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Microorganisms produce biologically active natural products,

some of which are useful as antibiotics and other medicines. A

great demand for new antibiotics exists due to the diversity of

pathogens and their mechanisms of drug resistance.

Antibiotics were discovered as natural metabolites that enable

a microorganism to suppress the growth of a competitor.

Although the pace of discovery has slowed dramatically, new

approaches to identifying antibiotics show promise for the

future. Among many modern approaches to discovery, co-

culturing different species and understanding the molecular

bases of their interactions is opening new windows to antibiotic

discovery. Here we review several examples to illustrate how

co-culturing as an approach is producing new insights into the

biology of specialized metabolism. Understanding the varied

functions of specialized metabolites, combined with use of

innovative and advanced analytical tools, indicates that studies

of microbial interactions will enhance the discovery of new

antibiotics and other natural products.
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Introduction
Natural products are specialized metabolites for the pro-

ducing organisms. As opposed to growth-related primary

metabolic functions, specialized metabolites support envi-

ronmental or physiological functions specific to the organ-

isms [1]. Described functions of specialized metabolites

include signals, siderophores, antibiotics, and other useful

medicines. Among all therapeutically active antibiotics,

approximately 90% are discovered from microbes [2–6].

Microbial genome-level studies reveal abundant and

diverse biosynthetic gene clusters (BGCs) for the biosyn-

thesis of specialized metabolites [7,8]. However, the vast

majority of specialized metabolites are unknowns and have
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evaded detection due to their obscure functions or lack of

production in laboratory cultures [7,9]. In addition to new

BGCs, the detection and isolation of previously uncultured

species further expand the potential for discovery of chem-

ically diverse specialized metabolites [10,11��]. Given

these revelations, the grand challenge for the field is to

develop effective strategies for discovering new natural

products among these many hidden molecules.

One promising strategy is to revisit the origins of

natural product discovery in the same vein of Alexander

Fleming, which is to focus on microbial interactions to

identify specialized metabolites [12]. In general, the

traditional approaches to discovery no longer yield

sufficient novelty in antibiotics discovered and do not

meet the demand driven by antibiotic resistance [13].

Simply stated, the traditional approach is to isolate

metabolites from laboratory cultures and test for growth

inhibition of target organisms as established by Waks-

man and coworkers [14–17]. To advance beyond this

operating paradigm, many modern approaches have

been explored. One is to consider the varying stimuli

that may select for specialized metabolism. In their

natural habitats, microbes encounter nutrient limiting

conditions and challenges from neighboring species

[18]. Microbes have mechanisms to sense and respond

to diverse stimuli, such as abiotic environmental cues

(e.g. pH, temperature, light, nutrients, and oxidative

stress), and biotic stressors (e.g. bacteriocins, antibio-

tics, siderophores) arising from metabolism of neigh-

boring organisms (Figure 1) [19]. The response mecha-

nisms are many and include changes in specialized

metabolism to mediate interactions between organisms

[9,18]. Co-culturing species is one approach to identify

bioactive metabolites and the relevant responses to

them. However, inclusion of one or more additional

species to a culture raises the complexity and challenge

of isolating a single, active substance. In addition,

observation of interspecies interactions commonly

requires plate-based or otherwise structured-culture

formats, which are cumbersome for traditional microbi-

ology and natural product approaches [20]. Despite

these challenges, recent studies of competitive inter-

actions between species highlight their potential for

enhancing access to new metabolites [21]. The molec-

ular bases of the interactions are not always clear, but

the evidence suggests that either activation of quies-

cent biosynthetic pathways or detection of competitive

effects other than growth inhibition(e.g. changes in

colony morphology, virulence, biofilm formation, spor-

ulation) serve to reveal new candidate natural

products [9].
www.sciencedirect.com
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Figure 1

Abiotic factors:
envronmental
cues, stress, etc.

Biotic factors:
signals, antibiotics, etc.
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Microbial communities as a source of environmental cues, stresses, and signals that influence specialized metabolism.

Microorganisms sense physical and chemical inputs from their surroundings and have diverse response mechanisms. Within the context of a microbial

community, these inputs include both abiotic inputs (e.g. pH, temperature, light, nutrients) and biotic cues and signals (e.g. bacteriocins, antimicrobials,

siderophores) that emerge from the metabolism of neighboring organisms. A focus on two selected species highlights the potential complexity of

external inputs for microorganisms within a community. Contemporary approaches to microbial specialized metabolism include co-culturing selected

species in order to expose biotic inputs, in particular specialized metabolites, and to provide new pathways to natural product discovery.
Recent studies indicate that exploration of interactions

between microbial species may reveal new bacterial

physiology and new specialized metabolites that will

contribute to reinvigorated antibiotic discovery. A

selection of contemporary review articles provides

excellent coverage of several topics that converge on

the interactions of species that influence natural prod-

uct discovery. These articles include two recent

reviews that emphasize bacterial–fungal interactions

and innovative culturing and detection techniques for

the induction of new specialized metabolites [22,23]. In

addition, Molloy and Hertweck covered antibiotic dis-

covery inspired by predator–prey interactions, patho-

gens, insect and other host protection mechanisms [24].

Cheverette and Currie provided a comprehensive

review on evolutionary aspects of antibiotic discovery,

and discussed the role of antibiotics in nature [25]. Nai

and Meyer focused on technological advances in mixed-

species culturing that impact specialized metabolism

[21]. Ueda and Beppu reviewed instances where anti-

biotics were discovered using co-culturing methods

through chemical stimulation of antibiotic production

[26]. These reviews showcase the breadth of topics

relevant to modern efforts to invigorate natural product

discovery. Here, our intent is to provide a complement

to these reviews, rather than a comprehensive review of

this extensive field. The emphasis of this review is

interactions between different species of bacteria.

We will summarize some active specialized metabolites

discovered from bacterial–fungal interactions, because

this topic has been recently covered in depth [22,23].

We will also discuss innovative approaches to studying

specialized metabolism in microbial interactions as

means to discover new antibiotics and expand knowl-

edge of specialized metabolism in microbiology.
www.sciencedirect.com 
Interspecies pairwise interactions for
antibiotic discovery
Interaction-based assays follow a guiding concept that, as

opposed to organisms cultured in isolation, complex

interactions better approximate environmental condi-

tions. As a case in point, one organism may serve to

condition the environment for a second organism to

produce antibiotics. In an approach similar to the process

for discovering penicillin through a bacterial–fungal

interaction, Zuck, Shipley and Newman co-cultured

Aspergillus fumigatus with several other organisms on agar

plates and showed the most significant inhibitory effect

with Streptomyces peucetius. By following that competitive

phenotype, mixed fermentation of the two organisms

led to the isolation of two new natural products,

fumiformamide (Figure 2a) and N,N’-((1Z,3Z)-1,
4-bis(4-methoxyphenyl)buta-1,3-diene-2,3-diyl) diforma-

mide, together with two known N-formyl derivatives and

the xanthocillin analogue BU-4704 [27]. As an example,

this study demonstrated that co-cultivation, creating a

competitive environment, is a useful strategy to amplify

the production of specialized metabolites. A detailed

induction mechanism for these metabolites has yet to

be reported.

There are many other active molecules discovered

through bacterial–fungal co-culture formats (Figure 2a).

For example, pestalones (potent bactericidal against

drug-resistant bacteria) [28], libertellenones D (potent

cytotoxicity against the HCT-116 human colon carcinoma

cancer cell line) [29], emericellamides A (moderate anti-

microbial against methicillin-resistant Staphylococcus
aureus) [30], were identified from marine fungal–bacterial

interactions. Glionitrin A, an anti-tumor metabolite, was

discovered in the co-culture of a fungal strain with a
Current Opinion in Microbiology 2019, 51:64–71
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Figure 2
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Active molecules identified from pairwise microbial interactions.

(a) Chemical structures of active molecules representative of isolation

from bacterial-fungal co-cultivation. (b) Chemical structures of

molecules representative of isolation from bacterial interspecies

interaction. (c) A transwell system for continuous microbial community

growth (on an agarose plug supported by a permeable membrane), by

drawing nutrients from liquid medium and exchange for natural

products. The conditioned liquid medium was periodically sampled for

antibiotic activity against S. aureus. Amycomicin was identified as an

inhibitor of S. aureus.
bacterial strain from an unusual acidic environment [31],

and secopenicillide C was discovered in a co-culture of

two fungi from soil [32]. These findings suggest that

continued use of bacterial–fungal interactions as a path

to discovery will yield new potential antibiotics.

Induced production of natural products has also been

observed with bacterial interspecies interactions.

Streptomyces have been studied extensively for their pro-

lific natural product production [33,34]. With the arrival of

whole genome sequencing, new genomic evidence
Current Opinion in Microbiology 2019, 51:64–71 
revealed the extent to which unexplored BGCs are

embedded in streptomycete genomes [8,35]. The major-

ity of these BGC products remain to be identified. A

major goal for the field is to identify efficient methods to

coax new specialized metabolites from apparently quies-

cent BGCs. Onaka and Mori showed Streptomyces spp.

produced new specialized metabolites when they were

co-cultured with the mycolic acid-containing bacterium

Tsukamurella pulmonis [36��]. Several novel natural pro-

ducts, arcyriaflavin E [37], chojalactones A–C [38]

(Figure 2b), niizalactams A–C [39], and 5-alkyl-1,2,3,

4-tetrahydroquinolines [40] were identified in co-cultures

of Streptomyces spp. with T. pulmonis. A specific stimulus or

competitor may be required for activating cryptic BGCs

in some organisms. Thus for some studies, species from

the same natural microbial community have been

prioritized as stimuli, based on perceived ecological func-

tions of specialized metabolites. Adnani et al. identified

keyicin, a new anthracycline antibiotic, from a

Micromonospora sp. when co-cultivated with a sympatric

Rhodococcus sp. from the sea squirt microbiome. Keyicin is

active against some Gram-positive bacteria [41]

(Figure 2b). These examples provide ample evidence

that mixing two species in a single culture may yield new

metabolites. However, rarely have the mechanisms lead-

ing to induction been deciphered, which would give a

deeper understanding of the biology of specialized

metabolism. The underlying mechanisms of interactions

will likely inform new approaches to elicit specialized

metabolites and enhance subsequent discovery efforts.

Co-culture cooperation-induced antibiotic
metabolites
As more interaction studies emerge, it is increasingly clear

that specialized metabolites have diverse and undiscov-

ered functions. These functions extend beyond antibio-

tics and promote the fitness of the producer organisms in

poorly understood ways. For example, diffusible metab-

olites from one organism may stimulate physiological

transformations of nearby species. In what is a classic

study for the field, Ueda et al. observed this type of

stimulatory event among Streptomyces species [42]. By

overlaying Bacillus subtilis as an indicator, they found that

one Streptomyces spp. induced sporulation of a co-cultured

Streptomyces spp. A zone of B. subtilis growth inhibition

revealed the induction of antibiotic metabolite(s) only

when the two species of Streptomyces were in close prox-

imity. A more elaborate version of this experiment led to

the recent discovery of a new antibiotic. Pischany et al.
used multi-species cultivation to generate a large pool of

molecules to screen for activity [43��]. Their study

employed solid-phase cultures of nine Actinomycetes

in transwell plates, which allowed for continuous moni-

toring without disrupting the community. In this experi-

mental format, bacteria growing on agarose inside a

transwell draw nutrients from liquid media and exchange

metabolites, which diffuse into the surrounding liquid.
www.sciencedirect.com
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After mixed-species growth in the transwell, the liquid

medium was tested for antibiotic activity on S. aureus
plates (Figure 2c). Once antimicrobial activity was

observed, they sampled the 16s rDNA to determine

the species composition of the culture mixture. This

method is straightforward and can be applied to many

cultivable multispecies communities, potentially yielding

new antimicrobial or signaling compounds. Indeed, in

their study Pishchany et al. found that Streptomyces
coelicolor M145 stimulated Amycolatopsis sp. AA4 to pro-

duce amycomicin, a new antibiotic that targets fatty acid

biosynthesis and kills S. aureus in both in vitro and in vivo
assays with submicromolar activity (MIC 30 nM)

(Figure 2c). Subsequently, they found that alteration of

the carbon source by S. coelicolor metabolism induces the

production of amycomicin [43��]. These examples sug-

gest that more complex patterns of interaction than binary

chemical warfare reflect the dynamic interactions of mul-

tispecies microbial communities. Applying knowledge of

the molecular bases of complex interactions into new

discovery efforts may open the door to unpredicted

new specialized metabolites.

Diverse biological functions of specialized
metabolites
Specialized metabolites are expected to benefit the fit-

ness of their producers, but in the majority of cases their

functions are unknown. Some examples of non-antibiotic

functions illustrate this point. For instance, siderophores

are specialized metabolites that chelate environmental

sources of iron for cellular uptake. Using a co-culture

format, Traxler et al. found a siderophore, amychelin,

produced by Amycolatopsis sp. AA4 that inhibits adjacent

S. coelicolor development of aerial hyphae [44,45].

Because they are needed for iron uptake, some bacteria

pirate siderophores produced by competitors [45,46], but

this practice can have deleterious effects. Sideromycins

are siderophore–antimicrobial conjugates that act by a

Trojan horse strategy, where stealing iron may have lethal

consequences [47]. Other examples of non-antibiotic

activity from specialized metabolites include thiopep-

tides. Thiopeptides encompass a large and diverse family

of ribosomally synthesized and post-translationally modi-

fied peptides (RiPPs). Some thiopeptides are antibiotics

(e.g. thiocillins) and others are signaling molecules (e.g.

goadsporin) that impact bacterial development [48,49].

The thiocillins, for example, were reported to alter devel-

opment of other species, causing the induction of

B. subtilis biofilm formation [50]. In our own lab, we have

identified some surprising functions for antibiotics. Lin-

earmycins are antibiotics produced by Streptomyces [51].

We recently reported that linearmycins are packaged into

membrane vesicles and disrupt B. subtilis membranes

[52,53]. The surprise result for these studies was that

biogenesis of extracellular vesicles depends upon linear-

mycin biosynthesis, highlighting an unpredicted

convergence of membranes and antibiotic biosynthesis.
www.sciencedirect.com 
In another example, chloramphenicol, a classic antibiotic

produced by Streptomyces venezuelae, was demonstrated to

induce a B. subtilis mobile response at subinhibitory

concentration [54]. The activation of motility is an exam-

ple of the underlying principle of hormesis, wherein

antibiotics are stimulatory metabolites at subinhibitory

concentrations [55,56]. These observations indicate that

even the activities of antibiotics as a subclass of special-

ized metabolites may have complex and unexpected

functions, which may be exploited as an approach to

discover useful natural products [57,58].

A recent study of human-associated bacteria provides a

compelling example of the possibilities to develop new

approaches to treat infectious disease based on microbial

interactions.  This study initiated with an observation of a

negative correlation betweenS. aureus and Bacillus species in

samples from a human population [59��]. Further explora-

tion showed probiotic Bacillus abolished and eliminated

colonization by S. aureus through inhibiting quorum sensing.

Remarkably, the study demonstrated that fengycins from

B. subtilis, commonly known for their antifungal activity,

blocked the Agr quorum sensing system of S. aureus, thereby

disrupting biofilm development and the ability to colonize

the host. This study illustrates the capacity for specialized

metabolism to influence bacterial pathogenesis in striking

and effective, non-classical antibiotic modes. Other reported

examples from microbial interactions also suggest a promis-

ing approach is to disrupt virulence among pathogens. For

instance, 4-hydroxy-2-heptylquinoline-N-oxide (HQNO), a

molecule promoted by Pseudomonas aeruginosa quorum sens-

ing signaling system, suppresses the growth of S. aureus, and

leads to formation of small-colony variants upon prolonged

exposure [60]. As another example, Streptococcus mutans and

Streptococcus gordonii are normally found in inverse propor-

tions in dental plaque, because S. gordonii restrains several

quorum sensing pathways in S. mutans [61,62]. Therefore,

using non-growth-inhibiting natural products as medicines

or adjuvants may be a broadly applicable tactic to combat

infectious agents. The examples we have highlighted  col-

lectively point to an exciting and productive next wave of

discovery for new natural products and new approaches to

treat problematic microorganisms.

Novel strategies facilitate specialized
metabolite discovery in microbial interactions
As we develop new interaction-based  approaches for discov-

ery,newtoolsareneededtomakeisolation  andanalysismore

efficient (Table1).Historically, antimicrobialdrugdiscovery

exploited cultivable soil microorganisms, but even these

efforts captured only a fraction of the biological diversity

of microbes in nature [35]. In a new development for

culturing bacteria, Ling et al. used an iCHIP device to isolate

previously uncultured bacteria out of complex communities

[11��]. The antibiotic teixobactin, identified from this strat-

egy, is the firstmemberofanovelantibioticclassandisactive

against Gram-positive pathogens [11��,63]. In addition
Current Opinion in Microbiology 2019, 51:64–71



68 Antimicrobials

Table 1

Novel strategies facilitate specialized metabolite discovery in microbial interactions

Strategies Molecules References

Culturing formats iChip Teixobactin [11��]
Bioreactor system Undecylprodigiosin [71]

Transwell system Amycomicin [43��]
Microfluidic system N-acyl homoserine lactone [69]

Transcriptome monitoring Orsellinic acid [72�]
Analytical tools Reporter fusion Thiocillin, albuquinone A [50,73]

IMS Thiocillin, elaiophylin,

efomycins A and G

and desferrioxamines

[50,74�,75,83]

Droplet probe Dechloro-50-hydroxygriseofulvin,
hirsutatin A, and so on.

[77]

Mass spec networking Etimycin, elaiophylin, actinomycins D, X2, X0b,

desferrioxamines

[74�,78,79,83]

IDBac Surfactin, plipastatin, desferrioxamine [82]

Biochemometric analysis Altersetin, macrosphelide A [80]
explorations of other environments, such as marine sedi-

ments, suggest that new natural products will follow discov-

ery of new species [64,65]. Metagenomic methods expand

views of bacterial genomes as sources for new natural pro-

ducts by previously understudied taxonomic groups [66�].
Along with recognition of the antibiotic-producing potential

of microbes, advanced and creative culturing methods

facilitate identifying interaction activities. For instance,

microfluidics, a technique widely used in large-scale or

high-throughput screening, enables focused study of small

collections of cells, either single species or more elaborate

interactions, during cultivation [20,67–69]. Transwell

chambers are a method for maintaining separation of two

or more species, or even a microbial community, while

allowing their diffusible metabolites to pass through a mem-

brane [43��,70]. For the same purpose, bioreactor systems

provide a format for larger scale cultivation [71]. These

culturing methods facilitate the study of molecular and

chemical interactions between microorganisms at different

scales, which may influence the modes of interaction

detected and the metabolites available for isolation and

further study.

Many new technological innovations show great prom-

ise for capturing and identifying new antibiotics. For

example, metabolic transcriptome monitoring and

other approaches to monitor biosynthetic  gene

expression may enhance discovery, as in the case of

orsellinic acid [72�]. A high-throughput elicitor screen-

ing (HiTES) approach, with insertion of a reporter

gene into the BGC of interest, provides a rapid

read-out for gene expression, leading to the corre-

sponding molecule(s) [73]. Imaging Mass Spectrome-

try (IMS) enables visualization of the spatial

distribution of molecules during microbial interac-

tions, which promote identification of relevant metab-

olites, as in the cases of elaiophylin [74�], bioconverted

phenazines [75], and hydrolyzed surfactin [76].
Current Opinion in Microbiology 2019, 51:64–71 
Droplet-liquid microjunction-surface sampling probes

(droplet probe) enable spatial microextraction of spe-

cialized metabolites from co-culture samples [77].

Mass spectrometry networking, a tandem mass spec-

trometry (MS/MS) data organizational approach,

allows not only finding molecules with structural sim-

ilarity to known molecules (same type of biosynthetic

pathways), but also new molecules such as retimycin

[74�,78,79]. Advanced computational approaches, such

as Protein and Small Molecule MALDI BioInformatics

(IDBac), MS-based principal component analysis, and

other biochemometric analyses, help simplify other-

wise complicated data analysis, enhancing efficiency

in identifying chemical forms of natural products

[80–82].

Given these and many other new technological advances,

in combination with powerful computational tools for

analyzing datasets and structural details of metabolites,

the field is primed for microbial interactions to become a

wellspring of new natural product discovery.
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