peptide chain-lengths and amino acid compositions.**
Through predating the algae Bryopsis sp., the slug accumulated
kahalalides, thereby gaining a chemical defense (Fig. 12).

5 Summary and outlook

The traditional approach for discovering microbial natural
products involves isolating culturable microbes, often from soil
or extreme environments, to identify compounds expressed in
wild-type strains through bioassay-guided fractionation. This
inevitably leads to the frequent rediscovery of bioactive
compounds. Even in the post-genomic era, where the genome
mining strategy has been extensively applied, the prevailing
paradigm continues to focus on characterizing a certain BGC
class across different taxa or individual BGCs within a single
sequenced genome. A major limitation of this paradigm,
particularly when resistance genes are not prioritized, is the
lack of insights into biological and physiological functions of
the biosynthesized compound(s).

In contrast, the generation of functional microbial natural
products necessitates interactions between the microbe and
either other microbes or higher eukaryotes. This phenomenon,
which demonstrates the true essence of natural products, is
underappreciated yet highly likely to be ubiquitous, especially in
environmental niches characterized by complex interactions
among multiple organisms, such as commensalism, mutualism,
exploitation, and competition. These interactions can specifically
influence the diversity and evolution of biosynthetic pathways,
for example, by facilitating gene transfer or promoting selective
pressures that lead to new metabolic capabilities. Additionally,
interactions play a critical role in determining the ecological
functions and distributions of natural products, such as by
affecting the survivability and competitive advantages of
producer microbes within various habitats. Studying natural
products within the context of organismic interactions offers
unparalleled insights into the survival strategies of microbial

This journal is © The Royal Society of Chemistry 2024

producers with their eukaryotic hosts and against predators or
competitors. It also reveals unique metabolic pathways tailored
for specific purposes. These findings not only deepen our
understanding of ecological dynamics but also provide new clues
for drug discovery as demonstrated in this review.

To better understand and exploit the natural products from
multi-organism systems, several challenges and opportunities
need to be addressed. One challenge is to decipher the molecular
basis of the communication and regulation between different
organisms. This may require developing new methods and tools
for co-cultivation, microbiome engineering, and synthetic
biology. Another challenge is to identify natural products that are
only expressed under certain ecological conditions or interac-
tions, which may escape detection by conventional screening
methods. This may require applying multi-omic-based
approaches, including large-scale comparison of biosynthetic
gene clusters, proteomics, transcriptomics, and metabolomics,
to capture the dynamic changes of natural product expression
and function in response to different stimuli or environments. By
integrating multiple disciplines and perspectives, such as
ecology, microbiology, chemistry, and bioinformatics, the study
of natural products from multi-organism systems can open up
new avenues for understanding and harnessing the chemical
diversity and complexity of nature.
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