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Summary 

The alarming trend of pathogenic microorganisms developing resistance against currently used 

antibiotics has reinvigorated the search for new antimicrobial compounds. Secondary 

metabolites produced by microorganisms are the most important source of antibiotics, and thus 

also for the discovery of novel antimicrobial compounds. Genome mining of biosynthetic gene 

clusters (BGCs) has revolutionized the field of natural product discovery and identified a large 

potential for the production of secondary metabolites in a wide range of microbial taxa, including 

marine Vibrionaceae. The purpose of this PhD project was to study cues and stimuli that activate 

secondary metabolism in two antibiotic producing marine Vibrionaceae strains, Vibrio 

coralliilyticus and Photobacterium galatheae, producing the antibiotics andrimid and holomycin, 

respectively. 

Previous studies have shown that sub inhibitory concentrations of antibiotics can induce the 

production of secondary metabolites in microorganisms. Using a genetic reporter strain, we 

identified that andrimid, produced by V. coralliilyticus, is an elicitor of a silent BGC. Andrimid was 

used to activate secondary metabolism in P. galatheae, and this resulted in a 4.0-fold 

overproduction of the antibiotic holomycin and significant upregulation of BGCs for which the 

chemical compounds remain to be identified. Furthermore, high performance liquid 

chromatography - mass spectrometry analyses demonstrated induction of six unknown 

compounds, but unfortunately we were not able to identify the structure of these.  

Secondary metabolites are important mediators of microbial interactions and their production 

can be stimulated by the presence of other microorganisms. In light of this, our previous results 

motivated us to study the interactions between the ecological neighbors V. coralliilyticus and P. 

galatheae in co-culture and the effect of co-culture on secondary metabolite production. Co-

cultivation interactions led to increased production of andrimid by V. coralliilyticus (4.3-fold) and 

holomycin by P. galatheae (2.7-fold) compared to mono-cultures. Moreover, V. coralliilyticus 

detoxified the antibiotic holomycin by sulphur methylation. 

This thesis concludes that competitive interaction is an ecologically important cue for the 

production of antibiotic secondary metabolites in Vibrionaceae. This insight can be leveraged to 
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unlock the remaining bioactive potential of this diverse group of marine bacteria towards finding 

new antibiotics. 
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Resumé 

Den alarmerende udvikling af resistens blandt patogene mikroorganismer har genoplivet 

søgningen efter nye antimikrobielle stoffer. Sekundære metabolitter produceret af 

mikroorganismer har været vores vigtigste kilde til nye antibiotika, og er derfor også dér hvor vi 

igen søger efter nye antimikrobielle produkter. Analyse af genomsekvenser for biosyntetiske gen-

klustre (BGCer) har revolutioneret vores muligheder for at finde nye naturstoffer og har vist, at 

mange mikroorganismer har et stort potentiale for produktion af sekundære metabolitter, der 

endnu ikke er fundet eller kemisk karakteriseret. Det gælder bla bakteriefamilien Vibrionaceae, 

der er vidt udbredt i det marine miljø. Formålet med dette PhD projekt var at studere signaler og 

stimuli, som aktiverer den sekundære metabolisme i to antibiotika-producerende marine 

Vibrionaceae stammer, Vibrio coralliilyticus og Photobacterium galatheae, der producerer 

henholdsvis andrimid og holomycin.  

Andre studier har vist at sub-inhibitoriske koncentrationer af antibiotika kan inducere produktion 

af sekundære metabolitter i mikroorganismer. Ved hjælp af en genetisk rapporter-stamme fandt 

vi at andrimid, produceret af V. coralliilyticus, aktiverer expression af såkaldte ’silent’ BGCer. 

Andrimid blev brugt til at inducere den sekundære metabolisme i P. galatheae, hvilket 

resulterede i en 4,0-fold højere produktion af stoffet holomycin, der har antibiotisk effekt, og en 

signifikant opregulering af BGCer, for hvilke det kemiske produkt ikke endnu er identificeret. 

Derudover viste kemisk analyse baseret på væskekromatografi og massespektrometri en 

induktion af seks ukendte stoffer, men desværre var vi ikke i stand til at identificere strukturen 

af disse.  

Sekundære metabolitter er vigtige mediatorer af mikrobelle interaktioner, og deres produktion 

kan stimuleres af tilstedeværelsen af andre mikroorganismer. I vores næste undersøgelse, 

analyserede vi de antibiotika-medierede interaktioner mellem V. coralliilyticus og P. galatheae, 

der begge er marine bakterier og forekommer i de samme miljøer. Vi dyrkede de to bakterier 

sammen og undersøgte produktionen af deres sekundære metabolitter i disse blandende 

kulturer sammenlignet med bakterierne dyrket enkeltvis. I de blandede kulturer sås øget 

produktion af andrimid af V. coralliilyticus (4,3-fold) og holomycin af P. galatheae (2,7-fold) 
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sammenlignet med monokulturer. Derudover var V. coralliilyticus i stand til at mindske den 

antimikrobielle effekt af holomycin gennem methylering af svovl-grupperne.  

Denne afhandling konkluderer, at kompetitiv interaktion er et vigtigt signal for produktionen af 

antibiotiske sekundære metabolitter i Vibrionaceae. Denne indsigt kan bruges til at udtrykke de 

BGCer, der koder for endnu ukendte antibiotiske stoffer og dermed opdage nye antibiotiske 

stoffer.  
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1. Introduction and outline 

The year 2020 has been overshadowed by the global health crisis due to the COVID-19 pandemic. 

Unprecedented actions worldwide that are aimed to resolve the pandemic offer hope for the 

near future; however, the next big global health crisis is already imminent. The antimicrobial 

resistance (AMR) crisis is estimated to cause 10 million deaths in the year 2050 (1), significantly 

more than the projected amount of COVID-19 related deaths in 2020. Already today, every 45 

seconds, one person dies from infection by a multidrug resistant pathogen. 

There are two major culprits of the AMR crisis. First, the use and misuse of broad range antibiotics 

has accelerated the development of antimicrobial resistant bacteria and the spread of resistance 

between bacteria (2). Second, after an initial “golden age” of antibiotic discovery between the 

1940s and 1970s, the amount of new antimicrobial drugs entering the market has decreased 

markedly (3). While careful administration of antibiotics is an important part of the strategy to 

solve the crisis, a continued supply of new antibiotics is crucial to sustain effective treatment of 

pathogenic infections in the future.  

The vast majority of antibiotics in clinical use are microbially produced secondary metabolites or 

derivatives thereof (4). Especially soil Actinobacteria have been an excellent source for the 

discovery of compounds with pharmaceutically useful bioactivities (3). The AMR crisis has 

incentivized the search for novel secondary metabolites to be extended to other, less explored 

environments and organisms. For example, the Galathea 3 expedition enabled the exploration of 

the world’s oceans for the isolation of antibacterial marine bacteria (5).  

Coinciding with the broadened search for microbes that can produce our drugs of the future 

came a realization that the current knowledge about the natural microbial world of secondary 

metabolites, including antibiotics, is surprisingly limited (6). This knowledge gap became even 

more apparent with the finding that the genetic potential to produce secondary metabolites, 

harbored in the genomes of many microbes in the form of biosynthetic gene clusters, is far larger 

than found by classical bioassay guided fractionation (7, 8). Therefore, finding culture conditions 

that unlock this genetic potential and activate secondary metabolism has become an important 

objective in the drug discovery field (9). A study that aimed to do exactly this resulted in the 
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interesting observation that antibiotics themselves can be stimulants of secondary metabolite 

production (10). This suggests that “old” antibiotics may be used to facilitate the discovery of 

novel secondary metabolites with drug potential.  

In this PhD project, I focused on the activation of secondary metabolism in two bioactive marine 

bacteria that were isolated during the aforementioned Galatheae 3 expedition. The antibacterial 

secondary metabolite andrimid, isolated from the marine bacterium Vibrio coralliilyticus, was 

identified as elicitor of a silent biosynthetic gene cluster in a reporter fusion Burkholderia strain 

(10). Subsequently, andrimid was used to induce the secondary metabolism of Photobacterium 

galatheae. Results of this experiment were evaluated from an ecological perspective, which 

motivated us to study the secondary metabolite mediated interactions of V. coralliilyticus and P. 

galatheae in co-culture. The aim was to gain insight into the importance of microbial competition 

in secondary metabolite production in marine Vibrionaceae, which can ultimately be used to 

improve drug discovery strategies. 

The theoretical part of this thesis starts with an introduction into the world of microbial 

secondary metabolites. In Chapter 2 (“Microbial secondary metabolites”), I discuss what 

secondary metabolites are, how they are biosynthesized and how they are genetically encoded 

in biosynthetic gene clusters. Furthermore, this chapter summarizes the most abundant 

secondary metabolite classes, exemplified by a few medically important compounds and a 

Vibrionaceae produced secondary metabolite. Strategies to discover novel secondary 

metabolites with drug potential are outlined in Chapter 3 (“The search for novel bioactive 

secondary metabolites”), which includes a discussion on the importance of genome mining. Here 

it is also argued that mapping of already known (Vibrionaceae produced) secondary metabolites 

holds importance and that efficient molecular tools for genetic engineering are crucial to do so. 

The state of art for genetic manipulation of biosynthetic gene clusters in marine Proteobacteria 

is reviewed in Article 1. Furthermore, I put particular focus on using antibiotics as activators of 

silent biosynthetic gene clusters, which forms the basis of Article 2.  

Chapter 4 (“Ecological roles of secondary metabolites and microbial interactions”) attempts to 

describe the world of secondary metabolites from a microbial perspective. Here I review the 
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ecology of the producers, suggested natural roles of secondary metabolites and their importance 

in microbial interactions. This is the background for studying the details of secondary metabolite 

production in interacting V. coralliilyticus and P. galatheae in Article 3.   
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2. Microbial secondary metabolites 

The term “secondary metabolites” indicates a marked distinction between primary and 

secondary metabolites. Indeed, there are many distinct characteristics. Primary metabolism is 

universal and performed by all branches of life. In contrast, secondary metabolism is highly 

specific and generally not widely shared between organisms. A primary metabolite is not the end 

product of a pathway, but rather a short-lived molecule that is swiftly converted into the next 

intermediate by enzymatic catalysis. The ultimate function of primary metabolism is to capture 

energy and provide biomolecules for cell growth. A secondary metabolite is the final product of 

a biosynthetic pathway, produced in order to fulfill a specific biological function. Primary 

metabolism makes life possible. Secondary metabolism makes life interesting. 

Secondary metabolites are biosynthesized organic molecules that are not considered essential 

for cell survival. Historically, it was believed that secondary metabolism was a result of 

suboptimal regulation of primary metabolism and unbalanced growth (11), which indeed 

suggested a truly “secondary” nature. However, we now know that secondary metabolites can 

have important functions that are essential to the functioning and success of the producing 

organism in its natural habitat. Accordingly, some researchers prefer to use the terms 

“specialized metabolites” or “natural products” rather than secondary metabolites (12, 13).   

In the microbial world, bacteria, fungi, algae and to a lesser extent also archaea (14), engage in 

secondary metabolite production. The first and most famous identified microbial secondary 

metabolite was penicillin, produced by the fungus Penicillum rubens and discovered by Alexander 

Flemming in 1928. This discovery revolutionized medicine, as it allowed for the first time in 

human history to successfully treat bacterial infections. The discovery of penicillin was only the 

start, and researchers soon discovered many more antibiotic secondary metabolites. Besides 

antibiotic activities, microbial secondary metabolites also have other medicinal applications such 

as anti-tumor drugs (15). Approximately 90% of the identified bioactive microbial secondary 

metabolites are isolated from either fungi or bacteria belonging to the Gram-positive 

Actinobacteria phylum (3). Especially species from the genus Streptomyces, frequently isolated 

from the soil environment, have provided many compounds with different clinically useful 
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bioactivities. That these bacteria are prolific secondary metabolite producers is also reflected by 

their genomic contents: some species dedicate more than 7.5% of their genome, distributed over 

more than 25 BGCs, to the biosynthesis of secondary metabolites (8, 16). Other bacterial taxa 

that include well-known secondary metabolite producers are Firmicutes, Proteobacteria and 

Cyanobacteria. Together, they produce an enormous chemical diversity of organic molecules 

with many different bioactivities (17). Interestingly, the vast majority of this diversity is 

accomplished by only a limited number of biosynthetic principles.  

2.1. Biosynthetic gene clusters and biosynthesis of secondary metabolites 

The central dogma of molecular biology describes how the information stored in DNA (genes) is 

transcribed into mRNA molecules, which are subsequently translated by the ribosomes into 

functional products: proteins that render a particular phenotype of the organism. In the 

biosynthesis of secondary metabolites there is an extra layer, as enzymes catalyze specific 

biosynthetic steps, which in concert lead to the production of the secondary metabolite (Fig. 1). 

 Genes that encode for enzymes involved in the biosynthesis of secondary metabolites are called 

biosynthetic genes. In microbes, all the genes involved in the production of one particular 

secondary metabolite are often clustered together, and these collections of genes are named 

biosynthetic gene clusters, or BGCs (18). As well as the biosynthetic genes, BGCs contain genes 

involved in transcriptional regulation and export of the secondary metabolite out of the cell. BGCs 

encoding for an antibiotic secondary metabolite may contain a self-resistance gene in order to 

protect the producer against its own bioactive compound (19) (Fig. 2). The clustered nature of 

microbial biosynthetic genes is a “blessing” for researchers that study biosynthesis of secondary 

metabolites, as it allows for easy detection of the entire genetic repertoire of one particular 

product. For comparison, biosynthetic genes in plants are often scattered throughout the 

genome (20).  

In the following subsections, we will take a look at the different types of secondary metabolites 

and their biosynthesis. There are multiple ways to classify secondary metabolites, e.g. based on 

their bioactivity, producing organism or chemical properties. Here and throughout this thesis, 
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secondary metabolites are broadly classified based on their biosynthetic pathway. As a result, 

this also automatically groups them (to some extent) based on chemical structures.  

 

 

Figure 1. The classical central dogma of molecular biology with the translated protein as ultimate 

functional molecule versus secondary metabolism, where enzymes biosynthesize an organic compound 

with a specific biological functionality: the secondary metabolite. 

2.1.1. Non-ribosomal peptides 

One of the major classes of secondary metabolites are the non-ribosomal peptides (NRPs). As the 

name suggests, NRPs are not synthesized by the cell’s ribosomes, but rather by specialized 

enzymes called the non-ribosomal peptide synthetases (NRPSs). NRPSs, together with the type I 

PKS family (see below), are among the largest proteins known in the microbial world. For 

example, the kolossin NRPS in Photorhabdus luminescence is 1.81 MDa, corresponding to a gene 

size of 49.1 kbp (21). The biosynthetic logic of NRPs follows a modular, assembly-line order of 
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chemical transformations in which each module incorporates (and optionally modifies) a building 

block onto the peptide. These building blocks are most often amino acids, including non-

proteinogenic amino acids, but alternative substrates such as hydroxy acids and aminobenzoic 

acids can be used as well (22). 

 

 

Figure 2. Gene constituents of a simplified NRPS BGC (top) and a schematic summary of the three 

catalytic NRPS domains: A = adenylation domain (selecting amino acid building block), PCP = 

phosphopantetheinyl carrier protein (covalent holding of peptide chain) and C = condensation domain 

(formation of the peptide bond). 

An NRPS module minimally consists of an (i) adenylation domain, which selects and activates the 

amino acid and transfers it to the (ii) peptidyl carrier protein domain. This domain is responsible 

for tethering the building block and growing peptide chain by the formation of a covalent 

thioester bond. Lastly, the (iii) condensation domain contains the catalytic center for the peptide 

bond formation between the newly bound amino acid and the growing peptide chain (Fig.2). 

Optional domains may structurally modify the incorporated residue by e.g. epimerization, 
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oxidation and methylation. Usually, at the C-terminus of the NRPS, a thioesterase domain cleaves 

and releases the peptide product from the enzyme.  

Not all NRPSs are single proteins that contain multiple modules. Some NRPS enzymes carry one 

specific module, or sometimes only a single domain, and function together with other NRPS 

enzymes (23). The sequence of NRPS domains are very conserved, making it relatively easy to 

recognize NRPS BGCs in genome sequences (24). Furthermore, the structural organization of the 

genes is often in the same order as the sequence of biosynthetic steps catalyzed by their 

corresponding biosynthetic domains, which allows for an approximate prediction of the product. 

NRPSs are responsible for the biosynthesis of a large collection of clinically important secondary 

metabolites. Examples of these are the previously discussed antibiotic penicillin and the anti-

cancer drug romidepsin, produced by Chromobacter violaceum (25). An NRP example from the 

Vibrionaceae is the group of solonamide compounds, produced by P. galatheae, which can inhibit 

virulence in Staphylococcus aureus (26).  

2.1.2. Polyketides 

The second large group of secondary metabolites are the polyketides (PKs), biosynthesized by 

polyketide synthases (PKSs). Phylogenetic studies have shown that PKSs are evolutionary close 

to the fatty acid synthases (27). Like fatty acid synthases, PKSs use relatively simple acyl-CoA 

thioesters, such as acetyl and malonyl-CoA, as substrates and couple these via condensation 

reactions into long carbon chains. PKSs can further be categorized into three different PKS 

families. Type I PKSs, the predominant type in fungi, are large multi-modular synthases. Their 

biosynthetic logic resembles that of the previously described NRPS very closely. The biosynthetic 

domains that minimally make up one PKS module are the (i) acyltransferase, which is responsible 

for the selection of the building block, (ii) acyl carier protein, which covalently holds the growing 

polyketide chain and transfers it to the next module and (iii) ketosynthase, the domain that 

catalyzes the carbon-carbon bond formation. Ketoreductase, dehydratase and enoyl reductase 

domains are additional (optional) domains that can reduce the ketone group, resulting in the 

formation of a hydroxy, enoyl and saturated acyl group respectively. Structural variation is thus 

accomplished by at least three varying factors: (i) the building block selected by the 
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acyltransferase domain, (ii) the number of modules and (iii) the optional reductive steps. Further 

transformations catalyzed by so-called tailoring enzymes, e.g. intramolecular cyclization (28) and 

methylation (29), provide even more options to access structural diversity .  

 

 

Figure 3. Chemical structures of the highlighted examples of non-ribosomal peptides (red), polyketides 

(blue) and hybrid secondary metabolites. 

Type II PKSs are iterative complexes of separate enzymes, each typically carrying one of the 

functional PKS domains. Lastly, type III PKSs are also iterative but enzymatically quite different 

from type I and II PKSs, as they do not use acyl carrier protein domains (30).  

Examples of important polyketides include the antibiotic erythromycin, produced by 

Saccharopolyspora erythraea (31) and the cholesterol reducing drug lovastatin, produced by the 

fungus Aspergillus terreus (32). Although genetically unconfirmed, the vitroprocines produced by 

a Vibrio sp. (33) are a group of Vibrionaceae produced PKs. 
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2.1.3. Hybrid NRPS-PKS compounds 

A combination of NRPS and PKS enzymes can function together to biosynthesize hybrid 

secondary metabolites that incorporate both acyl and amino-acid building blocks. The catalytic 

domains of hybrid NRPS-PKS enzymes can be located on the same protein or distributed over 

multiple proteins (34). The modular architecture of NRPS and PKS enzymes is often contained in 

biosynthesis of hybrid compounds; modules that consist of the necessary catalytic domains act 

sequentially, each incorporating a building block. Hybrid NRPS-PKS gene clusters are common; a 

large scale genome mining study showed that out of all predicted PKS and NRPS BGCs, 

approximately one-third was hybrid (23). Clinically important compounds with a hybrid NRPS-

PKS biosynthetic origin are the immunosuppressant rapamycin, produced by Streptomyces 

hygroscopicus (35), and the anti-cancer drug epothilone C from the myxobacterium Sorangium 

cellulosum (36). The antibacterial compound andrimid from V. coralliilyticus is a hybrid NRP-PK 

as well (37). 

2.1.4. Ribosomally synthesized post-translationally modified peptides 

The largest molecules of the secondary metabolites are the ribsomally synthesized post-

translationally modified peptides, or RiPPs. In contrast to the NRPs, the first step of RiPP 

biosynthesis is conventional protein synthesis by the ribosomal machinery of the cell. The 

product of this step is the precursor peptide, which consists of the core peptide and the leader 

peptide, the latter often localized at the N-terminus of the protein. Enzymes responsible for the 

post-translational modifications recognize the leader peptide (38), which is later cleaved off to 

yield the functional modified peptide product. Thus, besides regulatory, transport and optionally 

self-protection genes, BGCs of RiPPs contain the structural gene encoding for the precursor 

peptide and the enzymes with the post-translational modifying activities. 

Although the first step of the biosynthesis of RiPPs is restricted to the use of the twenty 

proteinogenic amino acids, a wide range of post-translational modifications guarantees a diverse 

set of products. Examples of such modifications are S-adenosyl methionine dependent 

methylation, disulfide bridging of two cysteine residues and the formation of the thioether 

lanthionine, which bridges a serine and a threonine residue (39). Due to this variety there are 
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many different structural classes of RiPPs such as the lanthipeptides, lasso-peptides and 

thiopeptides, and many new classes have been discovered in the past few years (40). Bacteriocins 

are a specifically interesting group of RiPPs. Produced by many bacteria, they typically have very 

narrow spectrum antagonistic activity against species that are phylogenetically close to the 

producer (41). Many RiPPs have antibiotic activities. A couple of well-known examples are nisin, 

produced by Lactococcus lactis and widely used for food conservation and the veterinary 

antibiotic thiostrepton, produced by Streptomyces azureus (42).  

2.1.5. Terpenoids, alkaloids and aminoglycosides 

Other groups of microbial secondary metabolites include the terpenoids, alkaloids and 

aminoglycosides. Both terpenoid and alkaloid biosynthesis is predominantly abundant in plants, 

but some fungi and bacteria engage in terpenoid and alkaloid biosynthesis as well. For example, 

the terpenoid geosmin, which gives earth its characteristic odor, is produced by a variety of soil 

bacteria, including Streptomyces spp. (43). Microbial production of both classes of secondary 

metabolites lack a modular and structured biosynthetic organization as seen in NRPS and PKS 

catalyzed biosynthesis. For example, the BGC encoding for geosmin production requires only one 

specific gene (43).  

Lastly, the aminoglycosides form a very important group of antibiotic secondary metabolites. As 

indicated by the name, aminoglycosides are modified carbohydrate molecules with amino 

groups. Their biosynthesis is characterized by reactions such as oxidations and transaminations 

acting on the carbohydrate scaffold, which are catalyzed by a number of separate enzymes (44). 

Thus, aminoglycoside BGCs typically consist of 10 - 20 genes, none of which are large multi-

domain containing genes like the NRPSs and PKSs. Aminoglycoside antibiotics bind the bacterial 

ribosome and by doing so interfere with protein synthesis (45). Kanamycin, from Streptomyces 

kanamyceticus (46) and streptomycin, produced by Streptomyces griseus (47), are well known 

aminoglycoside antibiotics. 
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3. The search for novel bioactive secondary metabolites 

As mentioned in the introduction, the urge to find and market new effective antibiotics is strong 

(48). The development of multiple drug resistant pathogens has co-occurred (and is still ongoing) 

with an insufficient supply of new antimicrobial drugs. In the 1980s, the power of combinatorial 

chemical synthesis promised to be a source of many new antibiotics, but unfortunately this 

promise has not sufficiently delivered (4). It was after this realization that researchers increased 

their focus again towards the natural microbial world in the search for novel bioactive secondary 

metabolites with drug potential. 

3.1. Classical bioprospecting for bioactive secondary metabolites 

For many decades, researchers have relied solely on classical bioactivity testing such as the agar 

diffusion assay. This classical assay tests the ability of potential antibiotic producers to inhibit the 

colony growth of a target strain. Several variants of this assay exist, including embedment of the 

target strain in the agar (49), testing fermentation broth in agar wells and using engineered target 

strains to screen for a specific mechanism (50), such as DNA-damaging activity (51). Once a 

bioactive strain is identified, a bioassay-guided fractionation process is employed in order to 

specifically determine the bioactive compound. The bioactive strain is cultured and extracted 

with a chemical solvent, e.g. ethyl acetate. The compounds in the extracts are separated based 

on their physio-chemical properties by methods such as high-performance liquid 

chromatography (HPLC) (52), and the resulting fractions are tested to identify the fraction 

responsible for the observed bioactivity. Finally, the bioactive fraction is subjected to chemical 

analytical methods such as electrospray ionization tandem mass spectrometry (ESI-MS/MS) (53) 

and nuclear magnetic resonance spectrometry (NMR) (54) to identify the bioactive compound.  

Over the years, the efficiency of bioprospecting has decreased significantly. Positive hits from 

large scaled antibiotic screening efforts were increasingly often identified as already discovered 

secondary metabolites (4). This may partly be explained by screening the same (phylogenetic) 

group of organisms and culturing them under the same, standard laboratory conditions. The 

rediscovery problem necessitates a workflow that identifies at an early stage if already known 

compounds are part of the bioactive mixture. This process is called dereplication (55) and is 
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imperative for efficient drug discovery platforms. An example of an experimental setup to aid 

dereplication is explorative solid phase extraction (56). In this method, dereplication is facilitated 

by a few simple extraction procedures operated in parallel and coupled to bioactivity testing, 

which yields valuable information about chemical functionality of the bioactive compound. This 

information is leveraged to exclude potential candidates. Other dereplication efforts heavily rely 

on LCMS data, including MS/MS fragmentation patterns, that are automatically queried to a 

database of known compounds (57, 58).  

The agar diffusion method is still employed in many labs (5, 59, 60). Ultimately, it is the most 

straightforward method to determine antibacterial activity. Nowadays it is often combined with 

selective methods to prioritize promising strains to reduce the search space. One such selection 

criterion is the intrinsic genetic potential of a microorganism to produce secondary metabolites. 

3.2. Exploring new environments and producers: the Vibrionaceae 

The vast majority of bioactive natural products have been isolated from soil-dwelling 

actinomycetes. Recently, interest in exploring other environments has grown significantly, which 

has led to natural product discovery efforts in e.g. microbiota of insects (61) the human gut 

microbiome (62), anoxic biospheres (63) and the Vibrio-inhabited marine environment (64). 

Oceans and seas make up 71% of the surface of planet Earth and are home to a large number of 

micro (65) and macro ecosystems (66). The marine environment thus harbors a virtually endless 

number of microorganisms, of which some may produce novel bioactive secondary metabolites. 

Given that the environmental conditions in oceans are different from soil (saline, high pressure, 

halogens) it is often stated that the chemistry produced by marine microorganisms must differ 

from that of terrestrial microorganisms (67). The first observations of antibacterial marine 

bacteria are more than seventy years old (68). Since then several reports have been published 

on the antagonistic activities of marine bacterial isolates (5, 69, 70). A recurring phylogenetic 

pattern is that many of these easily culturable, fast-growing bioactive isolates belong to the 

Proteobacteria phylum, including the Roseobacter group, pigmented Pseudoalteromonas (71) 

and Vibrionaceae.  
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In 2006, the Galathea 3 global expedition provided an opportunity to sample the world’s oceans 

for isolation and identification of bioactive marine bacteria. The resulting marine bacterial culture 

collection contained more than 300 strains belonging to the Vibrionaceae family (5), including 

the two strains that are studied in this thesis: Vibrio coralliilyticus S2052 and Photobacterium 

galatheae S2753.  

Upon closer investigation of the bioactivity of these two strains, it was discovered that V. 

coralliilyticus is a producer of the antibacterial compound andrimid (72). Andrimid had already 

been isolated from unidentified Vibrio strains previously (73, 74), and was first discovered from 

a planthopper symbiont Enterobacter sp. (75). Andrimid blocks fatty acid biosynthesis by 

inhibiting the bacterial acetyl-CoA carboxylase (76). Self-resistance by andrimid producers is 

achieved by the admT gene, which is a resistant homologous subunit of the acetyl-CoA 

carboxylase enzyme and carried on the andrimid BGC (77). 

 

 

Figure 4. Selection of secondary metabolites isolated from Vibrionaceae discussed in this thesis. Details 

are summarized in Table 1. 
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Antibacterial activity of P. galatheae was caused by the small antibiotic compound holomycin 

(72). This compound was originally discovered in a Streptomyces griseus strain back in 1959 (78) 

and has been isolated from other bacteria, including Streptomyces clavilugerus (79) and Yersinia 

ruckeri (59). For a long time, the antibiotic mechanism of action of holomycin has been disputed; 

some studies provided experimental evidence suggesting that holomycin interferes with RNA 

synthesis (59, 80). However, more recently and using modern techniques, it was demonstrated 

that intracellular zinc chelation is the most likely mechanism of the bacteriostatic activity (81). 

Interestingly, very recent research in our group has linked holomycin to biofilm formation in P. 

galatheae (82). 

 

Table 1. Summary of secondary metabolites from Vibrionaceae discussed throughout this thesis. 

Chemical structures are depicted in Figure 4. 

Compound  Bioactivity Species BGC 

identified? 

Ref. 

6-epi-monanchorin Unknown Vibrio sp. No (83) 

Andrimid Antibacterial V. coralliilyiticus Yes (72, 73, 84) 

Aqabamycin A 
Antibacterial, 

antifungal, cytotoxic 
Vibrio sp. No (85) 

Holomycin Antibiotic P. galatheae Yes (72) 

Magnesidin A Antialgal V. gazogenes No (86) 

N-acyl-homoserine 

lactone (AHL) 
QS A. fischeri Yes (87) 

Solonamide A QS-inteference P. galatheae Putative (26) 

Spongosine Anti-inflammation V. harveyi Putative (88) 

Vibriobactin Siderophore V. cholerae Yes (89) 

 

Other examples of antibacterial natural products from Vibrionaceae include the aqabamycins 

produced by Vibrio sp. (85) and magnesidin A identified from V. gazogenes (86) (see Fig. 4 and 

Table 1). However, both these two compounds are not well studied and neither a mechanism of 
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action nor a BGC has been identified. In the past ten years, only few papers on compound 

isolation from Vibrionaceae have been published. Two of these report on the isolation of 

compounds that were previously isolated from marine eukaryotes. Recently it was found that 

spongosine, originally discovered in 1950 by isolation from the marine sponge Tectitethya crypta 

was produced by a sponge-associated V. harveyi strain (88). Similarly, a marine isolate Vibrio sp. 

proved to be responsible for the production of 6-epi-monanchorin (83), which had first been 

discovered in the marine polychaete (bristle worm) Chaetopterus variopedatus. These two 

examples are important findings as they add evidence towards the hypothesis that many 

secondary metabolites that originally have been isolated from eukaryotes such as marine 

sponges actually have a microbial origin (90). Furthermore, production of such compounds by 

microbial fermentation provides a more cost-effective and sustainable alternative to sponge 

collection and extraction. 

The Vibrionaceae family has been a source of several bioactive compounds, as comprehensively 

reviewed by Månsson et al. (91). If anything, the genome mining revolution has confirmed that 

some Vibrionaceae strains have a large capacity to biosynthesize secondary metabolites, 

including yet to be discovered compounds.  

3.3. Genome mining for biosynthetic gene clusters 

DNA sequencing technologies have advanced enormously in the last decade and this has made it 

possible to whole genome sequence microorganisms at a relatively low cost, that is still 

decreasing (92). Simultaneously, bioinformatics tools have been developed that analyze genome 

sequences to identify and predict BGCs (93, 94). The combination of these breakthroughs have 

truly revolutionized the microbial natural product field, as it is now possible to identify which 

bacteria possess the biggest potential for the production of secondary metabolites (12).  

The most widely used BGC genome mining tool is antiSMASH (94, 95). This freely available 

platform actually integrates multiple programs and algorithms for the identification of NRPS, PKS, 

hybrid, RiPP, terpene and other BGCs. Besides identifying BGCs, antiSMASH provides compound 

structure prediction of the modular biosynthetic pathways such as for NRPs and PKs. This is 

achieved by e.g. the sequence analysis of the biosynthetic domains that control which building 
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block is incorporated in the pathway: adenlyation domains in NRPSs (96) and acyl transferase 

domains in PKSs (97). Moreover, antiSMASH employs homology searches through databases to 

identify if similar BGCs exist. This feature is a great asset to dereplicate and prioritize BGCs. 

Genome mining studies have established that the genetic potential for the production of 

secondary metabolites outnumbers the amount of analytically identified and structure 

elucidated compounds (12). Thus, bacterial and fungal genomes carry many BGCs that are 

predicted to encode for undiscovered secondary metabolites. These are called “orphan BGCs” 

and represent an enormous potential for novel drug discovery. For example, an analysis of 1,154 

bacterial genomes revealed the presence of more than 10,000 BGCs, of which the majority are 

orphan (8). Orphan biosynthetic gene clusters have also been identified in marine Vibrionaceae 

(98, 99). This can conveniently be exemplified by the strains that are the focus of this thesis: the 

genomes of V. coralliilyticus and P. galatheae contain six and eight orphan BGCs respectively.  

One of the shortcomings of genome mining algorithms is the poor detection of BGCs with less 

familiar enzymes and biosynthetic pathways (100, 101). Therefore, it is less likely that 

bioinformatics tools identify BGCs encoding the production of truly novel secondary metabolite 

classes (9). However, once the conserved principles of these more elusive biosynthetic pathways 

are identified and understood, new algorithms can be developed for the detection of such BGC 

classes (95, 102), potentially unlocking a wealth of new compounds. Hence, fundamental 

research on the enzymology of biosynthetic pathways continues to be of importance. 

3.4. Matching of secondary metabolites to BGCs 

An underestimated caveat in identification of orphan BGCs is that not every chemically identified 

secondary metabolite has been matched to a BGC. For example, three out of the six Vibrionaceae 

isolated bioactive compounds that have been described previously in this chapter remain to be 

matched to corresponding BGCs.  
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Figure 5. Matching known secondary metabolites to BGCs is an underappreciated method for BGC 

dereplication and strain prioritization for drug discovery. In the schematic drawing, gene deletion of a 

core biosynthetic gene in strain A results in the matching of the secondary metabolite to the red BGC 2. 

After this analysis, the amount of orphan BGCs in strain B is reduced to one, while strain C still harbors 

two orphan BGCs and is therefore a more interesting drug discovery candidate. 

Towards this, molecular tools to genetically engineer BGCs in producer strains are essential. As 

basic method, deletion of a core biosynthetic gene can directly assess which BGC encodes for the 

specific secondary metabolite under investigation. In Article 1 of this thesis we reviewed the 

literature, not only on bioactive potential of marine Proteobacteria, but also on genetic tools and 

molecular methods available for this group of bacteria (103). It is, unfortunately, apparent that 

the use of molecular methods for secondary metabolite related research in marine 

Proteobacteria is still relatively underdeveloped. However, several research labs around the 

world are making important efforts to develop methods for the genetic manipulation of a variety 

of marine bacterial species (82, 103, 104). Hopefully, researchers working on secondary 

metabolite production in marine bacteria, including the Vibrionaceae, will find the summarized 

collection of genetic methods in the review helpful for their own research, or draw inspiration to 

develop and publish their own methods. Wider application of genetic engineering in this field will 

lead to an increased number of secondary metabolites matched to their corresponding BGCs. 
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Such efforts are important, as they will help to map which secondary metabolites are widely 

occurring and which strains represent true untapped bioactive potential (Fig. 5).  

3.5. Silent BGCs? 

The amount of orphan BGCs discovered by secondary metabolite genome mining efforts has 

changed the way researchers think about secondary metabolism (7, 105). Evidently, under the 

studied conditions, microorganisms produce only a fraction of the secondary metabolites they 

are genetically able to biosynthesize. This realization has triggered many questions. Are these 

orphan BGCs transcriptionally silent? Why do microbes carry so many different (silent) BGCs? 

How can we activate these BGCs to discover new compounds? 

First, it should be noted that, in several publications, it is often assumed that orphan BGCs are 

transcriptionally silent (106). However, this assumption is rarely backed by experimental 

evidence. In Article 2 of this PhD thesis, the transcription of core biosynthetic genes in P. 

galatheae were measured by reverse transcription qPCR. This demonstrated that some orphan 

BGCs in P. galatheae are not transcriptionally silent. Similar results were found by other studies  

(107, 108), which show that transcriptional expression of orphan BGCs is not rare. In such cases, 

causes for the failure of compound detection lie elsewhere and could be biological, e.g. lack of 

necessary post-translational modifications of the biosynthetic enzymes or re-metabolizing of the 

product, or could be technical, e.g. extraction inefficiency or inadequate analytical techniques. 

Nonetheless, establishing whether an orphan BGC is actually transcriptionally silent is a 

recommended step before pursuing attempts of activation (109, 110). To summarize, BGCs 

encoding for the production of unknown compounds can be either silent or expressed. In 

addition, as discussed in the previous section, there are also secondary metabolites unmatched 

to a BGC. All the possibilities between known/unknown secondary metabolites and BGCs are 

summarized in Fig. 6.  

It is believed, however, that biosynthesis of secondary metabolites is rather costly for the 

producing cell (111, 112). Tight regulation of biosynthetic genes is therefore necessary to commit 

the use of resources and energy for secondary metabolite production only in situations where 

this is advantageous. With this in mind, there are two approaches to activate silent BGCs: (i) 
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impose the (environmental) conditions that naturally activate the BGC or (ii) relieve the tight 

regulation by changing the native regulatory mechanisms. The second approach, which is a 

culture independent activation strategy, is not the focus of this thesis but will be briefly discussed 

in the following section.  

 

 

Figure 6. A summary of the possible combinations of silent/expressed and unknown/known BGCs and 

secondary metabolite products. Terminology and figure adopted from Hoskisson et al. (106). 

3.6. Culture independent activation of silent BGCs 

New molecular biology techniques have made genetic engineering approaches more accessible 

for the natural product discovery field (113). Culture independent approaches are broadly 

divided in two categories: genetic manipulation of the native producer organism (the 

microorganism carrying the BGC) and expression of the BGC in a heterologous host organism. 

An obvious prerequisite for applying genetic engineering for BGC activation within the native 

microorganism is that the strain is amenable to genetic engineering and efficient genetic tools 

are available. If this is the case, it is possible to attempt to modify the regulatory elements that 

are involved in the transcription of the BGC. One approach is to exchange the native promoter 



21 
 

region of the BGC for a constitutive or inducible promoter (114). In Streptomyces ambofaciens, a 

regulatory gene in a large PKS BGC was identified and subsequently overexpressed, which 

resulted in the detection of the stambomycins (115). Alternatively, if a regulatory protein 

prevents transcription of a BGC by repression, an effective strategy is to knock out this repressor 

gene. In Streptomyces venezuelae a hypothesized repressor was, based on homology, identified 

in an orphan BGC. Deletion of this gene resulted in the de-repression of the BGC and the 

discovery of gaburedin (116). 

Many bacterial environmental isolates are not directly suitable for genetic manipulation. In this 

case, heterologous expression of entire BGCs offers a solution (Fig. 7D). The idea is to clone the 

identified BGC and transfer and express it in a suitable heterologous host. Heterologous 

expression is often carried out to dissect the biosynthetic pathway of a known secondary 

metabolite, as deletion of specific genes to inquire their function in the pathway is easier in a 

heterologous host for which efficient genetic tools are readily available (117). However, the focus 

here is on heterologous expression of orphan BGCs for the discovery of its corresponding 

secondary metabolite. 

One of the major challenges in heterologous expression of BGCs is the cloning of the entire 

cluster, which is often 20 - 60 kbp in size (118). For many years, cloning of BGCs relied on the use 

of library-based methods, which necessitates a laborious screening step for positive clones (119). 

Recently, a breakthrough in BGC cloning has been made by the development of transformation 

associated recombination cloning in yeast (120). The power of this method was demonstrated by 

the cloning and subsequent heterologous expression of a BGC from Saccharomonospora sp., 

resulting in the discovery of taromycin A. 

Importantly, heterologous expression opens up the possibility to activate BGCs from uncultivated 

microorganisms (119). It is estimated that approximately 1% of environmental bacteria can be 

cultured in the laboratory (128), and metagenomics studies have shown the hidden biosynthetic 

potential in many uncultured species (129, 130). Thus, capture and expression of BGCs from 

environmental DNA holds an enormous potential for the discovery of novel secondary 

metabolites. This is exemplified by the finding of a new class of compounds called the malicidins, 
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identified and expressed from environmentally extracted DNA (121). However, it should be noted 

that there are several potential issues that may arise; e.g. toxicity of the heterologous secondary 

metabolite (131), absence of necessary post-translational modifications (132) or an incompatible 

regulatory machinery (117). Heterologous expression of (large) BGCs is therefore a challenging 

method.  

 

Table 2. Summary of methods for the activation of silent BGCs discussed in this chapter. 

Culture independent 
methods 

Induced secondary 
metabolite(s) 

Novel secondary 
metabolite(s)? 

Producing organism(s) Refs 

Promoter exchange Stambomycins Yes Streptomyces ambofacies (115) 

Deletion repressor 
gene 

Gaburedin Yes Streptomyces venzuelae (116) 

Heterologous 
expression 

Taromycin A, 
Malacidins 

Yes Saccharomonaspora sp., 
soil microbiome 

(120, 
121) 

Culture dependent 
methods 

    

Ecological carbon 
source 

Andrimid, 
Holomycin 

No Vibrio coralliilyticus, 
Photobacterium galatheae 

(122) 

Phosphate 
availability 

Tropdithietic acid No Phaeobacter inhibens (123) 

Biofilm formation 
facilitation 

Violacein, 
Thiomarinol A 

No Pseudoalteromonas 
luteoviolacea  

(124) 

Small molecule 
elicitor 

Cebulantin, 
Keratanimycins 

Yes Saccharopolyspora 
cebunesis, Amycolatopsis 
keratiniphila 

(125, 
126) 

Co-cultivation Keyicin Yes Micromonospora sp. (127) 

 

3.7. Culture dependent activation of silent BGCs 

The alternative to modification of the native regulatory system is the attempt to activate the 

silent BGC by providing the right conditions. In nature, the microbial cell will sense certain stimuli 

and cues that indicate that environmental conditions are favorable for production of the 
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secondary metabolite. This section will summarize and review the different strategies that 

attempt to provide the right stimulus by varying the culture conditions of the native 

microorganism. This method was pioneered by the group of Axel Zeeck in 2002 and dubbed 

OSMAC (One Strain Many Compounds), which impressively yielded 15 different compounds from 

the fungus Aspergillus ochraceus (133). 

3.7.1. Nutrient composition 

A rather straightforward culture condition that can be varied is the nutrient composition of the 

medium (Fig. 7A). It has been recognized early onwards that the carbon source can be critical in 

the activation of secondary metabolism (134). For example, production of different antibiotics 

by Streptomyces spp. is blocked when glucose is present (135). Carbon catabolite repression, a 

regulatory mechanism that is present in many microorganisms to prevent uptake and 

metabolism of a less preferred carbon substrate, is thus not only involved in primary metabolic 

regulation but also in the repression of secondary metabolite production (136).   

Varying nutrient conditions can be guided by ecological considerations of the producing 

organism. This was demonstrated by a series of studies where marine Vibrionaceae were 

cultured with different carbon sources, including chitin. Chitin is both a carbon and nitrogen 

source and is the most abundant polymer in the marine environment (137). Genes for the 

catabolism of chitin are well conserved in Vibrionaceae, indicating that chitin is an ecological 

important nutrient source for these marine bacteria. With this in mind, 295 Vibrionaceae strains 

were cultured in chitin, glucose and mannose containing medium and subsequently screened for 

antagonistic activity against the fish pathogen Vibrio anguillarum. A higher number of strains 

displayed bioactivity when grown on chitin compared to growth on glucose and mannose (138). 

A more detailed investigation of the bioactive strains V. coralliilyticus S2052 and P. galatheae 

S2753 demonstrated that chitin increased antibiotic production in both strains and additionally 

upregulated several BGCs (122).  
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Figure 7. Culture dependent methods (A-C) and culture independent method (D) for elicitation of BGCs 

(eDNA = environmental DNA). 

Effects of nutrients on secondary metabolism are not limited to carbon containing substrates. 

Nitrogen, phosphate and iron sources can play important roles as well (139). For example, 

phosphate limitation induced the production of the antimicrobial tropodithietic acid by a 

Pseudovibrio strain (123). Production of siderophores is induced under iron limiting conditions, 

consistent with their iron-scavenging function (140). The majority of bacterial cultivations in the 

laboratory are aerobic, and thus oxygen is a frequently overlooked nutrient. However, oxygen 

availability can have a large effect. This was demonstrated for a marine streptomycete, that upon 

oxygen limitation ceased the production of the antibiotic napyradiomycin but instead produced 

the intermediate 8-aminoflaviolin (141). Evidence in support of an electron shuttle function for 

8-aminoflaviolin was provided, which links the inducing condition (hypoxia) to the putative 

ecological role of the compound. 
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3.7.2. Biofilm mode of growth 

In many examples, stimulation of biofilm formation is used to trigger secondary metabolism. The 

rationale of this strategy is consistent with the finding that surface associated marine bacterial 

isolates are more likely to display antagonistic activity compared to planktonic isolates (5, 70). In 

an early study, biofilm formation was promoted by roller bottle cultivation of two algae surface 

associated Bacillus strains (142). This biofilm-promoting culturing method altered and increased 

the bioactivity profile compared to planktonic growth, as was demonstrated by inhibition assays. 

In a more recent study, cotton scaffolds were added to liquid cultures of Pseudoalteromonas 

strains to facilitate biofilm formation. This simple method resulted in higher abundance of several 

seconday metabolites, including the antibiotic thiomarinol (124).  

3.7.3. Small molecule elicitors 

One of the limitations to varying the nutrient composition of the growth medium is that it is 

relatively labor intensive, especially when the different conditions are to be combined with either 

a bioactivity assay or an analytical detection method. A study by Craney et al. set the scene to 

overcome these two limitations by testing the effect of a large collection of compounds on the 

production of pigmented secondary metabolites by S. coelicolor (143). In total, 30,569 

compounds were screened for the ability to induce production of actinorhodin (blue pigment) 

and prodigiosin (red pigment). This screen led to the identification of a group of antibiotic 

compounds that, when supplied at sub inhibitory concentrations, consistently increased 

production of secondary metabolites (143). 

Building on this result, Seyedsayamdost devised a similar high-throughput screen by using a 

genetic reporter strain (10). The specific reporter strain consisted of a Burkholderia thailandensis 

mutant carrying a translational lacZ fusion inside the malleilactone BGC, which is silent under 

standard laboratory conditions. A collection of 640 small molecules with different bioactivities 

was screened for activation of the BGC by using beta-galactosidase activity as a read out. A similar 

result was obtained, i.e., the most potent elicitors were antibiotic compounds (10). The novelty, 

however, was that this system allows for the ability to choose the BGC to be activated, by 

construction of a gene fusion mutant. The method was called HiTES, for High-Throughput Elictor 
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Screen (144) (Fig.7C), and has yielded at least 13 novel secondary metabolites (110, 125, 126, 

145). 

The limitation of the original HiTES method is the prerequisite that the microorganism carrying 

the BGC of interest is genetically amenable. Studies have focused to get around this limitation by 

designing screens that do not rely on a genetic reporter construct. One such approach is the 

coupling of the elicitor induction step to a bioactivity screen (145). In this setup, a wild type 

microorganism is first cultured in the presence of the potential chemical elicitors. In the next 

step, supernatant of the cultures is transferred to micro well cultures in which the target 

organism, e.g. E. coli, is inoculated. Growth inhibition of the target organism then indicates the 

presence of an elicited antibiotic secondary metabolite. For example, application of this method 

to Saccharopolyspora cebunesis resulted in the discovery of a new lanthipeptide named 

cebulantin (125). A second variation on HiTES leverages the recent technological advancements 

in the field of imaging mass spectrometry (146). In here, the HiTES cultures are directly analyzed 

by imaging mass spectrometry, and metabolomes are compared to identify induced secondary 

metabolites (126). Imaging mass spectrometry coupled to HiTES of Amycolatopsis keratiniphila 

led to the discovery of the keratinimycins (126). 

In addition to being an effective BGC eliciting method, HiTES has provided exciting new insights 

regarding regulation of secondary metabolite production. Especially the finding that antibiotics 

at sub inhibitory concentrations are effective inducers is interesting. In Article 2, we exploited 

this finding by using the B. thailandensis reporter strain of the first HiTES study (10) to test if 

marine bacterial bioactive compounds could activate silent BGCs. The antibacterial secondary 

metabolite andrimid, isolated from Vibrio coralliilyticus, induced the malleilactone BGC in B. 

thailandensis and was consequently used to activate secondary metabolism in P. galatheae. 

Using andrimid as chemical elicitor was an effective strategy, as transcription of orphan BGCs was 

increased and P. galatheae also produced more holomycin (Fig. 8). Using HPLC-MS, we observed 

MS peaks of unknown compounds that were induced in andrimid treated cultures of P. 

galatheae, however, attempts to match the induced peaks to upregulated orphan BGCs and 

identify new secondary metabolites were unsuccessful. 
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Figure 8. Andrimid induces secondary metabolism in P. galatheae. (A) Transcription levels of the 

biosynthetic core genes of the orphan BGCs and the holomycin BGC in the exponential (4h), transition 

(8h) and stationary (24h) growth phase in P. galatheae cultured with and without andrimid. 

Transcription data is from 3 biological replicates, error bars represent the standard error of the mean. 

(B)  Representative overlaid UV spectra of control and andrimid treated P. galatheae culture extracts at 

390 nm demonstrating a 4.0 fold (95% CI: 2.1 - 6.0, n = 3) increase in holomycin production. Modified 

from Buijs et al. (2020), Article 2. 

3.7.4. Co-cultivations  

Bacteria live predominantly in complex microbial communities, where they interact and compete 

with their neighbors (147). Secondary metabolites play important roles in the mediation of such 

interactions, but the opposite is also the case: microbial interactions themselves can trigger 

secondary metabolism (60, 148). These interactions can be imposed and studied in the laboratory 

by co-cultivation of two or more microorganisms (149). Co-cultivation has received increasing 
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attention in the field of natural product discovery to activate production of secondary 

metabolites that are not produced in axenic cultures (150, 151) (Fig. 7C). 

An excellent example that demonstrates the effectiveness of secondary metabolism induction by 

co-cultivations comes from a study with the versatile antibiotic producer S. coelicolor. In this 

study, 20 different actinomycetes colonies were separately cultured on solid agar medium in 

close vicinity to S. coelicolor to investigate the effect of the interactions on secondary metabolite 

production. Chemical analysis using nanospray desorption electrospray ionization (152) and 

matrix assisted laser desorption ionization - time of flight mass spectrometry (153) revealed that 

several secondary metabolites were only produced during co-culture (154). Furthermore, the 

majority of these induced secondary metabolites were uniquely observed during specific 

interactions.  

Co-cultivation of two bacteria isolated from filter feeding marine invertebrates resulted in the 

discovery of a novel antibacterial compound called keyicin (127). This compound was produced 

by Micromonospora sp. exclusively when co-cultured with Rhodococcus sp. Keyicin was 

antibacterial towards Rhodococcus and other Gram-positive bacteria. In another drug discovery 

study, an antibiotic with high potency against S. aureus was produced by a community of 

actinomycetes (155). Unraveling of the interactions led to the finding that the interactions 

between Amycolatopsis sp. (producer) and S. coelicolor (inducer) was responsible for the 

production of this novel antibiotic, called amycomicin. Remarkably, amycomicin showed very 

narrow antibacterial activity against S. aureus and did not inhibit any tested soil bacteria. As a 

result, the authors acknowledged that the ecological function of amycomicin was not 

understood, even though microbial interactions led to its discovery (155). 

Fungal-bacterial co-cultures especially have been prolific as a drug discovery tool. Novel 

secondary metabolites discovered  by using such co-cultures include: fumicycline, produced by 

Aspergillus fumigatus in co-culture with Streptomyces rapamycinicus (156); libertillone, 

produced by Libertella sp. in co-culture with an (unidentified) marine alphaproteobacterium 

(157); and blennolide K produced by Setophome terrestris in co-culture with Bacillus 

amyloliquefaciens (158). It is notable that in all these instances the bacterium induces the fungus 
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to produce the novel secondary metabolite. One fungal-bacterial co-culture example that 

deserves to be highlighted is orsellinic acid production by Aspergillus nidulans induced by 

Streptomyces hygroscopius (159). This is one of the few examples for which the mechanism of 

induction has been elucidated. Induction of orsellinic acid production is dependent on cell-cell 

contact between A. nidulans and S. hygroscopius (159). Further investigations into the molecular 

mechanism of induction demonstrated that the orsellinic acid BGC is activated by interaction 

dependent chromatin acetylation (160).  

Many of the previously discussed culture dependent activation methods are ecology-driven. In 

order to improve these drug discovery strategies, it is critical to better our understanding of the 

biology of secondary metabolites in natural systems. The following chapter focuses on the natural 

roles of secondary metabolites and the interconnection between secondary metabolite 

production and microbial interactions.  
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4. Ecological roles of secondary metabolites and microbial interactions 

Research on microbial secondary metabolites has mainly focused on antibiotics and other 

medicinal useful bioactive compounds. However, microorganisms produce secondary 

metabolites for a variety of reasons that help them to survive and proliferate in their natural 

environment. This chapter approaches secondary metabolites from a microbial centered point 

of view. Several well-studied natural roles of secondary metabolites will be reviewed, and the 

importance of the interplay between microbial interactions and secondary metabolite 

production is discussed. Towards a better understanding of secondary metabolites, it is highly 

important to consider the environmental and ecological context of the producing microorganism. 

As mentioned, this thesis work focused on Vibrionaceae, their production of antibiotics and 

interactions between antibiotic producing vibrios. Therefore, this chapter will start with a brief 

outline of the ecology of Vibrionaceae. 

4.1. Ecology of Vibrionaceae 

Members of the Vibrionaceae family are primarily marine bacteria and populate a wide variety 

of habitats in the marine environment, however, some species are found in a non-marine setting 

such as fresh water lakes (Vibrio spp.) (161, 162) or meat products (Photobacterium spp.) (163). 

Within the marine environment, Vibrionaceae are found in the surface waters (164), deep seas 

(165), marine sediments (166), on surfaces of abiotic particles (5) and eukaryotes (including 

algae, zooplankton, bivalves, fish) and in the gut of, for example, shrimp, fish and squid (5, 164, 

167, 168). 

Many vibrios are found both as free-living planktonic bacteria and in association with marine 

eukaryotes. Studies combining multilocus sequence analysis with fine scale sampling of different 

microhabitats have provided insight into ecological distinct Vibrio populations (169, 170). For 

instance, in the water column, genetically similar Vibrio isolates are likely to have the same 

microenvironmental preferences, i.e. occurrence at different particle sizes (169). However, by 

applying the same method to vibrios isolated from different parts of mussel and crab it was 

demonstrated that most distinct populations are generalists without a preference for 

colonization of a particular organ or organism (170). The strains that were studied in this work 
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were isolated from a mussel (P. galatheae S2753) and the marine sediment (V. coralliilyticus 

S2052) (5, 72). Strain S2753 is the only known identified strain of the species P. galatheae, V. 

coralliilyticus has previously also been isolated from or detected in association with coral tissue 

(171, 172), scallop (172), oyster (173) and seaweed (5), displaying a large variety of habitats.  

 

 

Figure 9. Schematic drawing of the marine habitat of Vibrionaceae (orange bacteria). Although 

Vibrionaceae are found in the pelagic waters, their abundance is relatively low due to low nutrient 

concentrations. Abundance of vibrios can quickly increase when nutrient sources become available, for 

example carbohydrates secreted by algae (green spheres) or chitin oligomers from shrimp exoskeleton 

(orange diamonds). 

There has been controversy about the relative abundance of Vibrionaceae in the ocean waters. 

Vibrios are copiotrophs, which means that they grow fast in the presence of high nutrient 

concentrations. Microbial isolation methods often make use of media rich in nutrients, resulting 
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in an overrepresentation of Vibrionaceae among marine bacterial isolates (174–176). However, 

nutrient availability in oceanic waters is generally poor and therefore oligotrophs, specialized in 

living off minimal concentrations of nutrients, dominate the bacterioplankton. This has become 

increasingly clear with the application of metagenomics (177–179). These studies have shown 

that vibrios only constitute, at the vast majority of sampled time points, approximately 0.1% of 

the bacterioplankton community (180, 181). However, due to the capacity to quickly grow and 

outcompete other bacterioplankton community members once sufficient nutrients become 

available, Vibrio cell numbers can drastically increase during algal-bloom events (178, 181). 

Abundance of Vibrionaceae also tends to be higher in environments with a continuous influx of 

nutrients, e.g. harbors (182). All taken together, vibrios actually make up a small part of the 

planktonic bacterial community, but capitalize quickly on the emergence of resources (Fig. 9). 

Owing to a long history of gastroenteritis disease outbreaks, the human pathogen V. cholerae is 

the most studied species (183–185). Aside from human pathogens, some Vibrio species are 

pathogenic to marine organisms. Examples of these include the oyster pathogen V. tubashii 

(186), oyster and coral pathogen V. coralliilyticus (171, 186) and the fish pathogen V. anguillarum 

(187). However, most relationships between vibrios and marine eukaryotes are commensal and 

some species interact with their host in a mutualistic way. The most striking example of this is 

the symbiosis between bioluminescent Aliivibrio fischeri (previously classified as Vibrio fischeri 

(188)) and the squid Euprymna scolopes (189). A. fischeri colonizes the specialized light organ of 

the squid, where it has access to nutrients and an exclusive habitat to populate. In return, A. 

fischeri provides E. scolopes with bioluminescence (190). The squid uses the light from A. fischeri 

to employ a counter illumination strategy during night, effectively camouflaging itself to avoid 

predation (191). A sufficiently high density of A. fischeri cells is a prerequisite for the bacterium 

to engage in bioluminescence. A. fischeri, and many other bacteria, are able to gauge their cell 

density by means of a communication mechanism, in which the secondary metabolite N-3-oxo-

hexanoyl-homoserine lactone plays a central role.  
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4.2. Natural roles of secondary metabolites 

4.2.1. Communication 

Bacteria are able to communicate with each other by quorum sensing (QS). They do this by the 

production of a small diffusible secondary metabolite that functions as a signal of cell-density 

and often, but not always, induces its own production (192). This type of communication allow 

cells of the same species to regulate complex actions such as biofilm formation (193) and 

bioluminescence (87) in a cell-density dependent matter. It is indeed A. fischeri that has served 

as a model organism for QS research. In the seventies it was discovered that bioluminescence in 

this species was cell density dependent (194). The responsible compound, and therefore the first 

QS molecule, was later identified as an acyl-homoserine lactone (AHL) (87), which is synthesized 

by LuxI. Functionality of QS molecules has been extended beyond communication between clonal 

mates and can also facilitate interspecific bacterial communication (195).   

4.2.2. Antagonism 

From an antibiotic point of view, antagonism of competing microbes by the production of 

antibiotic secondary metabolites is a self-evident function. Many secondary metabolites have 

bioactivities that specifically inhibit a crucial step in bacterial cell growth and survival. Examples 

include cell wall synthesis inhibition, protein mistranslation and DNA damage (196). 

Microorganisms produce antagonistic compounds to engage in interference competition (111) 

to either defend their colonized territory or invade an occupied habitat (197, 198). Besides 

antagonism against competitors, some secondary metabolites help bacteria to defend against 

predation by bacterivorous eukaryotes (199, 200). 

Some researchers have questioned the true natural role of antibiotics, as environmentally 

produced antibiotics are unlikely to reach concentrations above the minimal inhibitory 

concentration (MIC) (201, 202). However, concentrations far below the MIC can already decrease 

growth rates in sensitive organisms (203). Furthermore, the presence of self-resistance genes 

that render the producing organism of an antagonistic secondary metabolite immune for its 

bioactivity leaves little doubt to their biological function (19). Nonetheless, some secondary 

metabolites with antibiotic activity may have a dual function. For example, tropodithietic acid 
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has a quorum sensing activity in Phaeobacter inhibens and regulates biofilm formation and 

motility (204). 

4.2.3. Nutrient acquisition 

A large group of secondary metabolites plays a pivotal role in the acquisition of certain nutrients. 

Among these, iron acquisition by siderophores is the most studied system. Siderophores chelate 

ferric iron and enable the producer to scavenge this nutrient in environments where iron 

bioavailability is poor (140). Iron is required for many essential metabolic processes such as 

respiratory electron transfer and the TCA cycle, and it is therefore essential for the microbial cell 

to have an efficient iron import system in place (205, 206). Specific transporters aid in the re-

uptake of the iron-bound siderophore into the cell (207). Production of siderophores is often 

tightly regulated and activated under iron limiting conditions (208). 

4.2.4. Motility and dispersion 

Some secondary metabolites increase the ability of the producer to disperse in an attempt to 

colonize other habitats. One such example is surfactin production by Bacillus subtilis. Production 

of surfactin by dense B. subtilis colonies lowers the surface tension of the surroundings, which 

enables cells to disperse more easily by swarming and sliding motility (209, 210). Dispersal of 

bacterial cells from biofilm structures is a complex and highly regulated response (211). In 

Pseudomonas aeruginisa, rhamnolipid secondary metabolites play an important mechanistic role 

by facilitating the detachment of cells from the biofilm structure (212).  

4.2.5. Stress protection 

A few microbial secondary metabolites play protective roles against different cellular stresses. 

For example, ectoine is an osmolyte that help bacteria cope with changing osmotic pressures 

(213). Upon osmotic stress caused by, for example, elevated salt concentrations, bacteria 

produce and accumulate ectoine intracellularly to balance the osmotic pressure (214). It has been 

hypothesized that some pigmented secondary metabolites function as UV protectants. For 

example, prodigiosin production increased survival of a Vibrio sp. against UV radiation (215). 
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However, prodigiosin also displays antibacterial activity (216), and hence it remains unclear what 

the natural function of this pigmented secondary metabolite is.  

4.2.6. Extracellular electron transfer 

Several bacteria are able to use distantly located minerals as electron acceptor under anoxic 

conditions, via the use of specialized nanowires or secreted flavin compounds (217). A few 

studies have linked secondary metabolites to such extracellular electron transfer activity (141, 

218). For example, antibiotic phenazines produced by Pseudomonas aeruginosa were shown to 

reduce extracellular electrodes and enhance survival under oxygen limiting conditions (218).  

In spite of the numerous functions and bioactivities assigned to microbial secondary metabolites, 

the natural role for many remains elusive. Research aimed to understand secondary metabolites 

from a microbial perspective promises to advance our knowledge and simultaneously increase 

our collection of bioactive molecules with applications in medicine, agriculture and 

environmental engineering. Towards this, it is important to not only study the function of the 

secondary metabolite in isolation, but also consider the interactions between the producer 

organism and its ecological neighbors. 

4.3. Secondary metabolite mediated microbial interactions 

In the laboratory, microorganisms are often studied as pure cultures under controlled conditions. 

Such conditions are wildly different from those encountered in the natural environment. Here, 

microbes often live in microbial communities consisting of multiple different species (147). 

Interactions between species within microbial communities include competition for resources 

(147), growth stimulation via cross feeding (219) and growth inhibition by the production of 

antagonistic secondary metabolites (220). Besides interactions among microbes, bacteria also 

interact with eukaryotic host organisms with which they form mutualistic relationships (189, 

221). In this section, several examples in which secondary metabolites mediate ecological 

interactions among microbes or between microbe and host are summarized. 

Iron scavenging siderophores play an important role in competition, especially in environments 

with low iron bioavailability. In such environments, siderophore producers have a clear 
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competitive advantage over non-producers. A study investigated the siderophore production of 

ecologically and genotypically (but not clonal) defined populations of Vibrio isolates and 

demonstrated that approximately half of the population was able to produce siderophores (222). 

The other half had retained the ability to import the iron-complexed siderophores, thereby 

benefiting from the trait without having to invest energy and resources into siderophore 

production, also known as cheating (223). Thus, cheaters rely on the siderophore mediated 

interactions with ecological neighbors. Conversely, a Shewanella algae strain specifically 

produced a siderophore that the co-isolated Vibrio alginolyticus strain was unable to take 

advantage of (224). It did so by combining two distinct siderophore structures into a heterodimer, 

which effectively cancelled out the cheating ability of V. alginolyticus. These two studies show 

that siderophore production can be a social trait within genotypic close populations but also a 

mediator of fierce competition. 

 

 

Figure 10. Tripartite symbiosis system between leafcutter ants, fungi and antibiotic producing 

Pseudonocardia spp. Figure modified from (219) with permissions (Copyright © 2011, American Society 

for Microbiology). 

A wonderful example of secondary metabolite mediated interactions in nature comes from a 

tripartite system that involves a leafcutter ant, a fungus and the actinobacteria Pseudonocardia 
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spp. In this symbiosis, the ant carefully cultivates the fungus by feeding it leafs, and in return eats 

nutrient-rich structures produced by the fungus (Fig. 10) (225). Invasion by fungal pathogens that 

try to take advantage of the ant-nurtured fungal garden is prevented by antibiotic production by 

the Pseudonocardia spp. The ant has evolved specialized crypts in its cuticle to harbor these 

antibiotic producers (226). From a Pseudonocardia sp. isolate, the antibiotic secondary 

metabolite dentigerumycin was isolated and shown to have selective activity against the 

pathogenic fungus (227). Thus, the secondary metabolites produced by the bacteria appear to 

play an important role in the maintenance of this tripartite symbiosis. 

Species of the Gram-positive Bacillus genus, including the model bacterium Bacillus subtilis, 

have the ability to promote plant growth and protect the plants against pathogens (228). 

Perhaps unsurprisingly, the capacity of B. subtilis strains to produce a range of secondary 

metabolites is key in this ability (229). One well-characterized mechanism of plant protection by 

B. subtilis is by prevention of root colonization of pathogenic microorganisms. For example, 

production of the non-ribosomal peptide surfactin by B. subtilis is necessary to prevent root 

infection by the plant pathogen Pseudomonas syringae (230). Other studies have confirmed the 

antagonistic activity against plant pathogens and the importance of surfactin for biocontrol 

(231) and expanded on this activity by demonstrating the importance of the lipopeptide 

plipastatin (232). Besides plant protection, B. subtilis also promotes growth by the production 

of specific plant hormones such as the cytokinin zeatin riboside (229, 233). 

The above mentioned examples demonstrate how bacterially produced secondary metabolites 

are pivotal in shaping interactions between the producers, ecological neighbors and eukaryotic 

hosts. However, the secondary metabolite mediated host-microbe interaction is a two-way 

street. A recent paper demonstrated this by studying how marine diatoms modulate their 

microbiome (234). Upon re-introduction of their native microbiomes, axenic diatoms produced 

two unique secondary metabolites: rosmarinic acid and azelaic acid (234). These secondary 

metabolites were subsequently shown to stimulate growth and attachment of isolates belonging 

to the Roseobacter clade that were classified as potential symbionts, based on phylogenetic 

relatedness to known symbionts (235). Conversely, the metabolites had a negative effect on a 

hypothesized bacterial opportunist from the Alteromonas genus.  
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Staying in the marine environment, Cordero et al. demonstrated the importance of secondary 

metabolite mediated antagonism on population structures of Vibrionaceae (236). Vibrio isolates 

were in general not sensitive to antagonism from strains belonging to the same ecologically and 

genotypically defined population. However, antagonistic interactions were common between 

strains from different populations. Although the responsible secondary metabolites were not 

considered in this study, the results show that antibiotic production confers an advantage to the 

entire population rather than individuals. Production of, and resistance to, antibiotic secondary 

metabolites are thus important microbial traits that shape the microbial community (237). 

4.4. Importance of microbial interactions in antibiotic production 

The previous examples clearly demonstrate the importance of secondary metabolites in 

ecological interactions. Vice versa, interactions between living microorganisms can mediate 

production of secondary metabolites (60, 148, 154). This has already been exemplified in Chapter 

3, where co-cultivations were discussed as strategy to induce secondary metabolite production. 

However, ecology-focused studies have provided evidence that is more robust. Although these 

studies do not (intend to) reveal the specific secondary metabolites that mediate the studied 

interactions, they provide valuable insights into the natural roles of secondary metabolites, and 

how they shape microbial communities. 

Abrudan and coworkers studied antibiosis of 13 co-isolated Streptomyces strains (60). Each strain 

was grown either solitary or in the presence of a co-isolate, after which the antibiotic activity was 

determined by evaluating the growth inhibition of a third Streptomyces strain. The presence of a 

neighbor significantly modulated the antibiosis of many strains; both suppression and induction 

of antibiotic production was observed. Results from this study directly demonstrate the 

importance of bacterial interactions on the production of antibiotics. 

How do bacteria sense the presence of others and subsequently modify their antibiotic 

production? The answer to this question holds great application potential for drug discovery 

strategies. The competition sensing hypothesis provides a testable explanation (111). According 

to this theory, microbes can sense the presence of competitors by cell damage and nutrient 

limitation, and relay this information via stress response systems to regulate complex actions 
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such as biofilm formation (238), attack by the type VI secretion system (239) or antibiotic 

production. Furthermore, competition sensing might also be involved in induction of secondary 

metabolite production by sub inhibitory concentrations of antibiotics (144) (see Chapter 3). 

 

 

Figure 11. Holomycin production by P. galatheae (A) and andrimid production by V. coralliilyticus (B) 

are increased in co-cultures. Data displayed in A are from co-cultures inoculated at an OD600 ratio of 

4:1 (Vc:Pg), co-cultures corresponding to data in B were inoculated at a ratio of 6:1. Vc = V. coralliilyticus 

WT, Pg = P. galatheae WT. Data are from four biological replicates. 

Article 2 of this thesis reports on the finding that the antibacterial secondary metabolite 

andrimid, produced by V. coralliilyticus, is a stimulator of secondary metabolism in P. galatheae. 

In Article 3, we set out to explore the ecological significance of this finding. The antibiotic 

secondary metabolite production of the same-niche inhabiting V. coralliilyticus and P. galatheae 

were studied in liquid co-culture. Competitive interactions of these two Vibrionaceae resulted in 

an increase in antibiotic production by both bacteria, see Fig. 11. By using antibiotic deficient 

mutant strains we were able to test the effect of each antibiotic on the co-culture mediated 

induction of secondary metabolite production. Based on results of Article 2, it was expected that 

andrimid is important for holomycin production in co-culture. Andrimid indeed appeared to play 

a role in the production of holomycin by P. galatheae, but the effect was not statistically 

significant. Holomycin had no apparent effect on andrimid production by V. coralliilyticus. 

Nevertheless, both antibiotic secondary metabolites played an important role in the competitive 
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success of the producers in co-culture. Furthermore, we found in this study an extra layer of 

complexity in the antibiotic mediated interactions as the antibiotic holomycin, produced by P. 

galatheae, was detoxified by V. coralliilyticus via double sulphur-methylation. Taken together, 

these results demonstrate that competition is a stimulator of secondary metabolite production 

in Vibrionaceae, which in turn is an important effector of bacterial competition. 
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5. Conclusions and perspectives 

An increasing amount of research is targeting the AMR crisis. Considering the nature of 

antibiotics, resistance and microbial evolution, it is unlikely that humanity will ever fully eradicate 

AMR. This stresses the need for a continuous supply of new antimicrobial compounds so that at 

any given time, any given pathogenic infection can be resolved with an effective antibiotic. A 

combination of a comprehensive understanding of microbial secondary metabolites and the 

application of smart searching strategies increases the chance to succeed in this. This thesis has 

contributed to both these aspects by studying secondary metabolite production in two strains of 

the Vibrionaceae, a marine bacterial family that is underexplored for natural product discovery. 

Antibiotics are known to affect bacterial transcription and physiology beyond responses related 

to the antibacterial mechanism of action, including the induction of secondary metabolite 

production. Andrimid from V. coralliilyticus proved to have such inducing effect on secondary 

metabolism in both a non-marine betaproteobacterium B. thailandensis and P. galatheae. It 

would be interesting to unravel the molecular mechanism of this effect, as insights from this may 

give broader indications about e.g. the environmental conditions that trigger production of the 

secondary metabolite. Without such mechanistic studies, it remains speculative, but tempting, 

to hypothesize that P. galatheae senses andrimid as chemical threat and responds with an 

antibiotic defense strategy of its own.  

The co-culture experiments showed that andrimid and holomycin both conferred a competitive 

advantage for the producing strains V. coralliilyticus and P. galatheae respectively. Furthermore, 

the presence of a competitor increased the production of both antibiotics. Taken together, these 

results indicate that both andrimid and holomycin function as microbial weapons. Thus, 

competitive interactions with phylogenetically close neighbors may be an important ecological 

cue for (antibiotic) secondary metabolite production in Vibrionaceae. The Galatheae 3 culture 

collection includes over 300 Vibrionaceae isolates, of which many have lost bioactivity upon 

freezer storage and re-culturing. A large-scale co-culture effort might prove effective to re-

activate the bioactivity of these marine strains and subsequently elucidate the responsible 

secondary metabolites. 
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Finally, looking at the bigger picture, I want to argue that it is high time for structural change of 

the economic model of antibiotic manufacturing and development. Academic drug discovery 

efforts can yield a plethora of novel antibiotics, but as long as the pharmaceutical industry is not 

willing to invest in developing and marketing new antibiotic compounds, the AMR crisis will 

continue to worsen. This is not necessarily the fault of the companies; the developmental costs, 

including clinical trials, simply outweigh the potential revenue of an antibiotic drug. It is up to the 

governments to either facilitate a bigger financial incentive for the pharmaceutical industry or 

take direct responsibility for the production and development of our antibiotics of the future. 

 

  



43 
 

6. References 

1.  O’ Neill J. 2016. Tackling drug-resistant infections globally: final report and recommendations. 

Review on antimicrobial resistance. 

2.  Michael CA, Dominey-Howes D, Labbate M. 2014. The antimicrobial resistance crisis: Causes, 

consequences, and management. Front Public Heal 2:145. 

3.  Bérdy J. 2012. Thoughts and facts about antibiotics: Where we are now and where we are 

heading. J Antibiot (Tokyo) 65:385–395. 

4.  Bérdy J. 2005. Bioactive microbial metabolites. J Antibiot (Tokyo) 58:1–26. 

5.  Gram L, Melchiorsen J, Bruhn JB. 2010. Antibacterial activity of marine culturable bacteria 

collected from a global sampling of ocean surface waters and surface swabs of marine organisms. 

Mar Biotechnol 12:439–451. 

6.  Davies J, Ryan KS. 2012. Introducing the parvome: Bioactive compounds in the microbial world. 

ACS Chem Biol 7:252–259. 

7.  Bode HB, Müller R. 2005. The impact of bacterial genomics on natural product research. Angew 

Chemie - Int Ed 44:6828–6846. 

8.  Cimermancic P, Medema MH, Claesen J, Kurita K, Wieland Brown LC, Mavrommatis K, Pati A, 

Godfrey PA, Koehrsen M, Clardy J, Birren BW, Takano E, Sali A, Linington RG, Fischbach MA. 2014. 

Insights into secondary metabolism from a global analysis of prokaryotic biosynthetic gene 

clusters. Cell 158:412–421. 

9.  Rutledge PJ, Challis GL. 2015. Discovery of microbial natural products by activation of silent 

biosynthetic gene clusters. Nat Rev Microbiol 13:509–523. 

10.  Seyedsayamdost MR. 2014. High-throughput platform for the discovery of elicitors of silent 

bacterial gene clusters. Proc Natl Acad Sci 111:7266–7271. 

11.  Malik VS. 1980. Microbial secondary metabolism. Trends Biochem Sci 5:68–72. 

12.  Jensen PR. 2016. Natural products and the gene cluster revolution. Trends Microbiol 24:968–977. 

13.  Davies J. 2013. Specialized microbial metabolites: Functions and origins. J Antibiot (Tokyo) 

66:361–364. 



44 
 

14.  Charlesworth JC, Burns BP. 2015. Untapped resources: Biotechnological potential of peptides and 

secondary metabolites in archaea. Archaea https://doi.org/10.1155/2015/282035. 

15.  Rath CM, Janto B, Earl J, Ahmed A, Hu FZ, Hiller L, Dahlgren M, Kreft R, Yu F, Wolff JJ, Kweon HK, 

Christiansen MA, Håkansson K, Williams RM, Ehrlich GD, Sherman DH. 2011. Meta-omic 

characterization of the marine invertebrate microbial consortium that produces the 

chemotherapeutic natural product ET-743. ACS Chem Biol 6:1244–1256. 

16.  Omura S, Ikeda H, Ishikawa J, Hanamoto A, Takahashi C, Shinose M, Takahashi Y, Horikawa H, 

Nakazawa H, Osonoe T, Kikuchi H, Shiba T, Sakaki Y, Hattori M. 2001. Genome sequence of an 

industrial microorganism Streptomyces avermitilis: Deducing the ability of producing secondary 

metabolites. Proc Natl Acad Sci U S A 98:12215–12220. 

17.  Clardy J, Walsh C. 2004. Lessons from natural molecules. Nature 432:829–837. 

18.  Osbourn A. 2010. Secondary metabolic gene clusters: Evolutionary toolkits for chemical 

innovation. Trends Genet 26:449–457. 

19.  Almabruk KH, Dinh LK, Philmus B. 2018. Self-resistance of natural product producers: Past, 

present, and future focusing on self-resistant protein variants. ACS Chem Biol 13:1426–1437. 

20.  Kliebenstein DJ, Osbourn A. 2012. Making new molecules - evolution of pathways for novel 

metabolites in plants. Curr Opin Plant Biol 15:415–423. 

21.  Bode HB, Brachmann AO, Jadhav KB, Seyfarth L, Dauth C, Fuchs SW, Kaiser M, Waterfield NR, 

Sack H, Heinemann SH, Arndt HD. 2015. Structure elucidation and activity of Kolossin A, the D -/ L 

-pentadecapeptide product of a giant nonribosomal peptide synthetase. Angew Chemie - Int Ed 

54:10352–10355. 

22.  Süssmuth RD, Mainz A. 2017. Nonribosomal peptide synthesis—principles and prospects. Angew 

Chemie - Int Ed 56:3770–3821. 

23.  Wang H, Fewer DP, Holm L, Rouhiainen L, Sivonen K. 2014. Atlas of nonribosomal peptide and 

polyketide biosynthetic pathways reveals common occurrence of nonmodular enzymes. Proc Natl 

Acad Sci U S A 111:9259–9264. 

24.  Röttig M, Medema MH, Blin K, Weber T, Rausch C, Kohlbacher O. 2011. NRPSpredictor2 - A web 

server for predicting NRPS adenylation domain specificity. Nucleic Acids Res 39:362–367. 

https://doi.org/10.1155/2015/282035.


45 
 

25.  Ueda H, Nakajima H, Hori Y, Fujita T, Nishimura M, Goto T, Okuhara M. 1994. FR901228, a novel 

antitumor bicyclic depsipeptide produced by Chromobacterium violaceum no. 968. J Antibiot 

(Tokyo) 47:301–310. 

26.  Mansson M, Nielsen A, Kjærulff L, Gotfredsen CH, Wietz M, Ingmer H, Gram L, Larsen TO. 2011. 

Inhibition of virulence gene expression in Staphylococcus aureus by novel depsipeptides from a 

marine Photobacterium. Mar Drugs 9:2537–2552. 

27.  Jenke-Kodama H, Sandmann A, Müller R, Dittmann E. 2005. Evolutionary implications of bacterial 

polyketide synthases. Mol Biol Evol 22:2027–2039. 

28.  Das A, Khosla C. 2009. Biosynthesis of aromatic polyketides in bacteria. Acc Chem Res 42:631–

639. 

29.  Fischbach MA, Walsh CT. 2006. Assembly-line enzymology for polyketide and nonribosomal 

peptide antibiotics: Logic machinery, and mechanisms. Chem Rev 106:3468–3496. 

30.  Shen B. 2003. Polyketide biosynthesis beyond the type I, II and III polyketide synthase paradigms. 

Curr Opin Chem Biol 7:285–295. 

31.  Cortes J, Haydock SF, Roberts GA, Bevitt DJ, Leadlay PF. 1990. An unusually large multifunctional 

polypeptide in the erythromycin-producing polyketide synthase of Saccharopolyspora erythraea. 

Nature 348:176–178. 

32.  Yoshizawa Y, Witter DJ, Liu Y, Vederas JC. 1994. Revision of the biosynthetic origin of oxygens in 

mevinolin (lovastatin), a hypocholesterolemic drug from Aspergillus terreus MF 4845. J Am Chem 

Soc 116:2693–2694. 

33.  Liaw CC, Chen PC, Shih CJ, Tseng SP, Lai YM, Hsu CH, Dorrestein PC, Yang YL. 2015. Vitroprocines, 

new antibiotics against Acinetobacter baumannii, discovered from marine Vibrio sp. QWI-06 

using mass-spectrometry-based metabolomics approach. Sci Rep 5:12856. 

34.  Miyanaga A, Kudo F, Eguchi T. 2018. Protein-protein interactions in polyketide synthase-

nonribosomal peptide synthetase hybrid assembly lines. Nat Prod Rep 35:1185–1209. 

35.  Vézina C, Kudelski A, Sehgal SN. 1975. Rapamycin (AY-22, 989) a new antifungal antibiotic. J 

Antibiot (Tokyo) 28:721–726. 

36.  Julien B, Shah S, Ziermann R, Goldman R, Katz L, Khosla C. 2000. Isolation and characterization of 



46 
 

the epothilone biosynthetic gene cluster from Sorangium cellulosum. Gene 249:153–160. 

37.  Jin M, Fischbach MA, Clardy J. 2006. A biosynthetic gene cluster for the acetyl-CoA carboxylase 

inhibitor andrimid. J Am Chem Soc 128:10660–10661. 

38.  Oman TJ, Van Der Donk WA. 2010. Follow the leader: The use of leader peptides to guide natural 

product biosynthesis. Nat Chem Biol 6:9–18. 

39.  Arnison PG, Bibb MJ, Bierbaum G, Bowers AA, Bugni TS, Bulaj G, Camarero JA, Campopiano DJ, 

Challis GL, Clardy J, Cotter PD, Craik DJ, Dawson M, Dittmann E, Donadio S, Dorrestein PC, Entian 

KD, Fischbach MA, Garavelli JS, Göransson U, Gruber CW, Haft DH, Hemscheidt TK, Hertweck C, 

Hill C, Horswill AR, Jaspars M, Kelly WL, Klinman JP, Kuipers OP, Link AJ, Liu W, Marahiel MA, 

Mitchell DA, Moll GN, Moore BS, Müller R, Nair SK, Nes IF, Norris GE, Olivera BM, Onaka H, 

Patchett ML, Piel J, Reaney MJT, Rebuffat S, Ross RP, Sahl HG, Schmidt EW, Selsted ME, Severinov 

K, Shen B, Sivonen K, Smith L, Stein T, Süssmuth RD, Tagg JR, Tang GL, Truman AW, Vederas JC, 

Walsh CT, Walton JD, Wenzel SC, Willey JM, Van Der Donk WA. 2013. Ribosomally synthesized 

and post-translationally modified peptide natural products: Overview and recommendations for 

a universal nomenclature. Nat Prod Rep 30:108–160. 

40.  Montalbán-López M, Scott TA, Ramesh S, Rahman IR, van Heel AJ, Viel JH, Bandarian V, Dittmann 

E, Genilloud O, Goto Y, Grande Burgos MJ, Hill C, Kim S, Koehnke J, Latham JA, Link AJ, Martínez 

B, Nair SK, Nicolet Y, Rebuffat S, Sahl H-G, Sareen D, Schmidt EW, Schmitt L, Severinov K, 

Süssmuth RD, Truman AW, Wang H, Weng J-K, van Wezel GP, Zhang Q, Zhong J, Piel J, Mitchell 

DA, Kuipers OP, van der Donk WA. 2020. New developments in RiPP discovery, enzymology and 

engineering. Nat Prod Rep https://doi.org/10.1039/d0np00027b. 

41.  Riley MA. 1998. Molecular mechanisms of bacteriocin evolution. Annu Rev Genet 32:255–278. 

42.  Mocek U, Zeng Z, Beale JM, Floss HG, Mocek U, Zeng Z, O’Hagan D, Zhou P, Fan LDG, Beale JM, 

Floss HG, O’Hagan D, Zhou P, Fan LDG, Beale JM. 1993. Biosynthesis of the modified peptide 

antibiotic thiostrepton in Streptomyces azureus and Streptomyces laurentii. J Am Chem Soc 

115:7992–8001. 

43.  Jiang J, He X, Cane DE. 2007. Biosynthesis of the earthy odorant geosmin by a bifunctional 

Streptomyces coelicolor enzyme. Nat Chem Biol 3:711–715. 

44.  Kudo F, Eguchi T. 2009. Biosynthetic genes for aminoglycoside antibiotics. J Antibiot (Tokyo) 

https://doi.org/10.1039/d0np00027b.


47 
 

62:471–481. 

45.  Davis BD. 1987. Mechanism of bactericidal action of aminoglycosides. Microbiol Rev 273:586–

599. 

46.  Umezawa H, Ueda M, Maeda K, Yagishita K, Kondo S, Okami Y, Utahara R, Osato Y, Nitta K, 

Takeuchi T. 1957. Production and isolation of a new antibiotic: kanamycin. J Antibiot (Tokyo) 

10:181–188. 

47.  Schatz A, Bugle E, Waksman SA. 1944. Streptomycin, a substance exhibiting antibiotic activity 

against Gram-positive and Gram-negative bacteria. Proc Soc Exp Biol Med 55:66–69. 

48.  Cassini A, Högberg LD, Plachouras D, Quattrocchi A, Hoxha A, Simonsen GS, Colomb-Cotinat M, 

Kretzschmar ME, Devleesschauwer B, Cecchini M, Ouakrim DA, Oliveira TC, Struelens MJ, Suetens 

C, Monnet DL, Strauss R, Mertens K, Struyf T, Catry B, Latour K, Ivanov IN, Dobreva EG, Tambic 

Andraševic A, Soprek S, Budimir A, Paphitou N, Žemlicková H, Schytte Olsen S, Wolff Sönksen U, 

Märtin P, Ivanova M, Lyytikäinen O, Jalava J, Coignard B, Eckmanns T, Abu Sin M, Haller S, Daikos 

GL, Gikas A, Tsiodras S, Kontopidou F, Tóth Á, Hajdu Á, Guólaugsson Ó, Kristinsson KG, Murchan 

S, Burns K, Pezzotti P, Gagliotti C, Dumpis U, Liuimiene A, Perrin M, Borg MA, de Greeff SC, 

Monen JC, Koek MB, Elstrøm P, Zabicka D, Deptula A, Hryniewicz W, Caniça M, Nogueira PJ, 

Fernandes PA, Manageiro V, Popescu GA, Serban RI, Schréterová E, Litvová S, Štefkovicová M, 

Kolman J, Klavs I, Korošec A, Aracil B, Asensio A, Pérez-Vázquez M, Billström H, Larsson S, Reilly 

JS, Johnson A, Hopkins S. 2019. Attributable deaths and disability-adjusted life-years caused by 

infections with antibiotic-resistant bacteria in the EU and the European Economic Area in 2015: a 

population-level modelling analysis. Lancet Infect Dis 19:56–66. 

49.  Hjelm M, Bergh O, Riaza A, Nielsen J, Melchiorsen J, Jensen S, Duncan H, Ahrens P, Birkbeck H, 

Gram L. 2004. Selection and identification of autochthonous potential probiotic bacteria from 

turbot larvae (Scophthalmus maximus) rearing units. Syst Appl Microbiol 27:360–371. 

50.  Franco CMM, Coutinho LEL. 1991. Detection of novel secondary metabolites. Crit Rev Biotechnol 

11:193–276. 

51.  Elespuru RK, White RJ. 1983. Biochemical prophage induction assay: A rapid test for antitumor 

agents that interact with DNA. Cancer Res 43:2819–2830. 

52.  Kingston DGI. 1979. High performance liquid chromatography of natural products. J Nat Prod 



48 
 

42:237–260. 

53.  Strege MA. 1999. High-performance liquid chromatographic-electrospray ionization mass 

spectrometric analyses for the integration of natural products with modern high-throughput 

screening. J Chromatogr B Biomed Sci Appl 725:67–78. 

54.  Watt AP, Mortishire-Smith RJ, Gerhard U, Thomas SR. 2003. Metabolite identification in drug 

discovery. Curr Opin Drug Discov Dev 6:57–65. 

55.  Wietz M, Månsson M, Vynne NG, Gram L. 2013. Small-molecule antibiotics from marine bacteria 

and strategies to prevent rediscovery of known compounds, p. 127–159. In Marine Microbiology: 

Bioactive Compounds and Biotechnological Applications. 

56.  Månsson M, Phipps RK, Gram L, Munro MHG, Larsen TO, Nielsen KF. 2010. Explorative solid-

phase extraction (E-SPE) for accelerated microbial natural product discovery, dereplication, and 

purification. J Nat Prod 73:1126–1132. 

57.  Nielsen KF, Månsson M, Rank C, Frisvad JC, Larsen TO. 2011. Dereplication of microbial natural 

products by LC-DAD-TOFMS. J Nat Prod 74:2338–2348. 

58.  Wolfender JL, Nuzillard JM, Van Der Hooft JJJ, Renault JH, Bertrand S. 2019. Accelerating 

metabolite identification in natural product research: Toward an ideal combination of liquid 

chromatography-high-resolution tandem mass spectrometry and NMR profiling, in silico 

databases, and chemometrics. Anal Chem 91:704–742. 

59.  Qin Z, Thomas Baker A, Raab A, Huang S, Wang T, Yu Y, Jaspars M, Secombes CJ, Deng H. 2013. 

The fish pathogen Yersinia ruckeri produces holomycin and uses an RNA methyltransferase for 

self-resistance. J Biol Chem 288:14688–14697. 

60.  Abrudan MI, Smakman F, Grimbergen AJ, Westhoff S, Miller EL, van Wezel GP, Rozen DE. 2015. 

Socially mediated induction and suppression of antibiosis during bacterial coexistence. Proc Natl 

Acad Sci 112:11054–11059. 

61.  Ganley JG, Carr G, Ioerger TR, Sacchettini JC, Clardy J, Derbyshire ER. 2018. Discovery of 

antimicrobial lipodepsipeptides produced by a Serratia sp. within mosquito microbiomes. 

ChemBioChem 19:1590–1594. 

62.  Milshteyn A, Colosimo DA, Brady SF. 2018. Accessing bioactive natural products from the human 



49 
 

microbiome. Cell Host Microbe 23:725–736. 

63.  Li JS, Barber CC, Zhang W. 2019. Natural products from anaerobes. J Ind Microbiol Biotechnol 

46:375–383. 

64.  Timmermans ML, Paudel YP, Ross AC. 2017. Investigating the biosynthesis of natural products 

from marine proteobacteria: A survey of molecules and strategies. Mar Drugs 15:235. 

65.  Sogin ML, Morrison HG, Huber JA, Welch DM, Huse SM, Neal PR, Arrieta JM, Herndl GJ. 2006. 

Microbial diversity in the deep sea and the underexplored “rare biosphere.” Proc Natl Acad Sci U 

S A 103:12115–12120. 

66.  Costello MJ, Chaudhary C. 2017. Marine biodiversity, biogeography, deep-sea gradients, and 

conservation. Curr Biol 27:R511–R527. 

67.  Still PC, Johnson TA, Theodore CM, Loveridge ST, Crews P. 2014. Scrutinizing the scaffolds of 

marine biosynthetics from different source organisms: Gram-negative cultured bacterial products 

enter center stage. J Nat Prod 77:690–702. 

68.  Rosenfeld WD, Zobell CE. 1947. Antibiotic production by marine microorganisms. J Bacteriol 

54:393–398. 

69.  Nair S, Simidu U. 1987. Distribution and significance of heterotrophic marine bacteria with 

antibacterial activity. Appl Environ Microbiol 53:2957–2962. 

70.  Long RA, Azam F. 2001. Antagonistic interactions among marine pelagic bacteria. Appl Environ 

Microbiol 67:4975. 

71.  Paulsen SS, Strube ML, Bech PK, Gram L, Sonnenschein EC. 2019. Marine chitinolytic 

Pseudoalteromonas represents an untapped reservoir of bioactive potential. mSystems 

4:e00060-19. 

72.  Wietz M, Mansson M, Gotfredsen CH, Larsen TO, Gram L. 2010. Antibacterial compounds from 

marine Vibrionaceae isolated on a global expedition. Mar Drugs 8:2946–2960. 

73.  Long RA, Rowley DC, Zamora E, Liu J, Bartlett DH, Azam F. 2005. Antagonistic interactions among 

marine bacteria impede the proliferation of Vibrio cholerae. Appl Environ Microbiol 71:8531–

8536. 



50 
 

74.  Oclarit JM, Okada H, Ohta S, Kaminura K, Yamaoka Y, Iizuka T, Miyashiro S, Ikegami S. 1994. Anti-

bacillus substance in the marine sponge, Hyatella species, produced by an associated Vibrio 

species bacterium. Microbios 78:7. 

75.  Fredenhagen A, Tamura SY, Kenny PTM, Nakanishi K, Nava Y, Komura H, Nishiyama K, Sugiura M, 

Kita H. 1987. Andrimid, a new peptide antibiotic produced by an intracellular bacterial symbiont 

isolated from a brown planthopper. J Am Chem Soc 109:4409–4411. 

76.  Freiberg C, Brunner NA, Schiffer G, Lampe T, Pohlmann J, Brands M, Raabe M, Häbich D, 

Ziegelbauer K. 2004. Identification and characterization of the first class of potent bacterial 

acetyl-CoA carboxylase inhibitors with antibacterial activity. J Biol Chem 279:26066–26073. 

77.  Liu X, Fortin PD, Walsh CT. 2008. Andrimid producers encode an acetyl-CoA carboxyltransferase 

subunit resistant to the action of the antibiotic. Proc Natl Acad Sci U S A 105:13321–13326. 

78.  Ettlinger L, Gäumann E, Hütter R, Keller‐Schierlein W, Kradolfer F, Neipp L, Prelog V, Zähner H. 

1959. Stoffwechselprodukte von Actinomyceten 17. Mitteilung Holomycin. Helv Chim Acta 

42:563–569. 

79.  Kenig M, Reading C. 1979. Holomycin and an antibiotic (MM 19290) related to tunicamycin, 

metabolites of Streptomyces clavuligerus. J Antibiot (Tokyo) 32:549–54. 

80.  Oliva B, O’Neill A, Wilson JM, O’Hanlon PJ, Chopra I. 2001. Antimicrobial properties and mode of 

action of the pyrrothine holomycin antimicrobial properties and mode of action of the pyrrothine 

holomycin. Antimicrob Agents Chemother 45:532–539. 

81.  Chan AN, Shiver AL, Wever WJ, Razvi SZA, Traxler MF, Li B. 2017. Role for dithiolopyrrolones in 

disrupting bacterial metal homeostasis. Proc Natl Acad Sci 114:2717–2722. 

82.  Zhang S, Isbrandt T, Lindqvist LL, Ostenfeld T. Biosynthesis of holomycin is required for biofilm 

formation of its native producer Photobacterium galatheae S2753. Manuscript in preperation. 

83.  Makarieva T, Shubina L, Kurilenko V, Isaeva M, Chernysheva N, Popov R, Bystritskaya E, 

Dmitrenok P, Stonik V. 2019. Marine bacterium Vibrio sp. CB1-14 produces guanidine alkaloid 6-

epi-monanchorin, previously isolated from marine polychaete and sponges. Mar Drugs 17:213. 

84.  Ushijima BK. 2016. Bacterial coral pathogens of the genus Vibrio. PhD thesis. University of 

Hawai’i, at Manoa. 



51 
 

85.  Al-Zereini W, Fotso Fondja Yao CB, Laatsch H, Anke H. 2010. Aqabamycins A-G: Novel nitro 

maleimides from a marine Vibrio species. I. Taxonomy, fermentation, isolation and biological 

activities. J Antibiot (Tokyo) 63:297–301. 

86.  Imamura N, Adachi K, Sano H. 1994. Magnesidin A, a component of marine antibiotic magnesidin, 

produced by Vibrio gazogenes ATCC29988. J Antibiot (Tokyo) 47:257–261. 

87.  Eberhard A, Burlingame AL, Eberhard C, Kenyon GL, Nealson KH, Oppenheimer NJ. 1981. 

Structural identification of autoinducer of Photobacterium fischeri luciferase. Biochemistry 

20:2444–2449. 

88.  Bertin MJ, Schwartz SL, Lee J, Korobeynikov A, Dorrestein PC, Gerwick L, Gerwick WH. 2015. 

Spongosine production by a  Vibrio harveyi strain associated with the sponge Tectitethya crypta. J 

Nat Prod 78:493–499. 

89.  Wyckoff EE, Stoebner JA, Reed KE, Payne SM. 1997. Cloning of a Vibrio cholerae vibriobactin gene 

cluster: Identification of genes required for early steps in siderophore biosynthesis. J Bacteriol 

179:7055–7062. 

90.  Simmons TL, Coates RC, Clark BR, Engene N, Gonzalez D, Esquenazi E, Dorrestein PC, Gerwick 

WH. 2008. Biosynthetic origin of natural products isolated from marine microorganism - 

Invertebrate assemblages. Proc Natl Acad Sci U S A 105:4587–4594. 

91.  Mansson M, Gram L, Larsen TO. 2011. Production of bioactive secondary metabolites by marine 

Vibrionaceae. Mar Drugs 9:1440–1468. 

92.  Land M, Hauser L, Jun SR, Nookaew I, Leuze MR, Ahn TH, Karpinets T, Lund O, Kora G, Wassenaar 

T, Poudel S, Ussery DW. 2015. Insights from 20 years of bacterial genome sequencing. Funct 

Integr Genomics 15:141–161. 

93.  Weber T. 2014. In silico tools for the analysis of antibiotic biosynthetic pathways. Int J Med 

Microbiol 304:230–235. 

94.  Medema MH, Blin K, Cimermancic P, De Jager V, Zakrzewski P, Fischbach MA, Weber T, Takano E, 

Breitling R. 2011. AntiSMASH: Rapid identification, annotation and analysis of secondary 

metabolite biosynthesis gene clusters in bacterial and fungal genome sequences. Nucleic Acids 

Res 39:339–346. 



52 
 

95.  Blin K, Shaw S, Steinke K, Villebro R, Ziemert N, Lee SY, Medema MH, Weber T. 2019. AntiSMASH 

5.0: Updates to the secondary metabolite genome mining pipeline. Nucleic Acids Res 47:W81–

W87. 

96.  Chevrette MG, Aicheler F, Kohlbacher O, Currie CR, Medema MH. 2017. SANDPUMA: Ensemble 

predictions of nonribosomal peptide chemistry reveal biosynthetic diversity across 

Actinobacteria. Bioinformatics 33:3202–3210. 

97.  Nguyen TA, Ishida K, Jenke-Kodama H, Dittmann E, Gurgui C, Hochmuth T, Taudien S, Platzer M, 

Hertweck C, Piel J. 2008. Exploiting the mosaic structure of trans-acyltransferase polyketide 

synthases for natural product discovery and pathway dissection. Nat Biotechnol 26:225–233. 

98.  Machado H, Sonnenschein EC, Melchiorsen J, Gram L. 2015. Genome mining reveals unlocked 

bioactive potential of marine Gram-negative bacteria. BMC Genomics 16:158. 

99.  Azevedo GPR, Mattsson HK, Lopes GR, Vidal L, Campeão M, Tonon LAC, Garcia GD, Tschoeke DA, 

Silva BS, Otsuki K, Gomez-Gil B, Swings J, Thompson FL, Thompson CC. 2020. Vibrio tetraodonis 

sp. nov.: genomic insights on the secondary metabolites repertoire. Arch Microbiol 

https://doi.org/10.1007/s00203-020-02019-2. 

100.  Boddy CN. 2014. Bioinformatics tools for genome mining of polyketide and non-ribosomal 

peptides. J Ind Microbiol Biotechnol 41:443–450. 

101.  Hannigan GD, Prihoda D, Palicka A, Soukup J, Klempir O, Rampula L, Durcak J, Wurst M, Kotowski 

J, Chang D, Wang R, Piizzi G, Temesi G, Hazuda DJ, Woelk CH, Bitton DA. 2019. A deep learning 

genome-mining strategy for biosynthetic gene cluster prediction. Nucleic Acids Res 47:e110. 

102.  Shiraishi T, Kuzuyama T. 2019. Recent advances in the biosynthesis of nucleoside antibiotics. J 

Antibiot (Tokyo) 72:913–923. 

103.  Buijs Y, Bech PK, Vazquez-albacete D, Bentzon-tilia M, Sonnenschein EC. 2019. Marine 

Proteobacteria as a source of natural products : advances in molecular tools and strategies. Nat 

Prod Rep 36:1333–1350. 

104.  Wang P, Yu Z, Li B, Cai X, Zeng Z, Chen X, Wang X. 2015. Development of an efficient conjugation-

based genetic manipulation system for Pseudoalteromonas. Microb Cell Fact 14:11. 

105.  Nett M, Ikeda H, Moore BS. 2009. Genomic basis for natural product biosynthetic diversity in the 

https://doi.org/10.1007/s00203-020-02019-2.


53 
 

actinomycetes. Nat Prod Rep 26:1362–1384. 

106.  Hoskisson PA, Seipke RF. 2020. Cryptic or silent? The known unknowns, unknown knowns, and 

unknown unknowns of secondary metabolism. MBio 11:e02642-20. 

107.  Amos GCA, Awakawa T, Tuttle RN, Letzel A-C, Kim MC, Kudo Y, Fenical W, S. Moore B, Jensen PR. 

2017. Comparative transcriptomics as a guide to natural product discovery and biosynthetic gene 

cluster functionality. Proc Natl Acad Sci 114:E11121–E11130. 

108.  Dehm D, Krumbholz J, Baunach M, Wiebach V, Hinrichs K, Guljamow A, Tabuchi T, Jenke-Kodama 

H, Süssmuth RD, Dittmann E. 2019. Unlocking the spatial control of secondary metabolism 

uncovers hidden natural product diversity in Nostoc punctiforme. ACS Chem Biol 14:1271–1279. 

109.  Zaburannyi N, Rabyk M, Ostash B, Fedorenko V, Luzhetskyy A. 2014. Insights into naturally 

minimised Streptomyces albus J1074 genome. BMC Genomics 15:97. 

110.  Xu F, Nazari B, Moon K, Bushin LB, Seyedsayamdost MR. 2017. Discovery of a cryptic antifungal 

compound from Streptomyces albus J1074 using high-throughput elicitor screens. J Am Chem Soc 

139:9203–9212. 

111.  Cornforth DM, Foster KR. 2013. Competition sensing: The social side of bacterial stress 

responses. Nat Rev Microbiol 11:285–293. 

112.  Maplestone RA, Stone MJ, Williams DH. 1992. The evolutionary role of secondary metabolites-a 

review. Gene 115:151–157. 

113.  Choi SS, Katsuyama Y, Bai L, Deng Z, Ohnishi Y, Kim ES. 2018. Genome engineering for microbial 

natural product discovery. Curr Opin Microbiol 45:53–60. 

114.  Myronovskyi M, Luzhetskyy A. 2016. Native and engineered promoters in natural product 

discovery. Nat Prod Rep 33:1006–1019. 

115.  Laureti L, Song L, Huang S, Corre C, Leblond P, Challis GL, Aigle B. 2011. Identification of a 

bioactive 51-membered macrolide complex by activation of a silent polyketide synthase in 

Streptomyces ambofaciens. Proc Natl Acad Sci U S A 108:6258–6263. 

116.  Sidda JD, Song L, Poon V, Al-Bassam M, Lazos O, Buttner MJ, Challis GL, Corre C. 2014. Discovery 

of a family of γ-aminobutyrate ureas via rational derepression of a silent bacterial gene cluster. 

Chem Sci 5:86–89. 



54 
 

117.  Huo L, Hug JJ, Fu C, Bian X, Zhang Y, Müller R. 2019. Heterologous expression of bacterial natural 

product biosynthetic pathways. Nat Prod Rep 36:1412–1436. 

118.  Zhang JJ, Tang X, Moore BS. 2019. Genetic platforms for heterologous expression of microbial 

natural products. Nat Prod Rep 36:1313–1332. 

119.  Katz M, Hover BM, Brady SF. 2016. Culture-independent discovery of natural products from soil 

metagenomes. J Ind Microbiol Biotechnol 43:129–141. 

120.  Yamanaka K, Reynolds KA, Kersten RD, Ryan KS, Gonzalez DJ, Nizet V, Dorrestein PC, Moore BS. 

2014. Direct cloning and refactoring of a silent lipopeptide biosynthetic gene cluster yields the 

antibiotic taromycin A. Proc Natl Acad Sci U S A 111:1957–1962. 

121.  Hover BM, Kim S-H, Katz M, Charlop-Powers Z, Owen JG, Ternei MA, Maniko J, Estrela AB, Molina 

H, Park S, Perlin DS, Brady SF. 2018. Culture-independent discovery of the malacidins as calcium-

dependent antibiotics with activity against multidrug-resistant Gram-positive pathogens. Nat 

Microbiol 3:415–422. 

122.  Giubergia S, Phippen C, Nielsen KF, Gram L. 2017. Growth on chitin impacts the transcriptome 

and metabolite profiles of antibiotic-producing Vibrio coralliilyticus S2052 and Photobacterium 

galatheae S2753. mSystems 2:e00141-16. 

123.  Romano S, Schulz-Vogt HN, González JM, Bondarev V. 2015. Phosphate limitation induces drastic 

physiological changes, virulence-related gene expression, and secondary metabolite production 

in Pseudovibrio sp. strain FO-BEG1. Appl Environ Microbiol 81:3518–3528. 

124.  Timmermans ML, Picott KJ, Ucciferri L, Ross AC. 2019. Culturing marine bacteria from the genus 

Pseudoalteromonas on a cotton scaffold alters secondary metabolite production. 

Microbiologyopen 8:e724. 

125.  Moon K, Xu F, Seyedsayamdost MR. 2019. Cebulantin, a cryptic lanthipeptide antibiotic 

uncovered using bioactivity-coupled HiTES. Angew Chemie - Int Ed 58:5973–5977. 

126.  Xu F, Wu Y, Zhang C, Davis KM, Moon K, Bushin LB, Seyedsayamdost MR. 2019. A genetics-free 

method for high-throughput discovery of cryptic microbial metabolites. Nat Chem Biol 15:161–

168. 

127.  Adnani N, Chevrette MG, Adibhatla SN, Zhang F, Yu Q, Braun DR, Nelson J, Simpkins SW, 



55 
 

McDonald BR, Myers CL, Piotrowski JS, Thompson CJ, Currie CR, Li L, Rajski SR, Bugni TS. 2017. 

Coculture of marine invertebrate-associated bacteria and interdisciplinary technologies enable 

biosynthesis and discovery of a new antibiotic, keyicin. ACS Chem Biol 12:3093–3102. 

128.  Rappé MS, Giovannoni SJ. 2003. The uncultured microbial majority. Annu Rev Microbiol 57:369–

394. 

129.  Charlop-Powers Z, Pregitzer CC, Lemetre C, Ternei MA, Maniko J, Hover BM, Calle PY, McGuire 

KL, Garbarino J, Forgione HM, Charlop-Powers S, Brady SF. 2016. Urban park soil microbiomes 

are a rich reservoir of natural product biosynthetic diversity. Proc Natl Acad Sci 113:14811–

14816. 

130.  Bech PK, Lysdal KL, Gram L, Bentzon-Tilia M, Strube ML. 2020. Marine sediments hold an 

untapped potential for novel taxonomic and bioactive bacterial diversity. mSystems 5:e00782-20. 

131.  Linares-Otoya L, Linares-Otoya V, Armas-Mantilla L, Blanco-Olano C, Crüsemann M, Ganoza-

Yupanqui ML, Campos-Florian J, König GM, Schäberle TF. 2017. Identification and heterologous 

expression of the kocurin biosynthetic gene cluster. Microbiology 163:1409–1414. 

132.  Liu T, Mazmouz R, Neilan BA. 2018. An in vitro and in vivo study of broad-range 

phosphopantetheinyl transferases for heterologous expression of cyanobacterial natural 

products. ACS Synth Biol 7:1143–1151. 

133.  Bode HB, Bethe B, Höfs R, Zeeck A. 2002. Big effects from small changes: Possible ways to explore 

nature’s chemical diversity. ChemBioChem 3:619–627. 

134.  Iwai Y, Ömura S. 1982. Culture conditions for screening of new antibiotics. J Antibiot (Tokyo) 

35:123–141. 

135.  Van Wezel GP, McDowall KJ. 2011. The regulation of the secondary metabolism of Streptomyces: 

New links and experimental advances. Nat Prod Rep 28:1311–1333. 

136.  Ruiz B, Chávez A, Forero A, García-Huante Y, Romero A, Snchez M, Rocha D, Snchez B, Rodríguez-

Sanoja R, Sánchez S, Langley E. 2010. Production of microbial secondary metabolites: Regulation 

by the carbon source. Crit Rev Microbiol 36:146–167. 

137.  Gooday GW. 1990. The ecology of chitin degradation, p. 387–430. In Marshall, KC (ed.), Advances 

in Microbial Ecology. Plenum Press. 



56 
 

138.  Giubergia S, Phippen C, Gotfredsen CH, Nielsen KF, Gram L. 2016. Influence of niche-specific 

nutrients on secondary metabolism in Vibrionaceae. Appl Environ Microbiol 82:4035–4044. 

139.  Romano S, Jackson S, Patry S, Dobson A. 2018. Extending the “One Strain Many Compounds” 

(OSMAC) principle to marine microorganisms. Mar Drugs 16:244. 

140.  Neilands JB. 1995. Siderophores: Structure and function of microbial iron transport compounds. J 

Biol Chem 50:715–731. 

141.  Gallagher KA, Wanger G, Henderson J, Llorente M, Hughes CC, Jensen PR. 2017. Ecological 

implications of hypoxia-triggered shifts in secondary metabolism. Environ Microbiol 19:2182–

2191. 

142.  Yan L, Boyd KG, Grant Burgess J. 2002. Surface attachment induced production of antimicrobial 

compounds by marine epiphytic bacteria using modified roller bottle cultivation. Mar Biotechnol 

4:356–366. 

143.  Craney A, Ozimok C, Pimentel-Elardo SM, Capretta A, Nodwell JR. 2012. Chemical perturbation of 

secondary metabolism demonstrates important links to primary metabolism. Chem Biol 19:1020–

1027. 

144.  Okada BK, Seyedsayamdost MR. 2017. Antibiotic dialogues: Induction of silent biosynthetic gene 

clusters by exogenous small molecules. FEMS Microbiol Rev 41:19–33. 

145.  Moon K, Xu F, Zhang C, Seyedsayamdost MR. 2019. Bioactivity-HiTES unveils cryptic antibiotics 

encoded in actinomycete bacteria. ACS Chem Biol 14:767–774. 

146.  Watrous JD, Dorrestein PC. 2011. Imaging mass spectrometry in microbiology. Nat Rev Microbiol 

9:683–694. 

147.  Hibbing ME, Fuqua C, Parsek MR, Peterson SB. 2010. Bacterial competition: Surviving and thriving 

in the microbial jungle. Nat Rev Microbiol 8:15–25. 

148.  Patin N V., Floros DJ, Hughes CC, Dorrestein PC, Jensen PR. 2018. The role of inter-species 

interactions in Salinispora specialized metabolism. Microbiology 164:946–955. 

149.  Nai C, Meyer V. 2018. From axenic to mixed cultures: technological advances accelerating a 

paradigm shift in microbiology. Trends Microbiol 26:538–554. 



57 
 

150.  Bertrand S, Bohni N, Schnee S, Schumpp O, Gindro K, Wolfender JL. 2014. Metabolite induction 

via microorganism co-culture: A potential way to enhance chemical diversity for drug discovery. 

Biotechnol Adv 32:1180–1204. 

151.  Arora D, Gupta P, Jaglan S, Roullier C, Grovel O, Bertrand S. 2020. Expanding the chemical 

diversity through microorganisms co-culture: Current status and outlook. Biotechnol Adv 

40:107521. 

152.  Watrous J, Roach P, Alexandrov T, Heath BS, Yang JY, Kersten RD, van der Voort M, Pogliano K, 

Gross H, Raaijmakers JM, Moore BS, Laskin J, Bandeira N, Dorrestein PC. 2012. Mass spectral 

molecular networking of living microbial colonies. Proc Natl Acad Sci 109:E1743–E1752. 

153.  Eriksson C, Masaki N, Yao I, Hayasaka T, Setou M. 2013. MALDI imaging mass spectrometry—a 

mini review of methods and recent developments. Mass Spectrom 2:S0022–S0022. 

154.  Traxler MF, Watrous JD, Alexandrov T, Dorrestein PC, Kolter R. 2013. Interspecies interactions 

stimulate diversification of the Streptomyces coelicolor secreted metabolome. MBio 4:e00459-

13. 

155.  Pishchany G, Mevers E, Ndousse-Fetter S, Horvath DJ, Paludo CR, Silva-Junior EA, Koren S, Skaar 

EP, Clardy J, Kolter R. 2018. Amycomicin is a potent and specific antibiotic discovered with a 

targeted interaction screen. Proc Natl Acad Sci U S A 115:10124–10129. 

156.  König CC, Scherlach K, Schroeckh V, Horn F, Nietzsche S, Brakhage AA, Hertweck C. 2013. 

Bacterium induces cryptic meroterpenoid pathway in the pathogenic fungus Aspergillus 

fumigatus. ChemBioChem 14:938–942. 

157.  Oh DC, Jensen PR, Kauffman CA, Fenical W. 2005. Libertellenones A-D: Induction of cytotoxic 

diterpenoid biosynthesis by marine microbial competition. Bioorganic Med Chem 13:5267–5273. 

158.  Arora D, Chashoo G, Singamaneni V, Sharma N, Gupta P, Jaglan S. 2018. Bacillus 

amyloliquefaciens induces production of a novel blennolide K in coculture of Setophoma 

terrestris. J Appl Microbiol 124:730–739. 

159.  Schroeckh V, Scherlach K, Nützmann HW, Shelest E, Schmidt-Heck W, Schuemann J, Martin K, 

Hertweck C, Brakhage AA. 2009. Intimate bacterial-fungal interaction triggers biosynthesis of 

archetypal polyketides in Aspergillus nidulans. Proc Natl Acad Sci U S A 106:14558–14563. 



58 
 

160.  Fischer J, Müller SY, Netzker T, Jäger N, Gacek-Matthews A, Scherlach K, Stroe MC, García-Altares 

M, Pezzini F, Schoeler H, Reichelt M, Gershenzon J, Krespach MKC, Shelest E, Schroeckh V, 

Valiante V, Heinzel T, Hertweck C, Strauss J, Brakhage AA. 2018. Chromatin mapping identifies 

BasR, a key regulator of bacteria-triggered production of fungal secondary metabolites. Elife 

7:e40969. 

161.  Ringø E, Jøstensen JP, Olsen RE. 1992. Production of eicosapentaenoic acid by freshwater Vibrio. 

Lipids 27:564–566. 

162.  Orata FD, Xu Y, Gladney LM, Rishishwar L, Case RJ, Boucher Y, Jordan IK, Tarr CL. 2016. 

Characterization of clinical and environmental isolates of Vibrio cidicii sp. nov., a close relative of 

Vibrio navarrensis. Int J Syst Evol Microbiol 66:4148–4155. 

163.  Fuertes-Perez S, Hauschild P, Hilgarth M, Vogel RF. 2019. Biodiversity of Photobacterium spp. 

Isolated From Meats. Front Microbiol 10:2399. 

164.  Thompson FL, Iida T, Swings J. 2004. Biodiversity of Vibrios. Microbiol Mol Biol Rev 68:403–431. 

165.  Labella AM, Arahal DR, Castro D, Lemos ML, Borrego JJ. 2017. Revisiting the genus 

Photobacterium: Taxonomy, ecology and pathogenesis. Int Microbiol 20:1–10. 

166.  Wang X, Liu J, Li B, Liang J, Sun H, Zhou S, Zhang X-H. 2019. Spatial heterogeneity of Vibrio spp. in 

sediments of Chinese marginal seas. Appl Enivironmental Microbiol 85:e03064-18. 

167.  Takemura AF, Chien DM, Polz MF. 2014. Associations and dynamics of Vibrionaceae in the 

environment, from the genus to the population level. Front Microbiol 5:1–26. 

168.  Erken M, Lutz C, McDougald D. 2015. Interactions of Vibrio spp. with Zooplankton. Microbiol 

Spectr 3:VE-0003-2014. 

169.  Hunt DE, David LA, Gevers D, Preheim SP, Alm EJ, Polz MF. 2008. Resource partitioning and 

sympatric differentiation among closely related bacterioplankton. Science (80- ) 320:1081–1085. 

170.  Preheim SP, Boucher Y, Wildschutte H, David LA, Veneziano D, Alm EJ, Polz MF. 2011. 

Metapopulation structure of Vibrionaceae among coastal marine invertebrates. Environ 

Microbiol 13:265–275. 

171.  Ushijima B, Videau P, Burger AH, Shore-Maggio A, Runyon CM, Sudek M, Aeby GS, Callahan SM. 

2014. Vibrio coralliilyticus strain OCN008 is an etiological agent of acute montipora white 



59 
 

syndrome. Appl Environ Microbiol 80:2102–2109. 

172.  Ben-Haim Y, Thompson FL, Thompson CC, Cnockaert MC, Hoste B, Swings J, Rosenberg E. 2003. 

Vibrio coralliilyticus sp. nov., a temperature-dependent pathogen of the coral Pocillopora 

damicornis. Int J Syst Evol Microbiol 53:309–315. 

173.  Gradoville MR, Crump BC, Häse CC, White AE. 2018. Environmental controls of oyster-pathogenic 

Vibrio spp. in Oregon estuaries and a shellfish hatchery. Appl Environ Microbiol 84:e02156-17. 

174.  Kaneko T, Krichevsky MI, Atlas RM. 1979. Numerical taxonomy of bacteria from the Beaufort Sea. 

Microbiology 110:111–125. 

175.  Kaneko T, Colwell RR. 1974. Distribution of Vibrio parahaemolyticus and related organisms in the 

Atlantic Ocean off South Carolina and Georgia. Appl Microbiol 28:1009–1017. 

176.  Cook TM, Goldman CK. 1976. Bacteriology of Chesapeake Bay surface waters. Chesap Sci 17:40–

49. 

177.  Lauro FM, McDougald D, Thomas T, Williams TJ, Egan S, Rice S, DeMaere MZ, Ting L, Ertan H, 

Johnson J, Ferriera S, Lapidus A, Anderson I, Kyrpides N, Munkf AC, Detterg C, Hang CS, Brown M 

V., Robb FT, Kjelleberg S, Cavicchioli R. 2009. The genomic basis of trophic strategy in marine 

bacteria. Proc Natl Acad Sci U S A 106:15527–15533. 

178.  Vergin KL, Done B, Carlson CA, Giovannoni SJ. 2013. Spatiotemporal distributions of rare 

bacterioplankton populations indicate adaptive strategies in the oligotrophic ocean. Aquat 

Microb Ecol 71:1–13. 

179.  Swan BK, Tupper B, Sczyrba A, Lauro FM, Martinez-Garcia M, Gonźalez JM, Luo H, Wright JJ, 

Landry ZC, Hanson NW, Thompson BP, Poulton NJ, Schwientek P, Acinas SG, Giovannoni SJ, 

Moran MA, Hallam SJ, Cavicchioli R, Woyke T, Stepanauskas R. 2013. Prevalent genome 

streamlining and latitudinal divergence of planktonic bacteria in the surface ocean. Proc Natl 

Acad Sci U S A 110:11463–11468. 

180.  Westrich JR, Griffin DW, Westphal DL, Lipp EK. 2018. Vibrio population dynamics in mid-atlantic 

surface waters during Saharan dust events. Front Mar Sci 5:12. 

181.  Gilbert JA, Steele JA, Caporaso JG, Steinbrück L, Reeder J, Temperton B, Huse S, McHardy AC, 

Knight R, Joint I, Somerfield P, Fuhrman JA, Field D. 2012. Defining seasonal marine microbial 



60 
 

community dynamics. ISME J 6:298–308. 

182.  Siboni N, Balaraju V, Carney R, Labbate M, Seymour JR. 2016. Spatiotemporal dynamics of Vibrio 

spp. within the Sydney Harbour estuary. Front Microbiol 7:460. 

183.  Faruque SM, Albert MJ, Mekalanos JJ. 1998. Epidemiology, genetics, and ecology of toxigenic 

Vibrio cholerae. Microbiol Mol Biol Rev 62:1301–1314. 

184.  Lutz C, Erken M, Noorian P, Sun S, McDougald D. 2013. Environmental reservoirs and 

mechanisms of persistence of Vibrio cholerae. Front Microbiol 4:375. 

185.  Teschler JK, Zamorano-Sánchez D, Utada AS, Warner CJA, Wong GCL, Linington RG, Yildiz FH. 

2015. Living in the matrix: Assembly and control of Vibrio cholerae biofilms. Nat Rev Microbiol 

13:255–268. 

186.  Richards GP, Watson MA, Needleman DS, Church KM, Häse CC. 2015. Mortalities of Eastern and 

Pacific oyster larvae caused by the pathogens Vibrio coralliilyticus and Vibrio tubiashii. Appl 

Environ Microbiol 81:292–297. 

187.  Frans I, Michiels CW, Bossier P, Willems KA, Lievens B, Rediers H. 2011. Vibrio anguillarum as a 

fish pathogen: Virulence factors, diagnosis and prevention. J Fish Dis 34:643–661. 

188.  Urbanczyk H, Ast JC, Higgins MJ, Carson J, Dunlap P V. 2007. Reclassification of Vibrio fischeri, 

Vibrio logei, Vibrio salmonicida and Vibrio wodanis as Aliivibrio fischeri gen. nov., comb. nov., 

Aliivibrio logei comb. nov., Aliivibrio salmonicida comb. nov. and Aliivibrio wodanis comb. nov. Int 

J Syst Evol Microbiol 57:2823–2829. 

189.  Ruby EG. 1996. Lessons from a cooperative bacterial-animal association: The Vibrio fischeri–

Euprymna scolopes light organ symbiosis. Annu Rev Microbiol 50:591–624. 

190.  Verma SC, Miyashiro T. 2013. Quorum sensing in the squid-Vibrio symbiosis. Int J Mol Sci 

14:16386–16401. 

191.  Jones BW, Nishiguchi MK. 2004. Counterillumination in the Hawaiian bobtail squid, Euprymna 

scolopes Berry (Mollusca: Cephalopoda). Mar Biol 144:1151–1155. 

192.  Fuqua C, Greenberg EP. 1998. Self perception in bacteria: Quorum sensing with acylated 

homoserine lactones. Curr Opin Microbiol 1:183–189. 



61 
 

193.  Papenfort K, Silpe JE, Schramma KR, Cong JP, Seyedsayamdost MR, Bassler BL. 2017. A Vibrio 

cholerae autoinducer-receptor pair that controls biofilm formation. Nat Chem Biol 13:551–557. 

194.  Nealson KH, Platt T, Hastings JW. 1970. Cellular control of the synthesis and activity of the 

bacterial luminescent system. J Bacteriol 104:313–322. 

195.  Ryan RP, Dow JM. 2008. Diffusible signals and interspecies communication in bacteria. 

Microbiology 154:1845–1858. 

196.  Fischbach MA. 2009. Antibiotics from microbes: converging to kill. Curr Opin Microbiol 12:520–

527. 

197.  Cornforth DM, Foster KR. 2015. Antibiotics and the art of bacterial war. Proc Natl Acad Sci 

112:10827–10828. 

198.  Westhoff S, Otto SB, Swinkels A, Bode B, Wezel GP, Rozen DE. 2020. Spatial structure increases 

the benefits of antibiotic production in Streptomyces. Evolution (N Y) 74:179–187. 

199.  Matz C, Webb JS, Schupp PJ, Phang SY, Penesyan A, Egan S, Steinberg P, Kjelleberg S. 2008. 

Marine biofilm bacteria evade eukaryotic predation by targeted chemical defense. PLoS One 

3:e2744. 

200.  Klapper M, Götze S, Barnett R, Willing K, Stallforth P. 2016. Bacterial alkaloids prevent amoebal 

predation. Angew Chemie - Int Ed 55:8944–8947. 

201.  Linares JF, Gustafsson I, Baquero F, Martinez JL. 2006. Antibiotics as intermicrobiol signaling 

agents instead of weapons. Proc Natl Acad Sci U S A 103:19484–19489. 

202.  Yim G, Huimi Wang H, Davies FRS J. 2007. Antibiotics as signalling molecules. Philos Trans R Soc B 

Biol Sci 362:1195–1200. 

203.  Andersson DI, Hughes D. 2014. Microbiological effects of sublethal levels of antibiotics. Nat Rev 

Microbiol 12:465–478. 

204.  Beyersmann PG, Tomasch J, Son K, Stocker R, Göker M, Wagner-Döbler I, Simon M, Brinkhoff T. 

2017. Dual function of tropodithietic acid as antibiotic and signaling molecule in global gene 

regulation of the probiotic bacterium Phaeobacter inhibens. Sci Rep 7:730. 

205.  Dedyukhina EG, Eroshin VK. 1991. Essential metal ions in the control of microbial metabolism. 



62 
 

Process Biochem 26:31–37. 

206.  Andrews SC, Robinson AK, Rodríguez-Quiñones F. 2003. Bacterial iron homeostasis. FEMS 

Microbiol Rev 27:215–237. 

207.  Payne SM, Mey AR, Wyckoff EE. 2016. Vibrio iron transport: evolutionary adaptation to life in 

multiple environments. Microbiol Mol Biol Rev 80:69–90. 

208.  Venturi V, Weisbeek P, Koster M. 1995. Gene regulation of siderophore‐mediated iron 

acquisition in Pseudomonas: not only the Fur repressor. Mol Microbiol 17:603–610. 

209.  Angelini TE, Roper M, Kolter R, Weitz DA, Brenner MP. 2009. Bacillus subtilis spreads by surfing 

on waves of surfactant. Proc Natl Acad Sci U S A 106:18109–18113. 

210.  Ghelardi E, Salvetti S, Ceragioli M, Gueye SA, Celandroni F, Senesi S. 2012. Contribution of 

surfactin and SwrA to flagellin expression, swimming, and surface motility in Bacillus subtilis. Appl 

Environ Microbiol 78:6540–6544. 

211.  McDougald D, Rice SA, Barraud N, Steinberg PD, Kjelleberg S. 2012. Should we stay or should we 

go: Mechanisms and ecological consequences for biofilm dispersal. Nat Rev Microbiol 10:39–50. 

212.  Boles BR, Thoendel M, Singh PK. 2005. Rhamnolipids mediate detachment of Pseudomonas 

aeruginosa from biofilms. Mol Microbiol 57:1210–1223. 

213.  Severin J, Wohlfarth A, Galinslki EA. 1992. The predominant role of recently discovered 

tetrahydropyrimidines for the osmoadaptation of halophilic eubacteria. J Gen Microbiol 

138:1629–1638. 

214.  Pflughoeft KJ, Kierek K, Watnick PI. 2003. Role of ectoine in Vibrio cholerae osmoadaptation. Appl 

Environ Microbiol 69:5919–5927. 

215.  Borić M, Danevčič T, Stopar D. 2011. Prodigiosin from Vibrio sp. DSM 14379; a new UV-protective 

pigment. Microb Ecol 62:528. 

216.  Suryawanshi RK, Patil CD, Koli SH, Hallsworth JE, Patil S V. 2017. Antimicrobial activity of 

prodigiosin is attributable to plasma-membrane damage. Nat Prod Res 31:572–577. 

217.  Shi L, Dong H, Reguera G, Beyenal H, Lu A, Liu J, Yu HQ, Fredrickson JK. 2016. Extracellular 

electron transfer mechanisms between microorganisms and minerals. Nat Rev Microbiol 14:651–



63 
 

662. 

218.  Wang Y, Kern SE, Newman DK. 2010. Endogenous phenazine antibiotics promote anaerobic 

survival of Pseudomonas aeruginosa via extracellular electron transfer. J Bacteriol 192:365–369. 

219.  D’Souza G, Shitut S, Preussger D, Yousif G, Waschina S, Kost C. 2018. Ecology and evolution of 

metabolic cross-feeding interactions in bacteria. Nat Prod Rep 35:455–488. 

220.  van der Meij A, Worsley SF, Hutchings MI, van Wezel GP. 2017. Chemical ecology of antibiotic 

production by actinomycetes. FEMS Microbiol Rev 41:392–416. 

221.  Reynolds HL, Packer A, Bever JD, Clay K. 2003. Grassroots ecology: Plant-microbe-soil interactions 

as drivers of plant community structure and dynamics. Ecology 84:2281–2291. 

222.  Cordero OX, Ventouras LA, DeLong EF, Polz MF. 2012. Public good dynamics drive evolution of 

iron acquisition strategies in natural bacterioplankton populations. Proc Natl Acad Sci U S A 

109:20059–20064. 

223.  Smith P, Schuster M. 2019. Public goods and cheating in microbes. Curr Biol 29:R442–R447. 

224.  Böttcher T, Clardy J. 2014. A chimeric siderophore halts swarming Vibrio. Angew Chemie - Int Ed 

53:3510–3513. 

225.  Currie CR. 2001. A community of ants, fungi, and bacteria: A multilateral approach to studying 

symbiosis. Annu Rev Microbiol 55:357–380. 

226.  Currie CR, Poulsen M, Mendenhall J, Boomsma JJ, Billen J. 2006. Coevolved crypts and exocrine 

glands support mutualistic bacteria in fungus-growing ants. Science (80- ) 311:81–83. 

227.  Oh DC, Poulsen M, Currie CR, Clardy J. 2009. Dentigerumycin: A bacterial mediator of an ant-

fungus symbiosis. Nat Chem Biol 5:391–393. 

228.  Earl AM, Losick R, Kolter R. 2008. Ecology and genomics of Bacillus subtilis. Trends Microbiol 

16:269–275. 

229.  Blake C, Nordgaard Christensen M, Kovács ÁT. 2020. Molecular aspects of plant growth 

promotion and protection by Bacillus subtilis. Mol Plant-Microbe Interact 

https://doi.org/10.1094/MPMI-08-20-0225-CR. 

230.  Bais HP, Fall R, Vivanco JM. 2004. Biocontrol of Bacillus subtilis against infection of Arabidopsis 

https://doi.org/10.1094/MPMI-08-20-0225-CR.


64 
 

roots by Pseudomonas syringae is facilitated by biofilm formation and surfactin production. Plant 

Physiol 134:307–319. 

231.  Fan H, Zhang Z, Li Y, Zhang X, Duan Y, Wang Q. 2017. Biocontrol of bacterial fruit blotch by 

Bacillus subtilis 9407 via surfactin-mediated antibacterial activity and colonization. Front 

Microbiol 8:1793. 

232.  Kiesewalter HT, Lozano-andrade CN, Wibowo M, Strube ML, Snyder D, Larsen TO, Cooper VS, 

Weber T, Kovács ÁT. 2020. Genomic and chemical diversity of Bacillus subtilis secondary 

metabolites against plant pathogenic fungi. bioRxiv https://doi.org/10.1101/2020.08.05.238063. 

233.  Arkhipova TN, Veselov SU, Melentiev AI, Martynenko E V., Kudoyarova GR. 2005. Ability of 

bacterium Bacillus subtilis to produce cytokinins and to influence the growth and endogenous 

hormone content of lettuce plants. Plant Soil 272:201–209. 

234.  Shibl AA, Isaac A, Ochsenkühn MA, Cárdenas A, Fei C, Behringer G, Arnoux M, Drou N, Santos MP, 

Gunsalus KC, Voolstra CR, Amin SA. 2020. Diatom modulation of microbial consortia through use 

of two unique secondary metabolites. Proc Natl Acad Sci 117:27445–27455. 

235.  Amin SA, Hmelo LR, Van Tol HM, Durham BP, Carlson LT, Heal KR, Morales RL, Berthiaume CT, 

Parker MS, Djunaedi B, Ingalls AE, Parsek MR, Moran MA, Armbrust E V. 2015. Interaction and 

signalling between a cosmopolitan phytoplankton and associated bacteria. Nature 552:98–101. 

236.  Cordero OX, Wildschutte H, Kirkup B, Proehl S, Ngo L, Hussain F, Le Roux F, Mincer T, Polz MF. 

2012. Ecological populations of bacteria act as socially cohesive units of antibiotic production and 

resistance. Science (80- ) 337:1228–1231. 

237.  Wright ES, Vetsigian K. 2016. Inhibitory interactions promote frequent bistability among 

competing bacteria. Nat Commun 7:11274. 

238.  Lories B, Roberfroid S, Dieltjens L, De Coster D, Foster KR, Steenackers HP. 2020. Biofilm bacteria 

use stress responses to detect and respond to competitors. Curr Biol 30:1231-1244.e4. 

239.  Russell AB, Peterson SB, Mougous JD. 2014. Type VI secretion system effectors: Poisons with a 

purpose. Nat Rev Microbiol 12:137–148. 

 

  

https://doi.org/10.1101/2020.08.05.238063.


65 
 

Articles 

This thesis is based on the following articles: 

 

Article 1: Buijs, Y., Bech, P.K., Vazquez-Albacate, D., Bentzon-Tilia, M., Sonnenschein, E.C., Gram, 

L. & Zhang, S.D. 2019. Marine Proteobacteria as a source of natural products: advances in 

molecular tools and strategies. Nat Prod Rep 36, 1333-1340.  

 

Article 2: Buijs, Y., Isbrandt, T., Zhang, S.D., Larsen, T.O. & Gram, L. The antibiotic andrimid 

produced by Vibrio coralliilyticus increases expression of biosynthetic gene clusters and antibiotic 

production in Photobacterium galatheae. Front Microbiol 11, 3276.  

 

Article 3: Buijs, Y., Zhang, S.D., Isbrandt, T., Jørgensen, K.M., Larsen, T.O. & Gram, L. Enhancement 

of antibiotic production by co-cultivation of two antibiotic producing marine Vibrionaceae. 

Manuscript submitted to FEMS Microbiology Ecology. 

 

 

Furthermore, during my PhD I have contributed to the following article, which is not included in 

this thesis: 

Paulsen, S. S., Isbrandt, T., Kirkegaard, M., Buijs, Y., Strube, M. L., Sonnenschein, E. C., Larsen, 

T.O. & Gram, L. 2020. Production of the antimicrobial compound tetrabromopyrrole and the 

Pseudomonas quinolone system precursor, HHQ, by a novel marine species Pseudoalteromonas 

galatheae sp. nov. Sci Rep 10, 21630  

 



Article 1 

Buijs, Y., Bech, P.K., Vazquez-Albacate, D., Bentzon-Tilia, M., Sonnenschein, E.C., Gram, L. & 

Zhang, S.D. (2019) 

Marine Proteobacteria as a source of natural products: advances in molecular tools and 

strategies 

Nat Prod Rep 36, 1333-1340  

 



Marine Proteobacteria as a source of natural
products: advances in molecular tools and
strategies

Yannick Buijs, Pernille Kjersgaard Bech, Dario Vazquez-Albacete,
Mikkel Bentzon-Tilia, Eva C. Sonnenschein, Lone Gram
and Sheng-Da Zhang *

Covering: up to 2019

Humanity is in dire need for novel medicinal compounds with biological activities ranging from antibiotic to

anticancer and anti-dementia effects. Recent developments in genome sequencing and mining have

revealed an unappreciated potential for bioactive molecule production in marine Proteobacteria. Also,

novel bioactive compounds have been discovered through molecular manipulations of either the original

marine host bacteria or in heterologous hosts. Nevertheless, in contrast to the large repertoire of such

molecules as predicted by in silico analysis, few marine bioactive compounds have been reported. This

review summarizes the recent advances in the study of natural products from marine Proteobacteria.

Here we present successful examples on genetic engineering of biosynthetic gene clusters of natural

products from marine Proteobacteria. We also discuss the future prospects of discovering novel

bioactive molecules via both heterologous production methodology and the development of marine

Proteobacteria as new cell factories.
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1 Introduction

Humanity is in dire need for novel medicinal compounds with
biological activities ranging from antibiotic to anticancer and
anti-dementia effects. Infectious diseases that were easily cured
by antibiotics have recently become challenging due to the
rapid development and spread of antibiotic resistance in
infectious microorganisms. Diseases that mostly occur in the
elderly (dementia, cancer, arthritis) are increasing with the
aging population and we are still lacking adequate treatments.
Natural products from plants and microorganisms have been
a signicant source of medicinal compounds and almost two
thirds of our antibiotics are produced by or derived from
microorganisms.1 Until recently, terrestrial microorganisms,
especially Gram-positive Actinobacteria, have provided the
majority of these bioactive compounds. However, our need for
novel compounds has led to bioprospecting of microorganisms
from hitherto unexplored or less explored environments, such
as marine systems2 and also to new strategies for biodiscovery,
e.g. genome mining,3 heterologous expression from meta-
genomes4 and using synthetic biology.5
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Covering more than two thirds of the Earth's surface, the
oceans harbor many different marine-specic habitats that are
dened by a broad range of temperature or hydrostatic pres-
sure, uctuations in salinity, eukaryotic predation or viral
attacks.6 These unique ecological parameters drive the adapta-
tion of marine organisms including their production of marine-
specic molecular compounds.6,7 Bioactive medicinal
compounds have been isolated from a range of marine organ-
isms, including marine sponges, tunicates, bryozoans, and
microorganisms.8–10

It was anticipated that like on land, the Gram-positive Acti-
nobacteria would be a prolic source of novel compounds and
indeed many new promising compounds have been isolated
from marine Actinobacteria.11 A prime example is the discovery
of the anti-cancer agent salinosporamide A produced by the
obligate marine bacterium Salinispora.12 Also, marine Cyano-
bacteria have provided many novel compounds such as curacin
A, barbamide or the jamaicamides.13–15 However, it has also
become evident that other marine Gram-negative bacteria are
a rich source of secondary metabolites.16–19 For instance, more

than 20 biosynthetic gene clusters (BGCs) can be found in
a single genome of pigmented Pseudoalteromonas strains, which
dedicate up to 15% of their genomes to production of secondary
metabolites.20

In general, mining genomes revealed a large number of
BGCs likely encoding bioactive compounds.17 However, due to
the in vitro conditions during culturing in the laboratory,
many BGCs are likely cryptic and their products cannot be
easily detected. This untapped potential can be unlocked by
enhancing production in the native organisms, rst
addressing cultivation issues (carbon source, co-cultivation
with other bacteria) and also by metabolic engineering, or
using heterologous expression in robust, established cell
factories.

Molecular manipulation in marine bacteria is challenging
due to the lack of well-established universal methods for
genetic modication, and, for instance the requirement for
salts during growth can be a challenge for electroporation.
Fortunately, both electroporation and conjugation strategies
applicable in marine bacteria are being developed.21–23 Single
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gene products frommarine Proteobacteria have since the early
eighties been cloned and expressed in heterologous hosts.24

However, transfer and heterologous expression of larger, more
complex biosynthetic pathways is challenging in part because
of the size (10–100 kbp), in part because of nuances in regu-
latory elements or metabolic background between the native
producers and the engineering expression hosts.25 There are
only very few successful examples, including cloning and
expressing of alterobromide lipopeptides from Pseudoalter-
omonas piscicida in Escherichia coli.5,26,27

A prerequisite for successful cell engineering is identifying
relevant genes and gene clusters, as well as the sequential
enzymatic steps in the biosynthesis of the target compound.
This can be facilitated by knocking out/in genes in the native
producers, hence – again – being able to molecularly
manipulate the native producers is essential. The present
paper outlines options and challenges in genetic editing of
marine Proteobacteria as well as (the few) examples of
heterologous expression of larger gene clusters and indi-
vidual enzymes of the biosynthetic pathways involved in
secondary metabolism. Finally, recent advances in employing

marine Proteobacteria as chassis for synthetic biology and
biotechnological production of bioactive compounds are
outlined and a perspective on future potential cell factories is
provided.

1.1 Bioactive compounds from marine Proteobacteria

Many bioactive compounds, notably antibiotics, have been
isolated from Gram-positive Actinobacteria or lamentous
fungi and Gram-negative bacteria have not been researched as
extensively. However, recently genome mining has demon-
strated that also Gram-negative bacteria of the phylum Proteo-
bacteria harbor biosynthetic gene clusters likely encoding
bioactive compounds.

Proteobacteria is the major phylum of Gram-negative
bacteria and includes many well-known pathogens from
Vibrionaceae, Enterobacteriaceae and Pseudomonadaceae.
Although Proteobacteria is the most abundant phylum in
marine pelagic systems,28 only relatively few bioactive
compounds have been isolated from this group of organisms.
Most of these molecules, however, are not unique to the
marine environment, and are also produced by terrestrial
bacteria, algae, plants, or animals (Table 1). This is probably
due to the horizontal gene transfer (HGT)-mediated spread of
BGCs.3 For example, the dithiolopyrrolone group antibiotic,
holomycin (1) (Table 1, Fig. 1), initially isolated from cultures
of the terrestrial Gram-positive bacteria Streptomyces griseus,29

Streptomyces spp. P6621 (ref. 30) and Streptomyces clav-
uligerus,31 was recently extracted from cultures of Yersinia
ruckeri32 and Photobacterium galatheae S2753.17,33 Comparison
of the corresponding holomycin (1) BGCs of each strain reveals
highly conserved core genes,32,34,35 and host specic genes
involved in the holomycin (1) detoxication processes.32,35–37

This nding suggests that both HGT and host adaptation
occurred during the evolution of holomycin (1) BGCs.
Recently, along with the increasing number of genome
sequences, novel BGCs have been uncovered in marine Pro-
teobacteria and are being investigated.17,19,38–41 Despite this
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promising potential, genetic manipulations of these BGCs
either in their native producers or in heterologous expression
hosts are still challenging in the laboratory. An overview of
selected marine Proteobacteria bioactive compounds, their
native producers, the corresponding BGCs and their manipu-
lation are summarized in Table 1 and discussed in the
following sections.

2 Genetic engineering of biosynthetic
gene clusters in and from marine
Proteobacteria
2.1 Genetic engineering of BGCs in the native producers

Molecular engineering of natural product-producing microor-
ganisms has become possible with the recent breakthroughs in

Fig. 1 Selected bioactive compounds from marine Proteobacteria.

This journal is © The Royal Society of Chemistry 2019 Nat. Prod. Rep.
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genome sequencing and functional genomics.17,69–71 There are
several advantages in developing such genetic manipulation
tools. First, gene-targeting mutagenesis could link orphan BGCs
to identied bioactive compounds,72,73 which is the foundation
and prerequisite for refactoring BGCs in either the native
producers or the surrogate hosts. In addition, the native
producers encode all structural genes and regulatory elements
for the expression of BGCs, such as promoters, genetic regula-
tors, and host cell self-protection genes.37,68,74 Therefore, genetic
manipulation in the native producer cells is essential to reveal
the regulatory mechanism of BGC expression. This not only
holds the potential to increase the yield of bioactive mole-
cules,68 but also, more importantly, reveals the physiological
(and ecological) functions of these molecules.75,76 Genetic tools
can also be used to activate presumed silent BGCs, facilitating
the success rate of discovering more bioactive molecules in the
native hosts.77 In the following sections, we discuss the state-of-
the-art of genetic manipulation tools in marine Proteobacteria,
with a focus on strains that harbor BGCs.

2.1.1 Natural transformation of marine Proteobacteria.
Natural transformation has been widely used in marine Pro-
teobacteria, especially the marine chitinolytic species of the
Vibrionaceae family. In 2005, Meibom et al.78 found that chitin
induces natural competence in Vibrio cholerae. The molecular
mechanism of chitin-induced competence was subsequently
characterized in V. cholerae and several other Vibrio strains,
such as V. parahaemolyticus,79 V. vulnicus,80 and V. scheri.81

The form of chitin capable of inducing cell competence differs
among species or even among strains. For example, competence
of V. scheri81 is only induced by oligosaccharidic chitin,
whereas all forms of chitin induce competence in V. cholerae
and V. vulnicus.78,80 Chen et al.79 succeeded in generating
a deletion mutant of V. parahaemolyticus O3:K6 with a chitin-
induced natural transformation approach, while Chimalapati
et al.23 could not induce natural transformation in V. para-
haemolyticus CAB2 using the same approach. Instead, the
authors overexpressed the V. cholerae gene tfoX, a natural
transformation regulator, and thereby induced the natural
competence in V. parahaemolyticus.23 Natural transformation is
an efficient method for molecular manipulation of Vibrio
species, however, it has seldom been used in genetic engi-
neering of natural product BGCs in Vibrionaceae, mainly due to
the fact that marine Proteobacteria have only recently been
identied as a signicant source of novel bioactive
compounds.17,33,82

2.1.2 Chemical transformation of marine Proteobacteria.
Successful transformations by chemical procedures have only
rarely been reported for marine Proteobacteria. Marcus et al.83

used the osmotic shock protocol in an attempt to transform V.
cholerae strains with the plasmid pBR322, however, without
success. On the other hand, a similar procedure has been
successfully applied in a DNase-negative mutant of V. cholerae,
suggesting that extracellular DNase is one of the major barriers
for applying chemical transformation in V. cholerae. Piekarski
et al.21 also attempted to transform 12 strains from the Rose-
obacter group using standard chemical transformation proce-
dures, but these proved to be unsuccessful. These results

highlight that more efforts should be directed toward the
investigation of the transformability of marine Proteobacteria.
In 2016, Weinstock et al.84 deployed chemical transformation as
well as electroporation to engineer the fast-growing marine
species Virbio natriegens. As discussed in Section 3, this species
has been proposed as a competitive host for biotech applica-
tions, including the production of bioactive molecules from
marine Proteobacteria.

2.1.3 Electroporation in marine Proteobacteria. Electro-
poration is a well-established method, which has worked well
for a broad range of bacterial species, however, failures have
also been reported. The efficiency of electroporation is strain-
dependent, and affected by many factors, such as growth
conditions, temperature, restriction enzyme systems, eld
strength and type of exogenous DNA.22,85,86 Strain specic opti-
mization of these parameters is therefore normally required.
Electroporation has been used for several marine proteobacte-
rial species of the Vibrio, Pseudoalteromonas, Roseobacter, Cau-
lobacter and Halomonas genera. In 2018, Delavat et al.87

developed a rapid and efficient electroporation protocol for
Vibrio and Pseudoalteromonas strains. However, electroporation
was only successful in the stationary phase of V. harveyi cells
grown at 37 �C, but not in cells grown at 28 �C or exponential
phase cells grown at 37 �C. The same protocol was also
successfully applied in V. campbellii BAA-1116, and in Pseu-
doalteromonas spp. MV21 and 3 J6.

The earliest example of the use of electroporation in marine
Proteobacteria for secondary metabolite research is reported in
1997.66 Wyckoff et al. studied the genetics of the biosynthesis of
vibriobactin, a siderophore produced by the pathogen V. chol-
erae. Siderophores are iron-scavenging compounds and are
commonly produced by marine bacteria, due to typically low
iron levels in the marine environment.88

Pre-dating the sequence revolution, Wyckoff and coworkers
had to rely on classical methods such as library screening and
complementation to identify the vibriobactin biosynthetic
genes in V. cholerae. A set of well characterized E. coli mutants
unable to produce enterobactin, a siderophore that is struc-
turally similar to vibriobactin, were used in this study. Because
the biosynthesis of enterobactin and vibriobactin share the
same intermediate (2,3-dihydroxybenzoic acid), the authors
hypothesized that E. coli mutants unable to synthesize this
molecule could be complemented by homologous genes from V.
cholerae. A cosmid library of V. cholerae was screened for
complementation of enterobactin biosynthesis, which led to the
identication of the vibABCDE gene cluster.66 To conrm the
role of vibA in the biosynthesis of vibriobactin, the authors
inactivated the vibA gene in V. cholerae. Transposon mutagen-
esis with the Tn5 transposon system was carried out in E. coli to
obtain a plasmid carrying an inactivated vibA fragment, which
was identied by loss of the ability to complement enterobactin
biosynthesis.89 A suicide vector was constructed by subcloning
the vibA:Tn5 fragment and the sacB gene into vector pAT153. V.
cholerae was subsequently transformed by electroporation
according to the protocol described by Henderson and Payne,90

and a vibriobactin negative mutant was obtained by allelic
exchange of vibA with vibA:Tn5.

Nat. Prod. Rep. This journal is © The Royal Society of Chemistry 2019
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Another more recent example of using electroporation is
found in the genetic study of tropodithietic acid (TDA) (2) (Table
1 and Fig. 1) production by bacteria from the Roseobacter
group.64 This compound has received a lot of interest due to its
broad antibacterial activity, including its effect on sh and
human pathogenic bacteria.91 Also, the TDA-producing Phaeo-
bacter and Ruegeria strains occur naturally in aquaculture
environments92 and several attempts to evolve TDA resistance
have not resulted in TDA resistant mutants.93,94 For these
reasons, natural TDA producers hold great promise as probiotic
cultures in large-scale aquaculture industries.63,93

Genetic interrogation of the TDA (2) biosynthetic genes in
the alphaproteobacterial roseobacters was rst reported by
Geng et al. in 2008.64 Random transposon insertion mutagen-
esis in Silicibacter and Phaeobacter led to the nding that the tda
genes reside on a previously unidentied 130 kb plasmid.
Transfer of the commercially available EZ-Tn5 transposome
into the cells was accomplished by electroporation, aer prep-
aration of electrocompetent cells as described by Miller and
Belas.64,95 Kanamycin resistant transposon mutants were
screened for loss of TDA (2) production by means of antibac-
terial assays: Phaeobacter and Silicibacter mutants unable to
inhibit V. anguillarum growth were identied as TDA negative.

2.1.4 Conjugation in marine Proteobacteria. A more
common approach of transforming marine Proteobacteria is
using bacterial conjugation. Conjugation is the most efficient
method to genetically manipulate the BGCs in marine Proteo-
bacteria that are recalcitrant to electroporation and chemical
transformation methods. However, conjugation is a time-
consuming procedure that also requires a step to counter-
select the donor cells from the transconjugant cells. Several
methods have, therefore, been developed to address this issue.
One of the most efficient strategies is employing the E. coli
auxotrophic strains, such as B2163 and WM3064. Another
concern in conjugation is the efficiency of the counter-
selectable markers for allelic exchange.

Recently, Luo et al.96 developed an efficient system for gene
deletion in Vibrio spp. by constructing the suicide plasmids
pLP11 and pLP12 (derived from the plasmid pSW23T), which
carry the chloramphenicol antibiotic resistant gene and a toxin
gene, vmi480, as the counter-selectable marker. The authors
obtained knockout mutants by using E. coli B2163 as the donor.
This conjugation-based genetic tool was successfully used in
several Vibrio species including V. cholerae, V. vulnicus, V.
parahaemolyticus, and Vibrio alginolyticus. Consequently,
vmi480 is considered an effective counter-selectable gene for
Vibrio.

The well-known sacB counter-selection system (pDM-derived
plasmids) has also been widely used in marine Proteobacteria.
Although in Vibrio strains the toxicity of sucrose-SacB is affected
by saline media, many Pseudoalteromonas strains are suscep-
tible to the toxicity of SacB.59 In short, the combination of
auxotrophic donor strains and effective counter-selection
markers makes conjugation a reliable technique for engi-
neering BGCs in marine Proteobacteria.

Investigation of the genetics of thiomarinol (3) (Table 1 and
Fig. 1) production by the Gammaproteobacterium

Pseudoalteromonas SANK 73390 is also relevant.62 Three separate
gene knockouts were constructed by using the suicide vector
pAKE604, which contains the sacB gene for counterselection to
facilitate allelic exchange.97 Transfer of the conjugational
plasmid was accomplished via the donor strain E. coli S17-1.
This work demonstrated that two distinct biosynthetic path-
ways are responsible for thiomarinol (3) production in Pseu-
doalteromonas SANK 73390, each of them synthesizing its own
moiety. Mupirocin, a polyketide antibiotic produced by Pseu-
domonas uorescens, and holomycin (1), a pyrrothine antibiotic
rst discovered from S. clavuligerus are both produced and
joined together to form thiomarinol (3) in this Pseudoalter-
omonas strain. Furthermore, the authors discovered that all the
biosynthetic genes reside on a 97 kb plasmid. These results
raise interesting questions concerning the evolution and
acquisition of the clusters and the role that HGT events have
played herein. However, the authors reported a high degree of
sequence divergence between the mupirocin biosynthetic genes
found in P. uorescens and their homologues in Pseudoalter-
omonas SANK 73390.62

Other studies have explored and developed genetic tools for
Pseudoalteromonas engineering.59 A gene knockout protocol was
established by cloning homologous fragments upstream and
downstream of the target gene in the pK18mobsacB-based
suicide vector.98 Conjugational transfer of the plasmid was
accomplished via the E. coli WM3064 strain, which is auxotro-
phic for diaminopimelic acid (DAP), facilitating an easy way to
counter select the donor cells from transconjugant cells. Two
homologous recombination crossover events then ultimately
lead to either the wild type genotype or the desired knock out
mutant. Using this system, a knockout of the pigM-K genes was
conrmed by the lack of production of the red pigment prodi-
giosin (4) (Table 1, Fig. 1), thus showing the feasibility of the
method.59 Importantly, the authors demonstrated the compat-
ibility of this system in nine Pseudoalteromonas strains from at
least six differently classied species.

Conjugational transfer of DNA is more versatile than solely
constructing gene knockout mutants. An example is the meta-
bolic engineering of the alphaproteobacterium Paracoccus for
improved production of the secondary metabolite astax-
anthin.44 The native BGC responsible for astaxanthin produc-
tion was cloned into the broad-host-range expression vector
pBBR1-MCS2.99 The authors subsequently transformed the
recombinant plasmid into Paracoccus by mating with donor E.
coli S17-1. In this case, a conjugative broad-host-range plasmid
was used to increase the copy number of the BGC in the native
Paracoccus strain. Overexpression of a gene was also accom-
plished in the halophilic gammaproteobacterium Halomonas
elongata. Tanimura et al. overexpressed the lysC gene (encoding
aspartate kinase) in order to improve production of ectoine (5).
In this case, the broad-host expression vector pHS15N was used
and conjugation was achieved by E. coli HB101 carrying the
mobilization helper plasmid pRK2013.100

Finally, we highlight a case, which combines conjugation
with other genetic engineering tools. Fu et al. genetically
manipulated a Halomonas strain to improve production of the
storage polymer and bioplastic poly-3-hydroxybutyrate (PHB).55

This journal is © The Royal Society of Chemistry 2019 Nat. Prod. Rep.
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To this end, a markerless knock out strategy was developed
based on the rare I-SceI restriction site.101 Six I-SceI restriction
sites were cloned into the suicide vector pRE112, and the
resulting plasmid was introduced into Halomonas TD01 by
conjugation using E. coli S17-1. Chromosomal integration of the
suicide vector by homologous recombination was achieved
under selective pressure of chloramphenicol resistance.
Subsequently, a second plasmid based on the broad-host-range
vector pBBR1-MCS1 was introduced in order to express the I-
SceI endonuclease. In vivo digestion by I-SceI endonuclease
would result in lethal double strand breaks, providing the
selective pressure for a second homologous crossover event and
deletion of the gene target. Although the selective pressure by
lethal restriction may increase transformation efficiency
compared to conventional counter-selection genes, the use of
an I-SceI endonuclease expression vector necessitates a second
time-costly conjugation step.

2.1.5 CRISPR-Cas9 systems in marine Proteobacteria.More
recently, Tao et al. from the same group reported the use of the
CRISPRi system102 for controlled transcriptional repression in
the same strain.56 This tool makes use of a catalytically dead
Cas9 protein (dCas9), which is lead to a target sequence by
a designed small guide RNA (sgRNA). Instead of making
a double strand cut, dCas9 is able to suppress gene transcrip-
tion, presumably by sterically blocking RNA polymerase. Tao
et al. constructed the conjugational plasmid pli-dCas9-sgRNA
and used this as vector for the introduction of sgRNA
sequences into Halomonas TD01.56 The IPTG-inducible Ptrc
promoter was used for the transcription of the sgRNA and the
dCas9 protein. Aer conjugation with E. coli S17-1, the expres-
sion of prpC (2-methylcitrate synthase) was reduced by adding
IPTG into the culture of Halomonas conjugants carring pli-
dCas9-sgRNA plasmid. This resulted in a higher content of 3-
hydroxyvalerate in the poly-3-hydroxybutyrate-co-3-hydrox-
yvalerate (PHBV) polymer.56 In parallel, Yin et al.103 developed
a conjugative plasmid carrying the CRISPRi system102 to
circumvent the issue of a counter-selective marker. The CRISPRi
system was successfully transferred into marine vibrio strain
Vibrio uvialis QY27 by the donor E. coli WM3064 and the
expression of trimethylamine N-oxide (TMAO) reductase gene
was knocked down in QY27.

2.2 Heterologous expression of BGCs from marine
Proteobacteria

A large number of marine proteobacterial enzymes have been
cloned and expressed in different bacterial expression systems
and have a broad potential in industrial applications.104 Cold-
active enzymes, such as the a-amylase from the Antarctic psy-
chrophile, Alteromonas haloplanctis has been studied extensively
with applications in baking, textile and detergent industries.105

Recently, fucoidanases from marine Proteobacteria that are
able to degrade brown algae have gained increasingly attention
due to the benecial biomedical properties of fucoidan derived
oligosaccharides.106,107

Heterologous expression has been a powerful tool to identify
novel gene functions, but it becomes more cumbersome when

gene fragments exceed 10 kb.25 However, most biosynthetic
pathways involve dozens of proteins that catalyze and regulate
the production of secondary metabolites and thus are oen
larger than 10 kb and some may even exceed 100 kb. Yet,
a number of BGCs, mainly encoding natural products from
actinomycetes,108 have been cloned and expressed using
different bacterial expression systems, while very few examples
have been reported for BGCs of the marine Proteobacteria
derived natural products.

2.2.1 Heterologous expression of BGCs from cultivable
marine Proteobacteria. Many marine natural products are
halogenated, reecting the availability of chloride and bromide
ions in seawater. Thus, marine organisms including the Pro-
teobacteria have developed a range of halogen-acting enzymes
that activate and transfer chloride and bromide to organic
molecules. Interestingly, organobromines are the most
commonly found halogenated natural products produced by
marine organisms, even though the concentration of the
bromide anion is lower than that of chlorine.109 Pentabromop-
seudilin (6) (Table 1, Fig. 1) produced by the marine Gam-
maproteobacterium Pseudomonas bromoutilis110 was the rst
marine antibiotic to be discovered in 1966. Since then, several
polybrominated aromatic organic compounds have been iso-
lated from marine Proteobacteria.111,112 Agarwal et al.113 recon-
structed in vitro all the enzymatic steps in the marine
brominated pyrroles/phenols biosynthesis from P. luteoviolacea
and P. phenolica and furthermore identied two novel avin-
dependent brominases. The entire BGC (�12.5 kb) respon-
sible for the production of the widespread polybrominated
compounds (Fig. 2) was expressed in E. coli using
transformation-associated recombination (TAR).

The TAR strategy114 enables specic capture of target
biosynthetic pathways, avoiding the typical size limitations of
traditionally used cloning techniques such as Gibson assembly
and USER-cloning. With this technique, large fragments of DNA
(up to 100 kb) are captured without the need for intermediate
PCR steps using homologous recombination in yeast (Saccha-
romyces cerevisae) and subsequently transferred to and
expressed in E. coli.113 Thus, cloning of large DNA fragments has
become more affordable.

A great advantage of heterologous expression is that it
reduces the need to develop new genetic tools for the manipu-
lation of each genus or species of interest. Heterologous
expression of enzymes has been performed in E. coli, Bacillus
subtilis, Streptomyces, lactic acid bacteria, yeast and lamentous
fungi for decades. Due to the well-characterized genome of E.
coli, the variety of genetic tools available and its taxonomic
relation to marine Proteobacteria, this organism is a good
candidate for recombinant production of marine Proteobacteria
derived natural products. In addition, E. coli is able to grow
rapidly to high densities on inexpensive substrates and there
are an increasing number of cloning vectors and mutant
strains.115

The antibacterial and cytotoxic lipopeptides, alter-
ochromides (7) (Fig. 1) are produced by multiple species of the
marine genus Pseudoalteromonas, including P. piscicida that can
synthetize alterochromides (7) with bromination of the lipid

Nat. Prod. Rep. This journal is © The Royal Society of Chemistry 2019
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moiety.45,116 Again, the TAR strategy was used to capture the�34
kb pathway for production of the bromoalterochromide (7b)
(Table 1, Fig. 1), of which the biosynthetic pathway included

a non-ribosomal peptide synthetase (NRPS), fatty acid synthase
(FAS), avin-dependent halogenase and transporter proteins.26

Furthermore, to compensate for the lack of specic thiolation

Fig. 2 Biosynthesis of polybrominated aromatic compounds from the marine Gammaproteobacteria P. luteoviolacea 2ta16. (a) Polybrominated
diphenyl esters produced by P. luteoviolacea 2ta16 and (b) the biosynthesis of the natural products by the bmp pathway. Adapted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Chemical Biology,117 Biosynthesis of polybrominated aromatic
organic compounds by marine bacteria, V. Agarwal, A. A. El Gamal, K. Yamanaka, D. Poth, R. D. Kersten, M. Schorn, E. E. Allen and B. S Moore,
©2014.

This journal is © The Royal Society of Chemistry 2019 Nat. Prod. Rep.
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machinery in E. coli, a recombinant PPTase from the related
Gammaproteobacterium P. luteoviolacea was used.26,117 By this,
the full alterochromide biosynthetic pathway was constructed
and conrmed to be functional in E. coli. However, the
production titer was 60-fold lower than that of one of the native
producers. Further replacement of the native promoter with the
inducible T7-promoter improved the yield of bromoalter-
ochromide A (7b) by 20-fold.

The trend of using either native or T7 promoters to achieve
substantial expression of large gene clusters extends to BGCs of
other compounds.27,118,119 In some cases, production titers using
T7-driven expression in E. coli are lower than those from the
native producers despite the closer phylogenetic relationship of
E. coli and marine Gammaproteobacteria. One reason could be
that the production of natural products involves specic chap-
erones or other post-translational maturations of the synthetic
enzymes which are not encoded within the BGC or the E. coli
host. Additionally, lowering the temperature can improve the
folding of the recombinant proteins from some BGCs.68

Zhang et al.68 challenged the reasoning that E. coli should be
the obvious candidate for recombinant expression of marine
Proteobacteria-derived natural products. One broad-host-range
expression vector was constructed in order to validate the
recombinant production titer of the antibacterial pigment vio-
lacein (8) (vio2ta16; Table 1, Fig. 1) from P. luteoviolacea 2ta16 in
three proteobacterial hosts, the alphaproteobacterium Agro-
bacterium tumefaciens and two Gammaproteobacteria, Pseudo-
monas putida and E. coli. Both A. tumefaciens and P. putida are
isolated from soil; and the former one is oen used for plant
transformation. P. putida is a metabolically versatile and
biosafety-certied host that is oen used for heterologous
expression.120 Some P. putida strains possess a phosphopante-
theinyl transferase that post-translationally activates the carrier
protein (CP) domains of various polyketide synthases (PKSs),
NRPs and FASs, which are required for heterologous expression
of CP-utilizing BGCs from myxobacteria and Streptomyces.121

Despite that both E. coli and P. luteoviolacea belong to the
Gammaproteobacteria, little or no production was observed in
E. coli host strains. However, violacein (8) production was
readily detectable from both A. tumefaciens and P. putida.

Regulatory elements, such as the LuxR-type regulators are
oen located within the BGCs or just outside the clusters.122 If
the native promoter is to be included in the recombinant BGC,
and the transcription factor that activates the promoter is not
captured or co-expressed along with the target BGC, production
cannot be achieved in the expression host. In order to under-
stand why the vio2ta16 native promoter was recognized by A.
tumefaciens and P. putida and not E. coli, Zhang et al.68 identied
transcriptional factors in the two foreign expression hosts
which are homologous to the Pvi regulator (PviR) found in P.
luteoviolacea 2ta16. Even though E. coli harbors PviR homologs
with signicant sequence similarity, none of the regulators were
able to increase violacein (8) production when overexpressed.
This study suggests that neither similar phylogeny of the host
organism nor the presence of homologous individual protein
components are directly predictive with the capability to express
the target BGC. Instead, one may consider the distribution of

homologous BGCs as well. An example is the regulator PviR,
which is conserved among all Pseudoalteromonas that harbor
the antibacterial pigment violacein (8) and thus it is possible to
develop Pseudoalteromonas hosts that contain the full regulatory
machinery for activation of the BGC.68

Myxobacteria are a group of Deltaproteobacteria, which
commonly produce antifungal compounds such as myxothiazols
that inhibit the mitochondrial electron transport chain.123 They
also produce metabolites with antibacterial activity including
several RNA polymerase inhibitors such as corallopyronin,
etnangien, myxopyronin or pipostatin.123 Marine myxobacteria
have emerged as one of the richest sources in terms of secondary
metabolites.40,124 Haliangicin (9) (Table 1, Fig. 1) is naturally
produced by the Haiangium ochaceum SMP-2, a slow-growing
marine myxobacterium, which is difficult to manipulate geneti-
cally. Structural analysis of the haliangicin (9) backbone suggested
a biosynthetic pathway purely composed by PKs.52 Several modi-
cation genes are essential for its biosynthesis. Thanks to the
analysis of haliangicin precursors using 13C-labelled substrates, it
was possible to determine the biosynthetic pathway. The authors
reconstructed the pathway from a cosmid library using l-Red
recombineering and integrated it into the Myxococcos xanthus
genome. The engineered strain was capable of producing 10-fold
higher amounts of haliangicin than the wild-type H. ochaceum.52

As new cloning tools become available and the repertoire of
expression hosts expands,25 heterologous expression offers
a promising alternative to unravel new natural products from
the cryptic or “silent” BGCs of marine Proteobacteria.

2.2.2 Expression of BGCs from uncultivable marine Pro-
teobacteria. For decades, microbiologists have recognized the
fact that the vast majority of environmental microbes are
recalcitrant to cultivation.125 Deep amplicon sequencing anal-
yses suggest substantial biosynthetic potential of the unculti-
vable bacteria, and even frequently sampled microbial
communities, such as those present in soil, give a diverse
collection of novel genes involved in the biosynthesis of
potential natural products such as NRPs and PKs.126,127 As
a substantial fraction of this biosynthetic potential likely lies
beyond the reach of conventional culture-based approaches to
natural product discovery,128,129 cultivation-independent strate-
gies, i.e.mining of environmental DNA (eDNA), are necessary in
order to exploit this resource. Through rigorous efforts to
construct and screen cosmid libraries containing environ-
mental DNA from soil, and subsequent heterologous expression
of candidate clusters, such metagenomics-based approaches
have led to the recovery of an array of interesting bioactive
natural products including violacein (8),130 turbomycin,131 and
the malacidins.129

Metagenomic data suggest that Proteobacteria comprise
more than half of the marine pelagic microbial communities.28

Considering the biosynthetic potential of cultivable represen-
tatives of this phylum, marine metagenomes are likely a trove of
potential novel proteobacterial natural products and compari-
sons of chemoinformatic data has shown that >70% of molec-
ular scaffolds in the Dictionary of Marine Natural Products are
unique for marine organisms.132a,b

Nat. Prod. Rep. This journal is © The Royal Society of Chemistry 2019
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Mining marine metagenomes through sequence-based
screening of cosmid libraries containing marine eDNA have
revealed that bioactive compounds initially believed to be
produced by marine animals and algae are in fact, in some cases,
bacterial metabolites produced by the associated micro-
biome.133,134 Furthermore, such efforts have aided in the elucida-
tion of the biosynthetic pathways of bioactive metabolites from
marine Proteobacteria. One example is the currently uncultivable
marine Gammaproteobacterium ‘Candidatus Endobugula ser-
tula’, which is responsible for the production of bryostatins (10)
(Table 1, Fig. 1). Bryostatins (10) comprise a group of bioactive
type I PK compounds, some of which presented cytotoxic activity
against carcinomas as well as anti-Alzheimer's potential.135

Initially, the bryozoan Bugula neritina was believed to be respon-
sible for the synthesis of the compound. Mining metagenomes of
B. neritina-associated microbiome ultimately proved that bryos-
tatin is synthesized by an unusual modular polyketide synthase
encoded by the 65 kb bry gene cluster in a proteobacterial
symbiont.133,134 Similar metagenome mining approaches has led
to the identication of biosynthetic pathways of several natural
products in uncultivable marine Proteobacteria,135 however such
BGCs have yet to be cloned and expressed in their entirety.

Expression of BGCs from uncultivable marine Proteobacteria
is still in its infancy. Several challenges hamper the successful
expression and subsequent functional screening of metagenomic
libraries. In general, natural products like NRPs and PKs are
notoriously difficult to obtain from metagenomes compared to
ordinary hydrolytic enzymes. Metagenomics-based approaches
for mining such compounds have not yet proved to be as efficient
as originally anticipated.128 This is due to the immense diversity
and complexity of natural microbial communities. In addition, on
average less than 2% of bacterial genomes are devoted to natural
product biosynthesis.136 Hence, assembling and recovering entire
natural product gene clusters demand a deep level of sequencing,
which is currently not cost-effective.128

Functional screening of cosmid and fosmid libraries limits
redundant sequencing, yet such an approach is restricted by the
dependence on successful heterologous expression of BGCs,
which is limited by host compatibility and the signicant size of
most BGCs. Despite these obstacles, Schmidt et al.137 expressed
the relatively small (12.5 kb) pat BGC from a cyanobacterial
symbiont of the ascidian Lissoclinum patella in E. coli, resulting in
the successful production of patellamide A and C. Hence,
expression of BGCs from uncultivable marine bacteria represents
a means of tapping into the vast biosynthesis potential of marine
microbial communities. Despite the fact that entire BGCs from
uncultivable marine Proteobacteria have yet to be expressed
heterologously, improvements in DNA sequencing depth and
continued development of appropriate marine cell factories will
likely facilitate such ndings within the near future.

3 Marine Proteobacteria as cell
factories

A major challenge of translating the vast chemical space of
Nature into application is the development of efficient

production systems to exploit these molecules at a commercial
scale. Whilst some natural products have been synthesized
chemically,138 biological production oen offers the most
feasible way to achieve a sustainable large-scale supply. As
described in Section 2.2, there are only a few examples of
marine-derived natural products heterologously produced in
the pioneering host organisms. Therefore, bacterial hosts other
than these “old”, well-studied workhorses are drawing attention
as novel cell factories because of their metabolic diversity and
biosynthetic potential.103,139,140 Expressing certain genes heter-
ologously in the work horse of heterologous expression, E. coli,
may result in poor recognition of regulatory sequences, mis-
folding of the translated product and low protein secretion. The
latter is oen due to an impaired recognition of the E. coli SRP/
SEC-dependent pathway elements. Another detrimental effect
in protein solubility is commonly experienced under mesophilic
conditions, during heterologous expression in E. coli.141

3.1 Marine proteobacterial cell factory platforms

Marine Proteobacteria harbour great potential as future cell
factories. At the current state of knowledge, Proteobacteria repre-
sent by far the largest group in the pelagic ocean microbiome,
representing 55% of all bacteria.28 Within the Proteobacteria
phylum, the classes of Alpha-, Gamma-, Beta-, Delta- and Epsi-
lonproteobacteria have been shown to comprise 32, 13, 2, 2, and
0.4% of all bacteria in the water column, respectively (Fig. 3). From
a different angle, bacteria of these classes might have become the
dominant group in the ocean, because they have evolved diverse
metabolic and biosynthetic strategies in order to adapt to the
extremely diverse environments, whichmakes them attractive and
reasonable candidates for new cell factories. Considering
successful heterologous expression of natural products as a start-
ing point for novel cell factories, current knowledge points to the
following species having potential for future development.

3.1.1 Vibrio natriegens as the new powerhouse. Themarine
Gammaproteobacterium Vibrio natriegens (Fig. 4), initially iso-
lated from salt marshes, has been studied since 1960.142 A
distinctive feature of V. natriegens is its short doubling time and
its high substrate uptake rates.143 V. natriegens grows both on
solid and liquid media faster than the commercial strain E. coli
NEB Turbo, with generation times of 15 min vs. 27 min, respec-
tively.84 This has sparked the interest of the synthetic biology
community to develop future applications. Standard DNA trans-
formation and conjugation protocols are available for V. natrie-
genswith similar efficiencies as for E. coli. Expression vectors with
p15A, pMB1 and pMB1-derived origins of replication have been
developed to facilitate heterologous expression, and four induc-
ible promoters could be used in this strain: IPTG inducible
lacUV5 and trc promoters, arabinose inducible araBAD promoter
and the l phage pR promoter.84 Furthermore, Weinstock et al.84

attempted to improve the characteristics of V. natriegens for use
in molecular biology by genomic reduction. A total of 192 kb of
genomic DNA was removed, including nucleases and restriction-
modication systems. Further developments of this strain, called
Vmax, are pursued with the aim to commercialize this Vibrio as
superior host for use in molecular biology.144

This journal is © The Royal Society of Chemistry 2019 Nat. Prod. Rep.
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The laboratory of George Church recently developed
recombineering techniques for multiplexed cell factory devel-
opment in V. natriegens.145 The l-Red homologs SXT-beta, SXT-
Exo and l-Gam present in V. natriegens achieve up to 10 000-fold
higher recombination rates of single and double stranded DNA
oligonucleotides. In parallel, Dalia et al. designed an engi-
neering tool by exploiting natural transformation in V. natrie-
gens.146 Multiplexed genome editing by natural transformation
or MuGENT, as the method is called, facilitatates rapid and
scarless genome editing. The technique is based on over-
expression of TfoX, which renders V. natriegens natural compe-
tent. MuGENT allows for multiple scarless genome edits in one
single step, but can also be employed sequentially to generate
a heterogeneous population of mutants. As a proof of concept,
the authors used the sequential transformation approach in
order to increase production of the bioplastic PHB by a 100 fold.

Molecular tools in V. natriegens are relatively new, however,
the outstanding characteristics of this bacterium have captured
the attention of the community for further synthetic biology
and cell factory applications. Furthermore, this promising cell
factory belongs to a dominant group in the ocean surface
waters: Vibrionaceae represent 1% of Proteobacteria. Marine
vibrios have been demonstrated to natively produce numerous
bioactives147,148 and V. natriegens could serve as a suitable host
for those compounds.

3.1.2 An upcoming evident marine proteobacterial
expression host: Pseudoalteromonas. Pseudoalteromonas hal-
oplanktis is an Antarctic Gram-negative bacterium able to
circumvent the above-mentioned limitations and has been

intensively investigated as expression host, particularly for
recombinant proteins.149 Expression vectors with signal
peptides have been reported to facilitate expression of a-
amylases of P. haloplanktis.141 The plasmid pFFamy containing
the secreted a-amylase gene was tested with three passenger
proteins produced intracellularly from different hosts; indole-
3-glycerol-phosphate synthase (SsIGPS) from Sulfolobus sol-
fataricus, DsbA (PhDsbA) from P. haloplanktis, and the b-lac-
tamase (EcBlaM) from E. coli. Plasmids were introduced by
intergeneric conjugation. With these approaches, the authors
achieve secreted expression in P. haloplanktis under psychro-
philic conditions (4 �C) facilitating slow protein folding.
Additionally, P. haloplanktis has recently been demonstrated
to natively produce anticancer-active 4-hydroxybenzoic acid.150

In a similar study, Yu et al.74 developed a cold-adapted
expression system in Pseudoalteromonas sp. BSi20429 and
successfully expressed the active form of pseudoalterin, a cold-
adapted enzyme. This was not possible in E. coli because of the
lack of some enzymes in protein secretion systems. In this
case, a new expression vector (pEV) was constructed with the
native xylanase promoter and signal peptide from Pseu-
doalteromonas sp. SM20429. Pseudoalterin was successfully
produced in expression cultures at 15 �C for 72 h and puried
from the culture. These examples suggest that Pseu-
doaltermonas could become an attractive expression host for
certain intractable proteins of marine origin and due to the
vast bioactive potential of Pseudoalteromonas151 could be
employed for the production of native or foreign secondary
metabolites.

Fig. 3 Abundances of marine Proteobacteria in marine surface waters as identified in the TARA Ocean dataset.28
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3.1.3 Other future marine cell factories. Today, marine
Proteobacteria have been exploited for biotech production.
Knowledge on them is growing fast to reach a level necessary for
employment. The existing knowledge on terrestrial relatives can
contribute to this aim. Marine Alphaproteobacteria have
received little attention as heterologous production hosts and
while being a rich source of novel natural products,148,152 the
molecular tools for their modication are generally limited to
knockouts.153,154 Their terrestrial relatives have been success-
fully assessed for the heterologous expression of natural prod-
ucts, e.g. the lasso peptide brevunsin by Sphingomonas
subterranea155 or a triterpene in Rhodococcus capsulatus.156

Terrestrial Beta-, Gamma- and Deltaproteobacteria including
the genera Burkholderia,157,158 Pseudomonas,68,120,159,160 and Myx-
ococcus161 have been shown to be promising cell factories.
Therefore, marine representatives of Proteobacteria could also
be the candidates for future marine cell factories. Furthermore,
it should also be considered if existing workhorses could be
modulated to ourish at higher salt concentrations. While not
prominent in the marine environment, E. coli can be found
particularly close to harbors and wastewater outlets,162 which
could push for a natural evolution of the species to high salt
tolerance, and has also been demonstrated to be engineerable
to an increased salt tolerance up to 1.54 M.163

In order to establish future cell factories, the criteria for the
specic production process need to be carefully reviewed and
accordingly, high throughput screening combining laboratory
and computational research164 need to be applied to develop
a dedicated cell factory for a natural product.

3.2 Marine Proteobacteria in industrial biotech production

The transition of a lab-based cell factory to a robust industrial
strain is not a trivial one, but crucial for the development of
a marine strain for large-scale production of natural products.
Process economics become crucial, and saving on the produc-
tion costs is a never-ending target. Marine Proteobacteria, and
especially halophiles, possess a couple of characteristics that
make them interesting to use in the biotech industry (see ref. 57
for a comprehensive review). Here, we focus on halophilic
Proteobacteria for use in industrial biotech processes, and
highlight a couple of success examples on secondary metabolite
production.

Bio-based production processes suffer from high expenses
caused by, among others, energy-intensive fermentations,
a relative low productivity and large consumption of fresh
water.165 Halophilic marine Proteobacteria can tolerate and
thrive at high salt concentrations, which allows for replacing
valuable fresh water with low-cost seawater in the fermenta-
tion broth. Usage of fresh water might currently not be
a signicant cost-driver in water-rich countries; however, some
geographical locations already struggle with fresh water
supply, a problem that will aggravate as the worldwide water
consumption keeps swelling.166 However, currently there are
still limitations regarding the use of seawater in fermenta-
tions, e.g. due to corrosion of stainless steel.167 A technical
advancement or change in equipment and infrastructure
seems to be necessary to support large-scale seawater-based
processes.

Fig. 4 V. natriegens as the new proteobacterial powerhouse. Figure modified from84,143–146,175,176 Fast Growth & High Cell Density: Adapted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Methods,84 Vibrio natriegens as a fast-growing host
for molecular biology, M. T. Weinstock, E. D. Hesek, C. M. Wilson, D. G. Gibson, ©2016. High Substrate Uptake Rates & Efficient metabolic Flux:
Reprinted from Metabolic Engineering,175 44, C. P. Long, J. E. Gonzalez, R. M. Cipolla, M. R. Antoniewicz, Metabolism of the fast-growing
bacterium Vibrio natriegens elucidated by 13C metabolic flux analysis, 191–197, ©2017, with permission from Elsevier.
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A second benet of using halophiles as production strains in
fermentations is the reduced risk of contamination,55,168 as non-
halophiles do not proliferate in high-salt media. Contamina-
tions can interfere with the stability and health of a production
process and thus cause economic insecurity. Risk of contami-
nations can be lowered even further if the halophile is, for
example, also able to grow at high pH (alkaliphilic) or a non-
conventional substrate is used in the process. Moreover, the
genetic background of halophilic Proteobacteria might be
better suited for the biosynthesis of marine derived
compounds. For example, the majority of halogenated natural
products are marine derived, and many of these compounds
possess biological activity.169 However, some marine derived
brominated compounds were successfully produced in E. coli.26

Although this provides evidence that heterologous expression in
non-marine bacteria can be achieved, it is difficult to extrapo-
late these results, as failures of similar approaches are generally
not published.

Demonstration of the advantages of halophile-based
fermentation processes were given by using Halomonas
strains.170,171 In the most recent example, an alkaliphilic Hal-
omonas campaniensis strain was used in an unsterile, contin-
uous fermentation process for the production of PHB.171

Operating under high salt concentration and a pH of 10, no
signicant contamination was detected for up to 65 days. Yield
of PHB was improved by constructing a recombinant strain with
the PHB BGC put under control of a strong promoter of a native
porin. Synthetic biology efforts to control the morphology of the
same H. campaniensis strain in a temperature-controlled matter
showed a further improvement in PHB yield and productivity.172

Other examples of marine Proteobacteria studied to be used
as production strains in industrial biotechnology setups involve
the production of ectoine (5). Ectoine (5) is an osmoprotectant
used by halophilic bacteria to counter the high osmolarity and
is commercially used in the pharmaceutical industry. Hal-
omonas elongata was engineered to produce ectoine (5) from
mixed sugar substrates, simulating a lignocellulose-based bio-
process.47 Furthermore, it was demonstrated that rice straw
hydrolysate could be used as substrate rendering the process
economics much more favorable.173 The use of another low-cost
substrate for ectoine (5) production was explored in a study with
Methylomicrobium alcaliphilum. Methane, a potent greenhouse
gas, was converted to ectoine (5) in an attempt to reduce
greenhouse gas emission and simultaneously produce this
valuable compound.48

Astaxanthin is a natural compound that belongs to the
carotenoid family. Due to its potent antioxidant activity, astax-
anthin has many applications in food, feed, and pharmaceuti-
cals.43 A marine isolate of the Alphaproteobacterium Paracoccus
was engineered for production of this high-value compound.44 A
combination of randommutagenesis and overexpression of the
native astaxanthin BGC from a broad-host-range vector resulted
in a mutant with over 50 times higher astaxanthin production
compared to the wild-type. The authors reported an astaxanthin
titer of 480 mg L�1 and subsequently led a patent.174 The
concentration achieved with this Paracoccus strain is higher
than the recently published astaxanthin titer from a heavily

engineered E. coli strain.42 This example shows that it could be
more advantageous to choose a native producer strain over
a traditional industrial workhorse organism.

These examples demonstrate the usefulness and potential of
marine Proteobacteria as production strains in industrial
biotechnology processes. Although most of these examples
already involve some degree of genetic engineering, the
continuous development of molecular tools for this group of
bacteria will ensure a signicant role of marine Proteobacteria
on the biotechnology scene.

4 Conclusion

With up to 15% of their genomes dedicated to biosynthesis of
secondary metabolites, marine Proteobacteria remain an
attractive source of new drug leads. Also, the uncultivated
“microbial dark matter” hidden in the ocean potentially
increases the natural chemistry space even further. A crucial
bottleneck in this research eld is the lack of efficient genetic
tractability in most marine Proteobacteria. Additionally, exam-
ples of producing marine bacterial BGCs in hosts such as E. coli
are scarce, as heterologous expression of large clusters remains
challenging. Recent improvements in genetic tools in marine
proteobacterial cell factories are demonstrated by the emer-
gence of V. natriegens in the eld of molecular biology. These
efforts will ultimately lead to a signicant role of marine Pro-
teobacteria in natural product discovery and the development of
specialized hosts and cell factories for production of marine
natural compounds.
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40 A. Dávila-Céspedes, P. Hufendiek, M. Crüsemann,
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U. Krämer, A. Weissenberg, M. Kroker, S. Seghrouchni,

This journal is © The Royal Society of Chemistry 2019 Nat. Prod. Rep.

Review Natural Product Reports

Pu
bl

is
he

d 
on

 0
6 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 D
T

U
 L

ib
ra

ry
 o

n 
9/

6/
20

19
 2

:2
6:

58
 P

M
. 

View Article Online

https://doi.org/10.1039/C9NP00020H


C. Heiss, J. Windolf, A. Bilstein, M. Kelm, J. Krutmann and
K. Unfried, Eur. Respir. J., 2013, 41, 433–442.

51 R. Graf, S. Anzali, J. Buenger, F. Puecker and H. Driller,
Clin. Dermatol., 2008, 26, 326–333.

52 Y. Sun, Z. Feng, T. Tomura, A. Suzuki, S. Miyano, T. Tsuge,
H. Mori, J.-W. W. Suh, T. Iizuka, R. Fudou and M. Ojika, Sci.
Rep., 2016, 6, 22091.

53 B. Li and C. T. Walsh, Proc. Natl. Acad. Sci. U. S. A., 2010,
107, 19731–19735.

54 J. R. Chekan and B. S. Moore, Preparation and
Characterization of Tetrabromopyrrole Debrominase From
Marine Proteobacteria, Elsevier Inc., 1st edn, 2018, vol. 605.

55 X. Z. Fu, D. Tan, G. Aibaidula, Q. Wu, J. C. Chen and
G. Q. Chen, Metab. Eng., 2014, 23, 78–91.

56 W. Tao, L. Lv and G.-Q. Chen, Microb. Cell Fact., 2017, 16,
48.

57 J. Yin, J. C. Chen, Q. Wu and G. Q. Chen, Biotechnol. Adv.,
2015, 33, 1433–1442.

58 S. M. Salem, P. Kancharla, G. Florova, S. Gupta, W. Lu and
K. A. Reynolds, J. Am. Chem. Soc., 2014, 136, 4565–4574.

59 P. Wang, Z. Yu, B. Li, X. Cai, Z. Zeng, X. Chen and X. Wang,
Microb. Cell Fact., 2015, 14, 11.
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61 H. Machado, M. Månsson and L. Gram, Genome
Announcements, 2014, 2, 9–10.

62 D. Fukuda, A. S. Haines, Z. Song, A. C. Murphy,
J. Hothersall, E. R. Stephens, R. Gurney, R. J. Cox,
J. Crosby, C. L. Willis, T. J. Simpson and C. M. Thomas,
PLoS One, 2011, 6, e18031.

63 B. B. Rasmussen, K. E. Erner, M. Bentzon-Tilia and L. Gram,
Microb. Biotechnol., 2018, 11, 1070–1079.

64 H. Geng, J. B. Bruhn, K. F. Nielsen, L. Gram and R. Belas,
Appl. Environ. Microbiol., 2008, 74, 1535–1545.

65 M. Bentzon-Tilia and L. Gram, in Biotechnological
Applications of the Roseobacter Clade, ed. R. Paterson and
N. Lima, Springer International Publishing, 2017, pp.
137–166.

66 E. E. Wyckoff, J. A. Stoebner, K. E. Reed and S. M. Payne, J.
Bacteriol., 1997, 179, 7055–7062.

67 S. F. Brady, C. J. Chao, J. Handelsman and J. Clardy, Org.
Lett., 2001, 3, 1981–1983.

68 J. J. Zhang, X. Tang, M. Zhang, D. Nguyen and B. S. Moore,
mBio, 2017, 8, e01291.

69 T. Ma, Y. Zhou, X. Li, F. Zhu, Y. Cheng, Y. Liu, Z. Deng and
T. Liu, Biotechnol. J., 2016, 11, 228–237.

70 G. C. A. Amos, T. Awakawa, R. N. Tuttle, A.-C. Letzel,
M. C. Kim, Y. Kudo, W. Fenical, B. S. Moore and
P. R. Jensen, Proc. Natl. Acad. Sci. U. S. A., 2017, 114,
E11121–E11130.

71 S. Giubergia, C. Phippen, K. F. Nielsen and L. Gram,
mSystems, 2017, 2, e00141.

72 N. Adnani, S. R. Rajski and T. S. Bugni, Nat. Prod. Rep.,
2017, 34, 784–814.

73 K. A. Reynolds, H. Luhavaya, J. Li, S. Dahesh, V. Nizet,
K. Yamanaka and B. S. Moore, J. Antibiot., 2018, 71, 333–
338.

74 Z. C. Yu, B. L. Tang, D. L. Zhao, X. Pang, Q. L. Qin,
B. C. Zhou, X. Y. Zhang, X. L. Chen and Y. Z. Zhang, PLoS
One, 2015, 10, e0137384.

75 S. Sengupta, M. K. Chattopadhyay and H.-P. Grossart, Front.
Microbiol., 2013, 4, 47.

76 P. A. Kozhevin, K. A. Vinogradova and V. G. Bulgakova,
Moscow Univ. Soil Sci. Bull., 2014, 69, 93–98.

77 D. Mao, B. K. Okada, Y. Wu, F. Xu and
M. R. Seyedsayamdost, Curr. Opin. Microbiol., 2018, 45,
156–163.

78 K. L. Meibom, M. Blokesch, N. A. Dolganov, C. Y. Wu and
G. K. Schoolnik, Science, 2005, 310, 1824–1827.

79 Y. Chen, J. Dai, J. G. Morris and J. A. Johnson, BMC
Microbiol., 2010, 10, 274.

80 P. A. Gulig, M. S. Tucker, P. C. Thiaville, J. L. Joseph and
R. N. Brown, Appl. Environ. Microbiol., 2009, 75, 4936–4949.

81 A. Pollack-Berti, M. S. Wollenberg and E. G. Ruby, Environ.
Microbiol., 2010, 12, 2302–2311.

82 L. Gram, J. Melchiorsen and J. Bruhn, Mar. Biotechnol.,
2010, 12, 439–451.

83 H. Marcus, J. M. Ketley, J. B. Kaper and R. K. Holmes, FEMS
Microbiol. Lett., 1990, 68, 149–154.

84 M. T. Weinstock, E. D. Hesek, C. M. Wilson and
D. G. Gibson, Nat. Methods, 2016, 13, 849–851.

85 N. Wu, K. Matand, B. Kebede, G. Acquaah and S. Williams,
Electron. J. Biotechnol., 2010, 13, 21–22.

86 K. Yamanaka, J. Mol. Microbiol. Biotechnol., 1999, 1, 193–
202.

87 F. Delavat, A. Bidault, V. Pichereau and C. Paillard, J.
Microbiol. Methods, 2018, 154, 1–5.

88 J. M. Vraspir and A. Butler, Annual Review of Marine Science,
2008, 1, 43–63.

89 F. J. De Bruijn and J. R. Lupski, Gene, 1984, 27, 131–149.
90 D. P. Henderson and S. M. Payne, Mol. Microbiol., 1993, 7,

461–469.
91 P. W. D'Alvise, J. Melchiorsen, C. H. Porsby, K. F. Nielsen

and L. Gram, Appl. Environ. Microbiol., 2010, 76, 2366–2370.
92 T. Grotkjær, M. Bentzon-Tilia, P. W. D'Alvise, N. Dourala,

K. F. Nielsen and L. Gram, Syst. Appl. Microbiol., 2016, 39,
180–188.

93 B. B. Rasmussen, T. Grotkjær, P. W. D'Alvise, G. Yin,
F. Zhang, B. Bunk, C. Spröer, M. Bentzon-Tilia and
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153 R. Wang, É. Gallant and M. R. Seyedsayamdost,mBio, 2016,
7, e02118.

154 J. Zan, O. Choi, H. Meharena, C. L. Uhlson,
M. E. a Churchill, R. T. Hill and C. Fuqua, Microbiology,
2015, 161, 50–56.

155 S. Kodani, H. Hemmi, Y. Miyake, I. Kaweewan and
H. Nakagawa, J. Ind. Microbiol. Biotechnol., 2018, 45, 983–
992.

156 A. Loeschcke, D. Dienst, V. Wewer, J. Hage-Hülsmann,
M. Dietsch, S. Kranz-Finger, V. Hüren, S. Metzger,
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The Antibiotic Andrimid Produced by
Vibrio coralliilyticus Increases
Expression of Biosynthetic Gene
Clusters and Antibiotic Production in
Photobacterium galatheae
Yannick Buijs, Thomas Isbrandt, Sheng-Da Zhang, Thomas Ostenfeld Larsen and
Lone Gram*

Department of Biotechnology and Biomedicine, Technical University of Denmark, Lyngby, Denmark

The development and spread of multidrug resistant pathogens have reinforced
the urgency to find novel natural products with antibiotic activity. In bacteria,
orphan biosynthetic gene clusters (BGCs) far outnumber the BGCs for which
chemistry is known, possibly because they are transcriptionally silent under laboratory
conditions. A strategy to trigger the production of this biosynthetic potential is
to challenge the microorganism with low concentrations of antibiotics, and by
using a Burkholderia genetic reporter strain (Seyedsayamdost, Proc Natl Acad Sci
111:7266–7271), we found BGC unsilencing activity for the antimicrobial andrimid,
produced by the marine bacterium Vibrio coralliilyticus. Next, we challenged another
marine Vibrionaceae, Photobacterium galatheae, carrier of seven orphan BGCs with
sub-inhibitory concentrations of andrimid. A combined approach of transcriptional
and chemical measurements of andrimid-treated P. galatheae cultures revealed
a 10-fold upregulation of an orphan BGC and, amongst others, a 1.6–2.2-fold
upregulation of the gene encoding the core enzyme for biosynthesis of holomycin.
Also, addition of andrimid caused an increase, based on UV-Vis peak area, of
4-fold in production of the antibiotic holomycin. Transcriptional measurements of
stress response related genes in P. galatheae showed a co-occurrence of increased
transcript levels of rpoS (general stress response) and andrimid induced holomycin
overproduction, while in trimethoprim treated cultures attenuation of holomycin
production coincided with a transcriptional increase of recA (SOS stress response).
This study shows that using antimicrobial compounds as activators of secondary
metabolism can be a useful strategy in eliciting biosynthetic gene clusters and facilitate
natural product discovery. Potentially, such interactions could also have ecological
relevant implications.
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INTRODUCTION

Microbial natural products have provided humankind with a
broad range of medically useful molecules (Patridge et al.,
2016). These natural products, or secondary metabolites,
play important physiological and ecological roles for the
producing microorganism and can shape microbial communities
(Pishchany and Kolter, 2020). Due to the alarming development
and spread of multidrug resistant pathogens (Michael et al.,
2014), there is a need to discover novel bioactive products, in
particular, novel natural products with antibacterial activity to
supplement our array of clinical effective antibiotics (Moellering,
2011). In bacteria, genes encoding for the enzymes necessary to
biosynthesize a natural product are almost exclusively clustered
together on so-called biosynthetic gene clusters (BGCs) (Walsh
and Fischbach, 2010). This genetic organization makes it possible
to query the potential for production of secondary metabolites
in genome-sequenced bacteria using specialized bioinformatics
tools (Medema et al., 2011). Genome mining studies have
revealed that the majority of BGCs have not yet been linked to
a molecule, prompting the term “orphan BGCs” (Cimermancic
et al., 2014; Machado et al., 2015b; Jensen, 2016). For instance,
the natural products of 25 out of 35 BGCs in Streptomyces galbus
strain KCCM 41354 remain to be discovered (Blin et al., 2019).
Analogously, the red pigment prodigiosin is the only compound
that could be identified from Pseudoalteromonas rubra strain
S4059 culture extract although genome mining identified 16
BGCs, excluding the prodigiosin cluster (Vynne et al., 2011;
Paulsen et al., 2019). Revealing the chemical products from
orphan BGCs is an important point at the agenda of discovering
novel natural products and potential novel drugs.

One commonly put-forward explanation for the high number
of orphan BGCs is that, under the laboratory conditions used,
these BGCs are transcriptionally silent (Rutledge and Challis,
2015). Examples of culture condition dependent production of
secondary metabolites (Giubergia et al., 2016; Romano et al.,
2018; Tomm et al., 2019) suggest indeed that the right culture
variables can lead to activation of otherwise silent BGCs and
expression in the native host will greatly facilitate further studies.
One condition that can activate the production of secondary
metabolites is the presence of exogenous small molecules (Mitova
et al., 2008; Craney et al., 2012; Seyedsayamdost, 2014; Okada
and Seyedsayamdost, 2017; Xu et al., 2017; Moon et al., 2019a;
Lozano et al., 2020). As one of the earliest examples, 18 small
molecules out of a 30,569 compound-large library increased the
production of pigmented secondary metabolites in Streptomyces
coelicolor (Craney et al., 2012). Unable to rely on a phenotypic
read out such as pigment production, Seyedsayamdost used a
genetic reporter system in a similar high throughput screen of
a chemical library of approximately 600 compounds to activate
production of the virulence factor malleilactone by Burkholderia
thailandensis (Seyedsayamdost, 2014). Nine compounds in sub-
minimal inhibitory concentrations (sub-MIC) activated the silent
mal cluster in B. thailandensis and all of the nine inducing
compounds are antibiotics targeting DNA or peptidoglycan
synthesis. Applying the so-called HiTES (High Throughput
Elicitor Screening) strategy has yielded at least 13 novel natural

products, mostly from Gram-positive Actinobacteria (Xu et al.,
2017, 2019; Moon et al., 2019a,b). These studies show the
potential to use “old” antibiotics as a tool to un-silencing orphan
BGCs. It also poses the question of what the ecological advantage
for bacteria could be to increase secondary metabolite output in
the face of chemical danger.

The competition sensing hypothesis addresses this question,
and predicts that bacteria can employ their stress responses
to sense competition and use this as a cue to increase their
own antibiotic production (Cornforth and Foster, 2013). For
example, in the prolific antibiotic producing genus Streptomyces,
competing strains modulate the antibiotic output of a focal
strain by chemical cues (Abrudan et al., 2015; Westhoff
et al., 2020). Likewise, Chromobacterium violaceum increases
production of the purple pigment and antibacterial violacein
when it is challenged with sub-MICs of antibiotics targeting
the polypeptide elongation step in protein synthesis (Lozano
et al., 2020). This response was mediated by a newly identified
two-component regulatory system. In B. thailandensis, sub-MICs
of trimethoprim change intracellular metabolite concentrations,
which leads to the overproduction of malleilactone (Li et al.,
2020). These examples add to our knowledge on how, on
a mechanistic and molecular level, sub-MICs of antibiotics
induce physiological and transcriptional responses in microbes
(Andersson and Hughes, 2014).

The marine Gram-negative Vibrionaceae family is a
relatively underexplored source of natural products despite
their widespread antagonistic behavior (Gram et al., 2010;
Rypien et al., 2010; Wietz et al., 2010; Cordero et al., 2012)
and genomic potential for secondary metabolite production
(Machado et al., 2015b). We have demonstrated that Vibrio
coralliilyticus strain S2052 and Photobacterium galatheae S2753
produce the antimicrobial compounds andrimid, inhibitor
of fatty acid synthesis (Freiberg et al., 2004), and holomycin,
a potential intracellular zinc chelator (Chan et al., 2017),
respectively (Wietz et al., 2010). Both species belong to the
Vibrionaceae family and have similar ecological niches in the
marine environment (Takemura et al., 2014; Labella et al.,
2017). Genome mining of the two bacteria has identified six
and seven orphan BGCs in their genomes (Machado et al.,
2014, 2015b). The purpose of the present study was to employ a
sub-MIC antibiotic challenging strategy, aimed at activating BGC
transcription for potential drug discovery purposes. Starting
with the reporter strain used in Seyedsayamdost (2014), we
report BGC inducing activity for the antibiotic andrimid from
V. coralliilyticus. Challenging P. galatheae with andrimid resulted
in a transcriptional increase of two of seven orphan BGCs and an
increase in production of the antibacterial holomycin.

MATERIALS AND METHODS

Bacterial Strains, Media and Culture
Conditions
Five marine bacterial strains capable of producing antibacterial
compounds (Geng et al., 2008; Mansson et al., 2011a; Vynne
et al., 2011) were screened for their ability to induce expression of
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the silent BGC (see below): V. coralliilyticus S2052, P. galatheae
S2753, P. rubra S4059 and Pseudoalteromonas luteoviolacea
S4060 were isolated on the Galathea3 expedition (Gram et al.,
2010; Wietz et al., 2010; Vynne et al., 2011; Machado et al.,
2015a) and Phaeobacter inhibens DSM 17395 was isolated
from seawater from scallop larvae (Ruiz-Ponte et al., 1998;
Table 1). Furthermore, a P. galatheae holomycin-deficient
mutant (1hlmE), was used as a control strain in transcription
measurements (see below). The marine bacteria were cultured at
25◦C on Marine Agar (MA, Difco 2216) and in Marine Broth
(MB, Difco 2216) or Artificial sea water Peptone Yeast extract
(APY, modified from Lefèvre et al. (2010), containing per liter
milliQ H2O: 19.45 g NaCl, 5.9 g MgCl2.6H2O, 3.24 g Na2SO4,
1.8 g CaCl2.2H2O, 0.55 g KCl, 3.0 g HEPES, 5.0 g peptone and
3.0 g yeast extract, pH = 7.0). B. thailandensis malL-lacZ was
kindly provided by M. Seyedsayamdost, Princeton University,
and used as reporter strain for silent BGC eliciting activity
assays (Seyedsayamdost, 2014). B. thailandensis malL-lacZ was
cultured at 30 ◦C on LB-agar (Difco, 244520) and in LB-broth
(Difco, 244620) supplemented with 50 mM MOPS. Unless stated
otherwise, all bacterial growth in liquid media was carried out
in shake flasks with a working volume of 1/5 of total shake
flask volume, and aeration was achieved by an orbital shaker
(diameter = 20 mm) at 200 rpm.

Generation of Holomycin-Deficient
P. galatheae Mutant
The holomycin deficient mutant 1hlmE was generated by a
two-step crossover in-frame deletion strategy (Zhang et al., in
preparation). In brief, an 1.0 kb upstream and downstream
region flanking of the core holomycin biosynthetic gene hlmE
were amplified and cloned into the sacB containing suicide
vector pDM4 (Milton et al., 1996) by restriction ligation to
form pDM4-del-hlmE. Recombinant plasmid was transferred
into E. coli WM3064 by electroporation (Wang et al., 2016;
Yin et al., 2017; Chen et al., 2018). Conjugational transfer
of the suicide vector was achieved by bacterial mating of
WM3064 cells carrying suicide plasmid and P. galatheae cells
at a 1:1 ratio (based on OD600, OD600 = 0.4–0.6) for 4 h
at 37◦C. Counter selection of the donor strain was achieved
by exploiting the diaminopimelic acid auxotrophy of E. coli
WM3064 (1dapA); first crossover P. galatheae mutants were

selected on chloramphenicol containing APY-agar plates without
diaminopimelic acid. Second crossover mutants were obtained by
single colony plating on APY-agar plates containing 10% (w/v)
sucrose based on counter selection against the sacB gene, which
is present on pDM4. Deletion mutants were confirmed by PCR
and sequencing and abolished holomycin production of the hlmE
deletion mutant cultures was confirmed by UHPLC-HRMS.

Bacterial Culture Extracts and Filtered
Supernatants
Marine bacteria were cultured and extracted after 24 h, except for
P. inhibens DSM 17395, from which samples were collected after
48 h. Aliquots of 1 mL were centrifuged for 1 min at 10,000 × g
and the supernatant sterile filtered. In parallel, 10 mL of culture
broth was extracted with an equal amount of ethyl acetate. After
evaporation of the solvent under N2, extracts were re-dissolved in
300 µL methanol.

Reporter Strain Luminescence Assay
A B. thailandensis transposon mutant with an in-frame lacZ gene
insertion in the malL coding sequence (B. thailandensis malL-
lacZ) was used as reporter strain for silent BGC eliciting activity
assays (Gallagher et al., 2013; Seyedsayamdost, 2014). Activation
of the mal cluster was determined by measuring β-galactosidase
activity with the luminescence-based Beta-glo assay (Promega)
in 96 well plates (Corning, 3610). B. thailandensis malL-lacZ
was inoculated at an OD600 of 0.05 in 100 µL LB-MOPS, to
which 5 µL supernatant of P. rubra S4059, 25 µL supernatant
(all other strains),1 µL ethyl acetate culture extracts dissolved
in methanol, 15 µM trimethoprim or 8 µM purified andrimid
(see below) were added. Control cultures were prepared by
adding equal amount of solvent to the wells. The 96 well plate
was wrapped in parafilm and incubated at a microplate shaker
(Fisher Scientific, cat. no. 88861023) at 30◦C for 24 h. Fifty
µL of Beta-glo reagent was mixed with the well cultures by
pipetting and the luminescence was measured in a plate reader
(SpectraMax i3, Molecular Devices) after 1 h incubation in the
dark. Luminescence was normalized by the OD600 values of
cultures, measured prior to addition of the reagent.

Andrimid Purification
Four liters of V. coralliilyticus culture grown in APY medium
were collected after 24 h of aerated growth at 25 ◦C. The

TABLE 1 | Marine bacterial strains tested for silent BGC inducing activity with the Burkholderia reporter strain.

Species Strain antiSMASH hits Antimicrobial
compounds (Type)

Mechanism of action References

Vibrio coralliilyticus S2052 8 Andrimid (NRPS/PKS) Fatty acid synthesis
inhibition

Freiberg et al., 2004; Gram
et al., 2010; Wietz et al., 2010

Photobacterium
galatheae

S2753 10 Holomycin (NRPS) Intracellular metal (zinc)
chelator

Gram et al., 2010; Wietz et al.,
2010; Chan et al., 2017

Pseudoalteromonas
rubra

S4059 16 Prodigiosin
(NRPS/PKS)

Membrane
permeabilization

Gram et al., 2010; Vynne et al.,
2011; Suryawanshi et al., 2017

Pseudoalteromonas
luteoviolaceae

S4060 18 Violacein (indole) Membrane
permeabilization

Gram et al., 2010; Vynne et al.,
2011; Cauz et al., 2019

Phaeobacter inhibens DSM17395 8 Tropoditheitic acid
(troponoid)

Proton motive force
collapse

Brock et al., 2014; Wilson et al.,
2016
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culture was extracted 1:1 with ethyl acetate (EtOAc) and the
organic phase was separated and dried. The dried extract was
separated into 11 fractions using an Isolera One (Biotage) flash
chromatographic equipped with a SNAP column packed with
10 g of C18 material, using a linear gradient of milliQ water
and methanol (MeOH) as mobile phases, starting at 10% and
ending at 100% MeOH in 60 min at a flow rate of 15 mL/min.
The fraction containing andrimid was further purified using
a linear gradient of milliQ water and acetonitrile (ACN) each
with 50 ppm trifluoroacetic acid (TFA) on a Dionex UltiMate
3000 HPLC system equipped with a Kinetex C18 column
(Phenomenex) to give semi-pure andrimid. Multiple batches of
andrimid were purified from V. coralliilyticus and we observed
small batch-to-batch variations in the potency of andrimid
against P. galatheae in shake flask culture, possibly caused by
small differences in purity. Growth curves of P. galatheae in
APY medium + andrimid (Supplementary Figure 1) served
to select the specific batch-dependent dose in such a way
that each batch-dependent dose had a similar potency (effect
on growth) against P. galatheae. Andrimid batch 1 had a
relatively low potency and was used for preliminary experiments
(concentrations ranging from 5 to 15 µM), the holomycin
production dynamics experiment (7.5 µM) and the antibiotic
dose response experiment (5, 10, and 15 µM). Andrimid batch
2 had a stronger potency and was used for the reporter strain
luminescence assay (8 µM) and the transcription measurements
(3.5 µM) by RT-qPCR.

Genome Mining of P. galatheae and
Design of Primers for BGCs,
Housekeeping and Stress Response
Genes
The genome of P. galatheae was mined using antiSMASH
V4.0 (Blin et al., 2017) and revealed 10 putative BGCs. Eight
out of 10 BGCs were selected for transcription measurements
by reverse transcription qPCR (RT-qPCR), and primers were
designed based on the identified core genes (such as NRPS
and PKS genes). As read-out for the possible induction of
stress response by andrimid, the following genes were selected:
rpoS, general stress response (Chiang and Schellhorn, 2010);
rpoE, membrane damage stress response (Haines-Menges et al.,
2014); recA, SOS response/DNA damage (Sanchez-Alberola et al.,
2012); prxA, oxidative stress response. It has experimentally been
shown that prxA is under control of OxyR1 in V. cholerae and
transcription is activated during oxidative stress (Stern et al.,
2012; Wang et al., 2017); we confirmed that in P. galatheae
the genetic structure of oxyR-prxA is similar as in Vibrio
cholerae (Stern et al., 2012; Wang et al., 2017). Multiple
housekeeping genes (16S-rRNA, gyrB, recA, fur and dnaG) were
tested for stable transcription levels for the use as normalization
reference gene (see below). Primer pairs were designed
using primer3 and checked for specificity. Resulting amplicon
fragments were checked for absence of secondary structure
formation at 60◦C. Primer sequences, melting temperatures,
accession numbers and reaction efficiencies are reported in
Supplementary Table S1.

Minimal Inhibitory Concentration
Measurements
Minimal inhibitory concentrations of purified andrimid,
kanamycin (Sigma-Aldrich K4000) and trimethoprim (Sigma-
Aldrich 92131) against P. galatheae were measured in 96-well
plate (Thermo Scientific 262162) cultures. In biological
triplicates, P. galatheae was cultured in 100 µL APY medium
containing one of the antibiotics in a concentration range of 320
to 2.5 µM, prepared by 2-fold serial dilutions. The cultures were
incubated for 24 h at 25◦C using a microtiter plate shaker (Fisher
Scientific, cat. no. 88861023). The MIC value was determined
as the lowest antibiotic concentration corresponding to the
well were no growth was visible, which was confirmed by OD
measurements at 600 nm using a plate reader (SpectraMax i3,
Molecular Devices).

RNA Extraction for Transcription
Measurements
For the transcription measurements, exponentially growing
precultures of P. galatheae and 1hlmE were used to inoculate
three 100 mL shake flasks with fresh APY medium at an OD
of 0.001. Cultures were grown aerated at 25◦C. At T = 3 h,
andrimid was added to a concentration of 3.5 µM to one
culture, 1 µM (final concentration) trimethoprim was added to
the second culture and an equal amount of methanol (solvent)
was added to the third culture as control. At T = 4 h (one
hour after antibiotic addition) 500 µL exponential phase samples
were taken; 250 µL samples were taken at T = 8 h and
at T = 24 h. Samples were immediately mixed with a 2x
volume of RNAprotect Bacteria Reagent (Qiagen) and RNA
was extracted by using the RNeasy kit (Qiagen) according
to manufacturer instructions, using enzymatic cell lysis. After
DNase treatment with Turbo DNase (Invitrogen), the RNA
samples were checked for DNA contamination by regular PCR,
quantified with QubitTM (Q32852, Invitrogen) and RNA quality
was checked on agarose gel and by spectrophotometry on a
Denovix DS-11 (DeNovix).

Reverse Transcription qPCR
One hundred ng of RNA per sample was transcribed into cDNA
using Lunascript (New England Biolabs). qPCR experiments
were carried out on a Mx300P (Agilent Technologies) using
Luna Universal qPCR Master Mix (New England Biolabs) with
a reaction volume of 20 µL in Optical Tube 8x Strip (Agilent
Technologies), using 1 µL of cDNA sample as template and
a primer concentration of 0.4 µM. A dilution series of gDNA
(ranging from 10 ng to 100 pg) from P. galatheae was used
as standard curve for each primer pair, see Supplementary
Table S1 for reaction efficiencies. A two-step cycle protocol was
employed with an annealing temperature of 60◦C. Water, no
template and no reverse-transcriptase controls were included as
negative controls. For normalization of the gene transcription
values, multiple housekeeping genes were considered and their
cycle threshold values are reported in Supplementary Table S2.
The 16S rRNA gene was found to give the most stable and
reliable values across all tested conditions (different growth
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phases and antibiotic treatment). For the calculations of the final
transcription values, each Ct value was converted to a transcript
number using the standard curve, and subsequently divided by
[number of transcripts of 16S rRNA / 100 million]. Each qPCR
reaction was measured in technical duplicate and final transcript
levels are the mean of triplicates.

Metabolome Analysis and Holomycin
Detection
Ten mL samples of P. galatheae cultures with and without
andrimid treatment were collected after 24 h and extracted as
described previously. Chemical analysis and quantification was
performed on an Agilent 6545 HPLC-DAD-HRMS/MS, using the
settings described in Isbrandt et al. (2020). Semi-quantification
of holomycin was based on the UV-Vis absorption peak area
at 390 ± 10 nm. To measure the dynamics of holomycin
production, micro-extractions were performed by extracting
900 µL of sampled culture broth with an equal volume of ethyl
acetate, and re-dissolving the dried extract in 100 µL methanol.

Antibiotic Dose-Response Experiment
The effect of different concentrations of the antibiotics andrimid,
kanamycin and trimethoprim on the production of holomycin
by P. galatheae was determined in an antibiotic dose-response
experiment. In a pre-experiment, antibiotic concentrations
ranging between 1 and 20% of the determined MIC values (MICs
of andrimid, kanamycin and trimethoprim were 80 160, and
40 µM, respectively) were tested in shake flask cultures for effect
on growth physiology, i.e., growth rate reduction and maximum
optical density. Based on this, a range of three concentrations per
antibiotic was chosen with similar degrees of effect on growth:
5, 10 and 15 µM andrimid; 20, 30, and 40 µM kanamycin and
0.2, 0.5, and 1 µM trimethoprim. P. galatheae was inoculated in
APY medium at a starting OD600 of 0.0015 in APY medium,
with addition of antibiotics after 3 h. Culture extractions and
holomycin detection were performed as described above and the
experiment was carried out with biological triplicates.

Statistical Analysis
Differences in means of transcription values and holomycin UV
signal peak areas between treatments (e.g., andrimid vs. control)
were tested for statistical significance by a two-sample Student’s
t-test assuming equal variances, using a null-hypothesis of equal
means. 95% confidence intervals of fold changes were calculated
using Fiellers method. Transcription values were normalized by
the 16S rRNA gene copy number and holomycin UV signals were
normalized by OD measurements to account for cell density.

RESULTS

Andrimid From V. coralliilyticus Activates
the Mal Cluster in the Genetic Reporter
Strain B. thailandensis
The genetic reporter strain B. thailandensis malL-lacZ contains
a lacZ fusion within the mal BGC that is silent under

standard conditions and can therefore be used to screen
conditions that activate the BGC without the need for laborious
gene transcription or chemical measurements. Five antibiotic
producing marine bacterial strains were tested for their capability
to activate the silent mal BGC in B. thailandensis. The
bacteria produce structurally different compounds (indole, non-
ribosomal peptides, polyketides) with distinct antimicrobial
mechanisms of actions (Table 1). Both filtered supernatant
and organic extracts of the bacterial cultures were tested with
the reporter strain B. thailandensis malL-lacZ. V. coralliilyticus
produced a potent inducing compound of the reporter system
(Figure 1) causing a 26-fold upregulation of the expression (as
compared to medium control) whereas the four other strains
showed weak to no induction of the Burkholderia reporter
system. V. coralliilyticus produces the antibacterial compound
andrimid, and we suspected that this compound was responsible
for the eliciting activity. Therefore, andrimid was fractionated
and purified from V. coralliilyticus cultures to test in sub-MICs
(MIC of andrimid for B. thailandensis malL-lacZ was 32 µM) in
the reporter strain. A combination of all extract fractions without
the andrimid containing fraction did not activate the reporter
system, whereas purified andrimid at a concentration of 8 µM
did (Figure 1).

BGC Transcription and Holomycin
Production in P. galatheae Are Increased
by Andrimid
To apply the sub-MIC antibiotic challenging strategy,
P. galatheae was grown with purified andrimid. Genome
mining of P. galatheae revealed seven orphan BGCs as well as
the BGC encoding for the biosynthesis of holomycin, which is
readily detectable in cultures of this strain (Table 2).

The effect of andrimid on the secondary metabolome
of P. galatheae was studied by a combined approach of
transcriptional and chemical measurements. First, the
MIC of andrimid against P. galatheae was determined to
80 µM. P. galatheae was cultured with and without andrimid
(approximately 3.5 µM, see section “Materials and Methods”),
and gene transcription was measured in the exponential
(T = 4 h; OD = 0.6–0.9), transition (T = 8 h; OD = 2.5–4.0) and
stationary phase (T = 24 h; OD = 2.0–4.0) by RT-qPCR. Because
holomycin is detectable in cultures of P. galatheae, comparing
the transcription values of orphan BGCs with the transcription
values of the holomycin BGC could provide clues about whether
the orphan BGCs are transcriptionally silent or not.

The RT-qPCR measurements demonstrated that three orphan
BGCs of P. galatheae had relatively low transcription values
under all conditions and time points, as their maximum values
were approximately 10-fold lower than the transcription value
of the hlmE gene in the control culture at the T = 8 h time
point (Figure 2 and Supplementary Table 3). Although we
were able to detect mRNA, the expression may be insufficient
to detect the biosynthetic product with the methods employed
in this study. Under standard conditions (control), only BGC
9 showed a higher transcription value than the biosynthetic
gene for holomycin production hlmE in the transition phase
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FIGURE 1 | Andrimid from V. coralliilytiucs S2052 activates the mal cluster in B. thailandensis malL-lacZ. Luminescence signal corresponds to LacZ activity as result
of mal cluster activation in the reporter strain. Values are normalized to OD600 and are the means of three biological replicates, error bars indicate the standard error
of mean. S2052 = V. coralliilyticus, S2753 = P. galatheae, DSM 17395 = Phaeobacter inhibens, S4059 = Pseudoalteromonas rubra, S4060 = Pseudoalteromonas
luteoviolacea, Tmp = 15 µM trimethoprim [positive control, potent elicitor in Seyedsayamdost (2014)], Adm = 8 µM andrimid. “no Adm” is the combination of S2052
extract fractions but leaving the andrimid containing fraction out.

(T = 8 h), which was found to be the growth phase with the
highest transcription value for this gene. Moreover, andrimid
had a stimulating effect on the transcription of several BGCs,
most prominently visible for BGC 2 (p < 0.001) and BGC 9
(p = 0.002), which were upregulated 102 and 10-fold respectively.

TABLE 2 | AntiSMASH-predicted BGCs in P. galatheae. Bold rows indicate BGCs
selected for transcriptional measurement.

BGC ID Type Most similar know BGC (% gene similarity)a

BGC 1 NRPS –

BGC 2b NRPS O&K antigen (18%)

BGC 3 Ectoine Ectoine (66%)

BGC 4 Siderophore Aerobactin (100%)

BGC 5 NRPS –

BGC 6 NRPS/T1PKS –

BGC 7 Bacteriocin –

BGC 8 NRPS Indigoidine (80%)

BGC 9 NRPS/T1PKS –

Hlmc NRPS Thiomarinol (18%)

Bold rows indicate BGCs selected for transcriptional measurement. The genomic
coordinates and accession numbers of the core genes of the BGCs are tabulated
in Supplementary Table 1.
aThe similarity percentage is the percentage of genes in the most similar known
BGC that share significant amino acid sequence homology (BLAST e-value
<1E-05; 30% minimal sequence identity; shortest BLAST alignment covers over
>25% of the sequence) with genes identified in the BGC. Known BGCs are
from the curated Minimum Information about a Biosynthetic Gene cluster (MIBiG)
database (Blin et al., 2019).
bBioinformatic analyses predict this to be the BGC responsible for
Solonamide production.
cExperimentally confirmed to be the holomycin (Hlm) BGC.

Transcription levels of hlmE in the transition and stationary
phase were moderately increased by andrimid by 1.6 and 2.2-fold
(p = 0.031 and p = 0.014), which was consistent with preliminary
experiments where slightly higher inductions were observed
(transition phase: p = 0.008, stationary phase: p = 0.045) of
2.8-fold for both growth phases (Supplementary Figure 2).
Chemical analysis of ethyl acetate extracts by HPLC-DAD and
MS analysis corroborated the increased transcription levels, as we
measured a 4.0 (95% CI: 2.1–6.0) fold increase in holomycin UV
(390 nm) peak area for the andrimid treated cultures (Figure 3).
P. galatheae also produces a series of cyclodepsipeptides, called
solonamides (Mansson et al., 2011b; Nielsen et al., 2014). As
noted earlier, the putative solonamide NRPS containing BGC
(BGC 2) had a 102-fold higher transcription in the andrimid
treated P. galatheae culture in the transition phase, but this
increase did not translate to higher levels of solonamide A or
solonamide B. To rule out experimental error as the cause of
the discrepancy between the chemical and transcription data
for the solonamides, the experiment was done a second time.
Although less pronounced, this analysis showed a 9.2-fold higher
transcription of the putative solonamide NRPS in andrimid
treated samples, whereas the MS peak areas of solonamide A
and solonamide B were similar between andrimid treatment and
control cultures.

Andrimid Increases Production of
Unknown Compounds
The metabolome of P. galatheae cultures treated with andrimid
was compared to control cultures in order to identify any
differentially produced compounds (other than holomycin and
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FIGURE 2 | Andrimid induces transcription of BGCs in P. galatheae. Transcription levels of the core genes of the seven orphan and holomycin BGCs in P. galatheae
in the exponential, transition and stationary growth phase when cultured with and without andrimid. Values are means of biological triplicates and error bars
represent standard error of the mean.

solonamide A and B). Based on HPLC-DAD-HRMS analysis,
minor changes were found in the metabolite profiles of the
andrimid treated cultures. Specifically, six compounds (m/z
values listed in Supplementary Table 4) were produced in higher
amounts compared to the controls (Supplementary Figure S3).
Based on database searches, using Reaxys, Antibase, and our
own in-house MS/MS library, an attempt was made to match
either of these to the upregulated orphan BGC 9. This BGC
consists of one NRPS and Type I PKS module (Supplementary
Figure S4) which predicts a rather small and simple compound
consisting of one amino acid (no specific substrate was predicted
for the adenylation domain) and one polyketide unit. None of
the increased and unknown compounds had hits that match these
criteria in any of the databases which makes it unlikely that either
of these is the product of this orphan BGC.

Holomycin Production Mainly Occurs in
Transition From Exponential to
Stationary Phase
The dynamics of holomycin production by P. galatheae
were measured to explore how andrimid induces holomycin
production. Micro-extractions of culture samples combined with
semi-quantification of holomycin by HPLC-DAD revealed that
holomycin production was most significant in the transition from
exponential to stationary growth, i.e., between 5 and 15 h given

the inoculum level and growth conditions (Figure 4). Addition of
andrimid to the cultures increased the production of holomycin
(as observed earlier), but did not alter the production timing
dynamics. P. galatheae may produce holomycin as protective
agent against the andrimid-producing bacterium and growth
of a P. galatheae holomycin negative mutant was compared
to the growth of the wild type in the presence of andrimid,
but no differences in the growth kinetics could be observed
(Supplementary Figure 5).

Antibiotic Dose Response Effect on
Holomycin Production
One possible mechanism of andrimid-induced holomycin
production in P. galatheae could be via the stress response
(Cornforth and Foster, 2013). The concentration of andrimid
used in the previous experiments had only a minor effect (see
below) on the growth of P. galatheae in liquid culture: right
after addition, the growth rate of the andrimid treated culture
temporarily slowed down by approximately 10% as compared
to the control culture, however, normal growth was resumed
4 h after andrimid addition and the culture reached a similar
maximum OD (Figure 4 and Supplementary Figure 1). To test
whether a general stress response could be the cause of the
increased holomycin production, a dose response experiment was
carried out with three different antibiotics, including andrimid.
The two other antibiotics were selected based on having different
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FIGURE 3 | Representative overlaid UV spectra of control and andrimid
treated P. galatheae culture extracts at 390 nm demonstrating a 4.0-fold (95%
CI: 2.1–6.0, n = 3) increase in holomycin production.

modes of actions: kanamycin, targeting protein synthesis, and
trimethoprim, blocking nucleic acid synthesis. Furthermore,
trimethoprim was the most potent elicitor of the silent mal cluster
in B. thailandensis (Seyedsayamdost, 2014).

Both andrimid and kanamycin increased holomycin
production at higher antibiotic concentrations, whereas

trimethoprim completely attenuated production of holomycin
(Figure 5). Like andrimid, kanamycin increased holomycin
production as compared to the control, although this was not
statistically significant for the highest concentration (40 µM)
used in this experiment (p = 0.116). Although the variation in
these measurements is high, the data show that not each type
of antibiotic-induced stress results in an increased holomycin
production response.

The General Stress Response May Be
Involved in Holomycin Overproduction
To further investigate a possible link between the stress response
and the andrimid-induced overproduction of holomycin, we
measured the gene transcription levels of rpoS, rpoE, recA
and prxA as read-outs of the general, membrane damage,
SOS and oxidative stress responses, respectively, by RT-qPCR.
Besides a control culture (only solvent addition), a trimethoprim
treated culture of P. galatheae served as additional control,
as trimethoprim induced stress did result in an attenuation
of holomycin production (Figure 5). Both andrimid (3.5 µM)
and trimethoprim (1 µM) had a small growth-inhibiting
effect (Supplementary Figure S6). Most notably, transcript
levels of rpoS were consistently increased in the andrimid
treated cultures but not in the trimethoprim treated cultures,
which showed highly increased transcription levels of recA
(Figures 6A,B). Compared to the control, andrimid induced
rpoS transcription significantly in the exponential (5.3-fold,
p < 0.001) and stationary phase (2.1-fold, p = 0.002), but
only a minor (non-significant) 1.3-fold increase was measured
in the transition phase. These data show that trimethoprim
predominantly activates the SOS response in P. galatheae and that
andrimid-induced overproduction of holomycin co-occurs with
an increased general stress response.

FIGURE 4 | Holomycin production by P. galatheae occurs mainly in the transition phase from exponential growth to stationary phase. (A) Growth curves of andrimid
treated and control P. galatheae cultures showing a small and temporal effect of andrimid (addition at 3 h) on exponential growth. (B) UV signals of micro-extractions
from andrimid treated and control P. galatheae cultures normalized by optical density values. The dashed line marks the addition of andrimid or solvent (control) to
the cultures. Values are means of three biological replicates, error bars represent standard error of the mean.
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FIGURE 5 | Antibiotic (andrimid, kanamycin and trimethoprim) dose response effect on production of holomycin by P. galatheae during a 24 h cultivation.
Concentrations across the different antibiotics used had similar effects on growth of P. galatheae. Values are means of biological triplicates and error bars represent
standard error of the mean.

An increased general stress response in andrimid treated
P. galatheae cultures could be caused not only by the exogenously
added andrimid, but also by the andrimid-induced increased
levels of holomycin production by P. galatheae. The experiment
was therefore conducted with a holomycin deficient mutant
strain of P. galatheae, 1hlmE. Transcription levels of rpoS were
similarly, induced by andrimid in the 1hlmE strain (Figure 6C),
showing that the induced levels of holomycin in the wild type are
not contributing to the increase in general stress response.

DISCUSSION

High-throughput screening of “talented” microorganisms using
small molecule elicitors has been developed as an effective
tool for activating silent BGCs (Seyedsayamdost, 2014; Okada
and Seyedsayamdost, 2017) that has provided several novel
compounds (Xu et al., 2017, 2019; Moon et al., 2019a,b). In this
study, we initially sought to identify BGC-awakening compounds
produced by marine bacterial strains by using a reporter strain,
with the subsequent aim to test if this eliciting activity would
induce the transcription of orphan BGCs in bacteria isolated
from similar environments. This strategy led to the finding
that the acetyl-CoA carboxylase inhibitor andrimid produced
by V. coralliilyticus has, in sub-MIC, stimulatory effects on the
reporter strain and on the production of antibiotic holomycin by
P. galatheae. Also, andrimid did indeed induce expression of at
least two orphan BGCs in P. galatheae.

Sub-MICs of antibiotics induce several physiological
and transcriptional responses in exposed microorganisms
(Davies et al., 2006; Fajardo and Martínez, 2008;
Andersson and Hughes, 2014). With this study, we add to
the growing number of examples that sub-MICs of antibiotics

can increase the output of natural product biosynthesis
in bacteria. Andrimid had BGC inducing activity in both
P. galatheae and the more distant soil betaproteobacterium
B. thailandensis. Trimethoprim, on the other hand, did not
increase holomycin production but was a potent elicitor of
the mal cluster in B. thailandensis (Seyedsayamdost, 2014).
A recent study reported the induction of violacein production
in Chromobacter violaceum by antibiotics specifically inhibiting
polypeptide elongation (Lozano et al., 2020). In a similar specific
fashion, the compounds that increased actinorhodin production
in Streptomyces coelicolor have in common that they target fatty
acid synthesis (Craney et al., 2012). This is particularly interesting
in light of the results presented here, as andrimid also targets fatty
acid synthesis. Our data indicate that stimulation of holomycin
production by P. galatheae is not limited to andrimid, but
expands to the mistranslation-provoking antibiotic kanamycin
as well. Opposed to pigment production, which enables high-
throughput screens (Craney et al., 2012; Lozano et al., 2020),
holomycin production is more difficult to quantify and a larger
and broader screening of different classes of antibiotics was not
performed. However, all taken together, there is a difference in
specificity and types of antibiotic classes that induce production
of (antibacterial) natural products.

In most of the aforementioned examples, the prime target
has been drug discovery and ecological relevance has not been
considered. P. galatheae and V. coralliilyticus are both members
of the Vibrionaceae family, and both species have previously been
isolated from eukaryotic marine organisms. The two strains used
in this study were not co-isolated but metagenomic data show
that they have overlapping environmental habitats. For example,
Photobacterium spp. and Vibrio spp., including V. coralliilyticus,
are both abundant in the microbiomes of the oyster Ostrea
edulis, the mussel Mytillus galloprovincialis and in and around
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FIGURE 6 | Transcriptional measurements by RT-qPCR of the genes related to stress responses: rpoE, membrane damage stress response; recA, SOS
response/DNA damage; prxA, oxidative stress response (A) and rpoS, general stress response (B) in P. galatheae treated with andrimid (high holomycin production),
trimethoprim (no holomycin production) and solvent (control), and rpoS in P. galatheae 1hlmE a holomycin deficient mutant, treated with andrimid and solvent (C).
Addition of treatments was at 3 h after inoculation. For visualization purposes, the transcription values are normalized to the control transcription value at 4 h (dashed
line) for each gene separately (hence: gene transcription values of different genes are not comparable in this graph, see Supplementary Tables 5, 6 for transcription
values without gene-specific normalization). Values are means of biological triplicates and error bars represent the standard error of the mean.

a shellfish hatchery (Gradoville et al., 2018; Dittmann et al.,
2019; Li et al., 2019). This observation shows that it may be
interesting to explore the ecological significance of antibiotic
induced secondary metabolite production.

One possible mechanism of the andrimid-induced increase
in holomycin production by P. galatheae could be via the
stress response. The importance of the general stress response
(via RpoS) in antibiotic production has been demonstrated
for e.g., Pseudomonas fluorescens (Sarniguet et al., 1995).
Involvement of the stress response would be in line with the
concept of competition sensing (Cornforth and Foster, 2013),
which suggests that bacteria are able to detect competitors
by their hazardous natural products and respond with an
advantageous counterstrategy, such as an increased output of
their own antibiotic(s) or biofilm formation (Lories et al., 2020).

Competition sensing also predicts that antibiotic production is
most advantageous in the transition from exponential growth
to stationary phase, which is indeed what the data from this
study show (Figure 4). The possibility of the involvement
of stress response in andrimid-induced overproduction of
holomycin was explored by gene transcriptional measurements.
This demonstrated that the general (rpoS) stress response
is induced on the transcriptional level in andrimid treated
cultures (increased holomycin production) as compared to both
control and trimethoprim treated cultures (decreased holomycin
production). These data could therefore indicate that P. galatheae
uses its stress response to increase production of holomycin,
but more work is needed to address the mechanism. It was
recently shown that the trimethoprim-induced production of
malleilactone in B. thailandensis occurs via the accumulation
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of metabolic intermediates rather than via stress response
(Li et al., 2020). However, malleilactone is a virulence factor
necessary for infection of the nematode Caenorhabditis elegans by
B. thailandensis (Biggins et al., 2012), and therefore competition
sensing via stress response may not be an ecological cue
for its production.

The effect of andrimid on the BGC-transcriptome was
broader than upregulation of the holomycin NRPS gene; and
core genes of other BGCs showed higher transcription values
as well. Most notably, one BGC (BGC2) was highly induced
in the transition from exponential to stationary phase. This
BGC is, based on bioinformatics predictions, likely responsible
for the production of the solonamide compounds (Mansson
et al., 2011b), however, experimental evidence is absent.
Despite the large increase in transcription, an increase in
MS-signals for solonamides A and B, which were already
highly abundant in the control cultures, was not observed.
Assuming BGC 2 is indeed responsible for solonamide
biosynthesis, the discrepancy between detected compound and
transcriptional activity of the putative biosynthetic gene may have
been caused by translational and post-translational regulation
processes.

An analysis of the upregulated BGC 9 showed that this cluster
contains an NRPS gene consisting of an adenylation domain
and peptidyl carrier protein, but no condensation domain, and a
PKS gene that includes a ketoreductase domain (Supplementary
Figure S4). Adenylation domain analysis software integrated in
antiSMASH such as NRPSpredictor2 (Röttig et al., 2011) was
unable to predict the substrate.

The results from this study add to previous reports of
transcriptionally active orphan BGCs (Amos et al., 2017;
Bukelskis et al., 2019; Dehm et al., 2019). We also demonstrate
the importance of carefully choosing sample time points
for measuring transcriptional activity; measuring only in the
exponential phase and stationary phase, as done routinely
(Amos et al., 2017; Giubergia et al., 2017), would have
led to an incomplete picture and missed the high BGC-
transcription levels of the transition phase (Figure 2). Our
work additionally identifies which BGCs in P. galatheae have
low transcriptional activity and may therefore be candidates for
subsequent unsilencing attempts, for example by expression in
a heterologous host or promoter swapping (Choi et al., 2018;
Zhang et al., 2019).

In summary, the antibacterial compound andrimid from
V. coralliilyticus induces transcription of biosynthetic gene
clusters and increases production of antibiotic holomycin in

P. galatheae. Further experiments demonstrated a possible
role for the stress response in the induction mechanism.
Activation of BGCs by microbially produced antibiotics could
have an ecological relevance and be a useful tool in the search
for novel drugs.
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Table S1. Primer sequences used for reverse transcription qPCR analysis in this study. 

 

Primer name Accesion number 
genebank + gene 
locus tag 

Sequence (5’ -> 3’) Melting 
temperature 
(°C) 

Reaction 
efficiency 
(%) 

Fw_Holomycin 
JMIB01000043.1 

EA58_20490 

GGCCAATCAGACGCAGGTTG 64 

95.6 Rv_Holomycin ACCAAATGTCAGACGCGTGC 63.9 

Fw_BGC1 
JMIB01000009.1 

EA58_06710 

GCTAGGACGGTATTGGATGGGT 63.8 

105.3 Rv_BGC1 TGCTGATTTTGATACACGATGGCT 
 

63.4 

Fw_BGC2 
JMIB01000009.1 

EA58_06305 

CTCGGTACAATGTCGGGGCT 64.1 

94.4 Rv_BGC2 CGTCCAGATTCGCCACCAAC 63.7 

Fw_NRPS BGC5 
JMIB01000021.1 

EA58_10630 

TGCCGACCAAATTGTTTCTGCA 64 
103.1 

 Rv_NRPS BGC5 AATTCGCCGCCACTCAAACC 64 

Fw_PKS BGC6 
JMIB01000018.1 

EA58_09610 

GATATTGCTTCCATTGCCGCG 62.8 

102.7 Rv_PKS BGC6 TCCGTGATGTCCAGCTGAATCA 63.9 

Fw_core BGC7 
JMIB01000013.1 

EA5807845 

TGATCACCTGAGCTGGAGTTCC 63.9 

97.3 Rv_core BGC7 CCAGATTCAGGGCTTCTTCGG 62.9 

Fw_core BGC8 
JMIB01000003.1 

EA58_01460 

CCCAGACACATTACGATTTAGAGC
A 

63.4 

99.3 Rv_core BGC8 TGCGAACACCGAGAACAGGA 64.2 

Fw_PKS BGC9 
JMIB01000028.1 

EA58_15590 

GCACTTGAATCTGCTGGCGT 63.7 

99.5 Rv_PKS BGC9 TGCGTGAGTGATCCAGGGTG 64.3 

Fw_rpoS JMIB01000006.1 
EA58_04340 

CTCGTGAGCTGGCCCAAAAG 
 

63.9 
 95.6 



Rv_rpoS CGCAGCATCCGGTTCACATC 
 

63.6 
 

Fw_rpoE 
JMIB01000006.1 

EA58_04465 

AGCCTCCCGGATGATTTGAAG 
 

62.3 
 

97.4 Rv_rpoE GACAGCCCATGACTTCAGCA 
 

62.5 
 

Fw_recA 
JMIB01000006.1 

EA58_04325 

TGAGCCCGGCGAATCTTTCT 
 

64.1 
 

97.4 Rv_recA CATCGTCCTGCTGTGCTTCA 
 

62.8 
 

Fw_prxA 
JMIB01000030.1 

EA58_15970 

TGGGCAAAGACGCTACCAGT 
 

63.9 
 

103.1 Rv_prxA TCGCTGCCACCGATATGACG 
 

64.8 
 

Fw_16S 
JMIB01000046.1 

EA58_21245 

AGGGCTACACACGTGCTACA 
 

63.3 
 95.8 Rv_16S ACGACGTACTTTGTGGGATTCG 

 
63 
 

 



Table S2. Cycle threshold (Ct) values of the tested reference genes and Ct values for exponential and 

stationary phase P.galatheae samples without treatment, and Ct values of the 16S reference genes 

under all experimental conditions. Each qPCR reaction was performed in technical duplicates, reported 

values are means of biological triplicates. 

 

Reference gene Exponential Stationary Ct 

recA 23.20 27.15 3.96 

gyrB 21.33 26.32 4.99 

fur 21.05 23.91 2.87 

dnaG 23.83 28.15 4.32 

16S 14.76 14.91 0.15 

    

16S Control Andrimid Trimethoprim 

Exponential 14.76 14.96 14.66 

Transition 14.73 15.19 14.76 

Stationary 14.91 15.16 15.06 

Maximum Ct 0.54   

 

  



 

Table S3. Transcription values of the biosynthetic genes of P. galatheae cultured with 3.5 µM andrimid 

and methanol solvent as control. Values are the means of three biological replicates. 

 

  BGC Growth phase 
mRNA copies / 100 milion copies 16-S rRNA 

± standard error of mean 

Control 3.5 µM andrimid 

Holomycin 

Exponential 77.3 ± 7.9 156 ± 10 

Transition 14100 ± 1100 22200 ± 2220 

Stationary 385 ± 23 837 ± 110 

BGC #1 (NRPS) 

Exponential 107 ± 10 209 ± 15 

Transition 5680 ± 490 473 ± 43 

Stationary 254 ± 8.3 771 ± 83 

BGC #2 (NRPS, 
Solonamides) 

Exponential 2570 ± 170 1340 ± 85 

Transition 183 ± 27 18700 ± 1400 

Stationary 10.2 ± 0.57 13.7 ± 1.1 

BGC #5 (NRPS) 

Exponential 248 ± 35 475 ± 41 

Transition 6830 ± 1600 5740 ± 580 

Stationary 68.5 ± 6.6 39.3 ± 7.5 

BGC #6 
(NRPS/PKS) 

Exponential 215 ± 21 326 ± 10 

Transition 178 ± 23 1010 ± 97 

Stationary 20.5 ± 3.7 26.3 ± 1.0 

BGC #7 
(Bacteriocin) 

Exponential 198 ± 24 1820 ± 26 

Transition 783 ± 80 1150 ± 74 

Stationary 325 ± 74 912 ± 120 

BGC #8 (NRPS) 

Exponential 1280 ± 140 1980 ± 130 

Transition 35.2 ± 3.4 657 ± 130 

Stationary 100.4 ± 17 56.1 ± 8.1 

BGC #9 
(NRPS/PKS) 

Exponential 16500 ± 1500 13500 ± 380 

Transition 3330 ± 630 34900 ± 5200 

Stationary 87.4 ± 21 36.8 ± 3.7 



 

Table S4. Mass to charge (m/z) values of the MS peaks that were increased in andrimid treated cultures 

of P. galatheae. Corresponding chromatogram traces are displayed in Fig. S3. 

 

 

 

 

 

 

 

  

m/z value (M+H)+ Fold increase MS peak area 

343.1301 8.3 
361.1791 4.3 
621.3317 17.3 
663.1947 4.6 
859.4844 9.0 
861.5007 6.1 



 

Table S5. Transcription values of the stress response genes rpoS (general stress), rpoE (membrane 

damage), recA (SOS/DNA damage) and prxA (oxidative) of P. galatheae wild type cultured with 3.5 µM 

andrimid, 1.0 µM trimethoprim and methanol solvent as control. Values are the means of three 

biological replicates. 

 

  

P. galatheae wild type mRNA copies / 100 milion copies 16S rRNA ± standard error of 
mean 

Gene Growth 
phase Control 3.5 µM andrimid 1.0 µM 

trimethoprim 

rpoS 

Exponential 1500 ± 180 7910 ± 1200 1260  ± 89 

Transition 22900 ± 5500 28900 ± 650 13500 ± 980 

Stationary 31400 ± 3000 67200 ± 3700 23800 ± 2800 

rpoE 

Exponential 19200 ± 1600 41500 ± 2700 33400 ± 1400 

Transition 25900 ± 2500 60200 ± 4500 11100 ± 850 

Stationary 10500 ± 1700 25500 ± 2600 48700 ± 5100 

recA 

Exponential 6730 ± 540 10100 ± 930 5560 ± 250 

Transition 1910 ± 110 6050 ± 1200 42700 ± 4200 

Stationary 347 ± 50 508 ± 37 40400 ± 4200 

prxA 

Exponential 449 ± 21 715 ± 130 645 ± 46 

Transition 310 ± 34 554 ± 100 406 ± 35 

Stationary 1950 ± 470 623 ± 11 3520 ± 610 



Table S6. Transcription values of the stress response genes rpoS (general stress), rpoE (membrane 

damage), recA (SOS/DNA damage) and prxA (oxidative) of P. galatheae hlmE cultured with 3.5 µM 

andrimid, 1.0 µM trimethoprim and methanol solvent as control. 

P. galatheae hlmE mRNA copies / 100 milion copies 16S rRNA 
± standard error of mean 

Gene Growth 
phase Control 3.5 µM andrimid 

rpoS 

Exponential 1260 ± 150 3410 ± 440 

Transition 4970 ± 500 11400 ± 1800 

Stationary 19700 ± 1700 67800 ± 8300 

rpoE 

Exponential 14200 ± 780 22400 ± 1600 

Transition 13300 ± 680 39600 ± 4900 

Stationary 13300 ± 740 22700 ± 5600 

recA 

Exponential 4660 ± 450 5200 ± 63 

Transition 1140 ± 42 2210 ± 230 

Stationary 275 ± 31 361 ± 27 

prxA 

Exponential 265 ± 28 364 ± 41 

Transition 189 ± 2.1 183 ± 26 

Stationary 597 ± 170 223 ± 49 



 

Figure S1. Growth curves of Photobacterium galatheae cultured with and without andrimid-batch specific 

doses showing an approximate similar (temporal) growth-inhibiting effect. Andrimid batch 1 was used for 

preliminary experiments at various concentrations, the holomycin production dynamics experiment (7.5 

µM, Fig. 4) and the antibiotic dose response experiment (5, 10 and 15 µM, Fig. 5). Andrimid batch 2 was 

used for the reporter strain luminescence assay (8 µM, Fig. 1) and the transcriptional measurements by 

RT-qPCR (3.5 µM, Fig. 2 and Fig. 6).  Andrimid was added after 3 hours (dashed vertical line) and data 

points represent the mean of three biological replicates. 



 

 

Figure S2. Data from a preliminary experiment measuring the effect of andrimid on the transcriptional 

activity of hlmE. Andrimid causes a 2.8 fold induction in the transition and stationary phase. This shows 

that, although the transcriptional increases for hlmE in Fig. 2 are not large, the andrimid inducing effect is 

reproducible. 

  



 

 

Figure S3. Representative overlaid Extracted Ion Chromatograms (EICs) of control (grey, dashed trace) and 

andrimid (blue) treated P. galatheae culture extracts at various m/z values demonstrating the induced 

peak areas listed in Table S4. 

 

  



 

 

Figure S4. Architecture of BGC 9 and the biosynthetic domains of the NRPS and PKS genes. NRPS: Non 

Ribosomal Peptide Synthase, PKS: Polyketide Synthase, DHase: Dehydrogenase, A: Adenylation, PP: 

Phosphopantetheine acyl carrier Protein, KS: Ketosynthase, AT: Acyl Transferase, KR: Ketoreductase 

  



 

Figure S5. Growth curves of Photobacterium galatheae wild type and the holomycin deficient mutant 

(ΔhlmE) when cultured in APY medium + 10 µM andrimid. The ability of Photobacterium galatheae to 

produce holomycin does not influence its growth physiology when challenged with andrimid. Datapoints 

represent the means of two biological replicates. 
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Figure S6. Growth curves of the P. galatheae cultures treated with 3.5 µM andrimid and 1 µM 

trimethoprim, corresponding to the stress response transcriptional measurement experiment (Fig. 6). 

Dashed line indicates the time point of antibiotic additions (T = 3h) and data points are means of three 

biological replicates. 
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Abstract 

Deciphering the cues that stimulate microorganisms to produce their full secondary metabolic 

potential promises to speed up the discovery of novel drugs. Ecology-relevant conditions, 

including carbon-source(s) and microbial interactions, are important effectors of secondary 

metabolite production. Vice versa, secondary metabolites are important mediators in 

microbial interactions, although their exact natural functions are not always completely 

understood. In this study, we investigated the effects of microbial interactions and in-culture 

produced antibiotics on the production of secondary metabolites by Vibrio coralliilyticus and 

Photobacterium galatheae, two co-occurring marine Vibrionaceae. In co-culture, production 

of andrimid by V. coralliilyticus and holomycin by P. galatheae, were, compared to mono-

cultivations, increased 4.3 and 2.7 fold respectively. Co-cultures with the antibiotic deficient 

mutant strains (andrimid- and holomycin-) did not reveal a significant role for the 

competitor’s antibiotic as stimulator of own secondary metabolite production. Furthermore, 

we observed that V. coralliilyticus detoxifies holomycin by sulphur-methylation. Results 

presented here indicate that ecological competition in Vibrionaceae is mediated by, and a cue 

for, antibiotic secondary metabolite production. 

 

  



3 
 

Introduction 

Microbial derived secondary metabolites have enriched humanity with a broad range of 

medically useful compounds and analysis of microbial whole genome sequences and 

biosynthetic gene clusters encoding secondary metabolites have demonstrated that many 

more bioactive compounds can potentially be found than hitherto detected (Machado et al. 

2015b; Jensen 2016). Therefore, there is a large interest in finding culture conditions that will 

cause the microorganisms to produce compounds so far not (chemically) detected (Rutledge 

and Challis 2015; Tomm, Ucciferri and Ross 2019; Hoskisson and Seipke 2020). 

Increasingly, an ecology-based bioprospecting strategy is pursued using natural carbon 

sources or co-cultivation systems (Bertrand et al. 2014; Giubergia et al. 2017; Arora et al. 

2020). It is often assumed that especially secondary metabolites with antibiotic activity serve 

as microbial defense molecules in natural microbial communities (Fischbach 2009), however, 

they may, especially at sub-inhibitory concentrations, also act as cues or signals triggering 

gene expression and phenotypic changes (Andersson and Hughes 2014). For instance, 

exposure to sub-inhibitory concentrations of antibiotics induce biofilm formation in 

Escherichia coli and Pseudomonas aeruginosa (Hoffman et al. 2005; Linares et al. 2006) or 

production of secondary metabolites in Streptomyces coelicolor and Burkholderia 

thailandensis (Craney et al. 2012; Seyedsayamdost 2014).  

Interactions between living microorganisms can mediate production of antibiotic 

secondary metabolites (Traxler et al. 2013; Abrudan et al. 2015; Patin et al. 2018; Westhoff 

et al. 2020). For example, antibiotic production by Streptomyces soil isolates on solid 

medium is altered by the presence of a second co-cultured strain as compared to solitary 

growth (Abrudan et al. 2015). Only a few studies have unraveled the underlying mechanisms 

for induction of antibiotic production in co-cultures. For example, iron competition was 

identified as induction cue of antibiotic production in a Myxococcus xanthus - Streptomyces 
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coelicolor co-culture (Lee et al. 2020) and in a fungal-bacterial interaction between 

Aspergillus nidulans and Streptomyces hygroscopicus, induction of orsellinic acid production 

by A. nidulans is contact dependent (Schroeckh et al. 2009). However, the exact mechanisms 

by which bacteria regulate and alter their antibiotic production in response to the presence of 

other microorganisms is often not known. The hypothesis on so-called competition sensing 

addresses this (Cornforth and Foster 2013, 2015) and suggests that bacteria sense the 

presence of competitors through nutrient limitation and cell damage, and consequently 

regulate complex phenotypes such as antibiotic production, attack by the type VI secretion 

system (Russell, Peterson and Mougous 2014) or defense by biofilm formation (Lories et al. 

2020). 

 Studies of antibiotic secondary metabolites have typically focused on soil derived 

Streptomyces due to their importance as source of clinically relevant antibiotics (Bérdy 

2012), however, some strains of marine Vibrionaceae are producers of potent antibiotics 

(Mansson, Gram and Larsen 2011) and harbor several biosynthetic gene clusters (BGCs) 

encoding secondary metabolites (Machado et al. 2015b). In Vibrionaceae, antibiotic 

mediated antagonism is prevalent among ecologically and genotypically defined populations, 

but individual strains are resistant against attacks from direct neighbors within the same 

population (Cordero et al. 2012). Antibiotic secondary metabolite production is thus an 

ecologically important trait for marine Vibrionaceae, which makes them excellent candidates 

to study interaction mediated secondary metabolite production. 

 We have previously shown that the antibacterial secondary metabolite andrimid, 

produced by and purified from Vibrio coralliilyticus cultures, causes enhanced expression of 

BGCs encoding secondary metabolites both in a silent BGC reporter fusion and in another 

marine bacterium, Photobacterium galatheae. V. coralliilyticus and P. galatheae are 

members of the Vibrionaceae family, inhabit similar ecological niches, produce antibacterial 
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secondary metabolites and harbor many biosynthetic gene clusters for which the chemical 

compound(s) are not known. The purpose of the present study was to investigate if 

stimulation of holomycin production in P. galatheae by antibacterial andrimid is an 

ecological relevant induction mechanism. Towards this, we co-cultured V. coralliilyticus and 

P. galatheae and their antibiotic deficient mutants and studied their secondary metabolite 

mediated interactions. 

 

Materials and Methods 

Abundance analysis of V. coralliilyticus and P. galatheae of microbiome data. Publicly 

available 16S rRNA gene amplicon-based microbiome data were searched for co-abundance 

of V. coralliilyticus and P. galatheae. The following datasets were retrieved from the NCBI 

sequence read archive: microbiome of the mussel Mytilus coruscus (Li et al. 2019a) 

(SRP196510), microbiome of the mussel Mytilus galloprovincialis (Li et al. 2019b) 

(SRP197453), microbiome of the oyster Crassostrea gigas (King et al. 2019) (SRP139423), 

Vibrio-16S rRNA gene enriched sediment samples from the Chinese marginal seas (Wang et 

al. 2019) (SRP159585) and Vibrio-16S rRNA gene enriched samples from and around an 

oyster shellfish hatchery (Gradoville et al. 2018) (SRP118403). Raw paired-end reads were 

trimmed and merged using fastp (version 0.20.0) default options (Chen et al. 2018b). Blast 

databases were built per microbiome dataset using the merged and trimmed sequences and 

the 16S rRNA gene sequences of V. coralliilytiucs S2052 and P. galatheae S2753 were 

blasted against these databases with the BLAST+ standalone (version 2.9.0), using standard 

parameters (Camacho et al. 2009). Manual inspection of the blast results was done to check if 

highest identity matches for both bacteria originated from the same sequencing sample. 

Bacterial strains, media and culture conditions. Vibrio coralliilyticus strain S2052 (from 

marine sediment) and Photobacterium galatheae strain S2753 (from green-shell mussel) were 
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isolated on the Galatheae 3 expedition based on their antibacterial activity against Vibrio 

anguillarum (Gram, Melchiorsen and Bruhn 2010; Machado et al. 2015a). Wild-type and 

gene-knock out mutants (see below) were cultured at 25 °C on Marine Agar (MA, Difco 

2216) and in Artificial sea water Peptone Yeast extract (APY) broth consisting of: 19.45 g 

NaCl, 5.9 g MgCl2.6H2O, 3.24 g Na2SO4, 1.8 g CaCl2.2H2O, 0.55 g KCl, 3.0 g HEPES, 5.0 g 

peptone and 3.0 g yeast extract per liter milliQ H2O, pH = 7.0, as modified from (Lefèvre et 

al. 2010). Liquid cultures in shake flasks with a culture volume of 20% of the total shake 

flask volume were aerated by orbital shaking (diameter = 20 mm) at 200 rpm. For cloning, 

Escherichia coli strain GBdir-pir116 (Wang et al. 2016) was cultured on LB-agar (Difco, 

244520) and in LB-broth (Difco, 244620). E. coli strain WM3064 (Chen et al. 2018a) was 

used for conjugation and cultured in LB media supplemented with 300 µM diaminopimelic 

acid. Chloramphenicol was used for selection at concentrations of 10 µg/mL (liquid culture) 

and 30 µg/mL (solid agar culture) for both E. coli, V. coralliilyticus and P. galatheae strains 

when necessary. All strains and genotypes are summarized in Table 1. 

Construction of knockout mutant. In-frame, scarless knockout mutants were constructed 

from parent wild type strains V. coralliilyticus S2052 and P. galatheae S2753 by suicide 

plasmid (based on the pDM4 plasmid, using sacB - sucrose counter selection) homologous 

recombination. In brief, a scarless in-frame deletion mutant P. galatheae hlmE was 

constructed as described in (Zhang et al., manuscript in prep.) and (Buijs et al. 2020). V. 

coralliilyticus adm was constructed similarly, except that the suicide plasmid was 

constructed by direct cloning using the RecET system in E. coli strain DH5-pir116. Suicide 

vector transformation was achieved by intergenic conjugation between E. coli strain 

WM3064 (Chen et al. 2018a) and the target strain at an OD600-based ratio of 3:1 

(donor:recipient), with a mating time of 4 hours at 37 °C. First crossover mutants with the 

suicide vector integrated in the chromosome were selected on APY-Cm30 agar plates. A cell 
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suspension of first crossover mutants was then plated on ½ strength APY plates 

supplemented with 10% (w/v) sucrose for counter selection, and second cross over mutants 

were identified by chloramphenicol and sucrose sensitivity tests.  

Sequencing of V. coralliilyticus strains and confirmation of loss of 224 kb replicon. For 

the V. coralliilyticus adm mutant, no target region could be amplified by PCR, prompting 

whole genome sequencing of the mutant strain on an Illumina MiSeq system at the DTU 

Center for Biosustainability (Kgs. Lyngby, Denmark). Sequence reads were aligned to the 

genome of V. coralliilyticus S2052 (parent strain) using bowtie2 (Langmead and Salzberg 

2012) v2.3.5, which showed the loss of a 224 kb contiguous region (including the andrimid 

BGC) in the genome of the mutant. The genome of V. coralliilyticus S2052 WT was 

sequenced with the minION from Oxford Nanopore Technologies (Oxford, UK) using the 

SQK-RAD004 sequencing kit and protocol version RSE_9046_v1_revM_14Aug2019. Long 

sequencing reads from nanopore sequencing and short illumina sequencing reads (Machado 

et al. 2015b) were used as input to close the genome with Unicycler (Wick et al. 2017). The 

genome sequence is available under GenBank accession numbers CP063051-CP063053.  

Growth curves of monocultures. Monocultures of V. coralliilyticus WT, adm, P. 

galatheae WT and hlmE were inoculated from overnight liquid cultures (~109 CFU/mL) at a 

starting cell density of approximately 1 x 103 CFU/mL. Growth curves were measured by 

colony counts, using MA plates containing a total concentration of 2.5% agar, which reduced 

swarming of P. galatheae colonies. Maximum specific growth rates µ (h-1) were calculated 

using the datapoints at T = 2 and T = 6 hours. 

Liquid co-culture experiments. Wild type and deletion mutant strains of P. galatheae and 

V. coralliilyticus were inoculated from O/N cultures in precultures at an OD600 of 0.01 (V. 

coralliilyticus) and 0.02 (P. galatheae) and incubated for 2.5 hours. Exponentially growing 
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cultures (OD600 between 0.1 and 0.5) were used as inoculum in co-cultures in 20 mL APY 

media; V. coralliilyticus was always inoculated at an OD600 of 0.001 and P. galatheae was 

inoculated at 0.0005 for a 2:1 ratio, 0.00025 for a 4:1 ratio or 0.00017 for a 6:1 ratio. In 

parallel, monocultures were inoculated at an OD600 of 0.001. Samples of 1 mL were taken at 

T = 0h, 3h, 8h and 24h for DNA extraction, and at T=24h a 10 mL culture aliquot was taken 

for chemical extraction. All co-culture experiments were done with four biological replicates. 

Genomic DNA extraction. Genomic DNA from the mono- and co-cultures was extracted 

using the NucleoSpin Tissue kit (740952.250 Machery-Nagel) with the following 

modifications. Aliquots of 1000 µL (T = 0h), 100 µL (T = 3h) and 10 µL (T = 8 and 24h) 

were centrifuged for 5 min at 8,000 g, resuspended in 180 µL T1 buffer + 25 µL proteinase K 

solution and stored at -20 °C for maximum 3 days before further processing. After thawing, 

samples were pre-lysed for 2 hours. DNA samples were stored at -20 °C until use.  

Quantitative PCR. Strain abundances in the co- and mono-cultures were determined by 

quantitative PCR (qPCR) on a Mx300P (Agilent Technologies) using Luna Universal qPCR 

Master Mix (New England Biolabs) with a reaction volume of 20 µL in Optical Tube 8x Strip 

(Agilent Technologies), using 1 µL of extracted gDNA sample as template and a primer 

concentration of 0.4 µM. Two sets of primers were used in the qPCR for the specific 

quantification of P. galatheae and V. coralliilyticus (Table S1). Primers were designed 

against sequences in strain specific biosynthetic gene clusters. qPCR reactions were carried 

out with an annealing temperature of 60 °C. Water controls as well as gDNA extracted from 

the monoculture of the different strain (i.e., P. galatheae gDNA with V. coralliilyticus 

primers and vice versa) were included as negative controls. Cycle-threshold (CT) values were 

converted to CFU/mL by means of a standard curve. To obtain the standard curve, cell 

suspensions of approximately 1*108 CFU/mL of each strain were quantified for colony 

forming units. In parallel, 500 µL aliquots of both cell suspensions were mixed and a 10-fold 
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dilution series of 5 dilutions was subjected to gDNA extraction and qPCR quantification. The 

standard curve was based on biological triplicates. 

Metabolome analysis, holomycin and andrimid detection. Chemical extractions, 

metabolome analysis and detection of the compounds holomycin and andrimid was 

performed as described previously (Buijs et al. 2020). In short, 10 mL culture aliquots were 

extracted with an equal volume of ethyl acetate, which was evaporated by a flow of nitrogen 

gas and re-dissolved in 100 µL methanol. High-performance liquid chromatography coupled 

to diode array detection and quadrupole time-of-flight mass spectrometry (HPLC-DAD-

QTOFMS) analysis was performed on an Agilent Infinity 1290 UHPLC equipped with a 

diode array detector and connected to an Agilent 6545 QTOF MS, using the method 

described in Isbrandt et al 2020 (Isbrandt et al. 2020), however using an Agilent Poroshell 

120 phenyl-hexyl column (2.1 x 100 mm, 1.9 µm) and a gradient of only 10 minutes. 

Relative quantification of holomycin, andrimid, hydroxyandrimid and chloroandrimid was 

based on peak areas of extracted ion chromatograms (EICs) (holomycin: [M+H]+ = 214.9943, 

andrimid: [M+H]+ = 480.2493, hydroxyandrimid: [M+H]+ = 496.2442, chloroandrimid: 

[M+H]+ = 514.2103) and UV chromatograms extracted at 380±5 nm for holomycin, and 

300±5 nm for andrimid, hydroxyandrimid and chloroandrimid. All area values were 

normalized based on cell density. 

Holomycin addition to V. coralliilyticus cultures. A V. coralliilyticus S2052 preculture was 

inoculated from an overnight culture and grown for 2.5 hours until OD600 = 0.2-0.5. This 

preculture was used to inoculate four new cultures of 20 mL APY supplemented with 5, 3 

and 1 µM holomycin and methanol (solvent, control) respectively, at an OD600 of 0.001. 

Cultures were incubated at 25 °C, 200 rpm for 24 hours, after which OD600 was measured 

and 10 mL culture aliquots were extracted with ethyl acetate for quantification of andrimid 
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production. Pure holomycin was purchased from Toronto Research Chemicals (Toronto, 

Canada). 

Holomycin methylation and MIC assay. For conversion of holomycin into dimethyl-

holomycin, holomycin (500 µg) was first dissolved in methanol (MeOH) (500 µL). Excess of 

tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (2.5 mg) was added to reduce the 

disulfide bond, followed by addition of 30 µL methyl iodide (MeI). The reaction mixture was 

stirred for 15 min and dried under a flow of nitrogen to remove solvent and residual MeI. 

Excess TCEP was removed by redissolving the reaction mixture in MeOH and subjecting the 

samples to strong anion exchange using a Biotage Isolute SAX column, and collecting 

dimethyl-holomycin as the non-retained fraction, followed by drying. Finally, non-retained 

impurities (e.g. mono-, di-, and trimethylated TCEP) from the SAX was removed using a 

Strata C18 SPE column, obtaining pure dimethyl-holomycin by dissolving the sample in 5% 

methanol in water and eluting with the same solvent, to yield 200 µg pure dimethyl-

holomycin. A minimum inhibitory concentration (MIC) assay was performed to test toxicities 

of holomycin and dimethyl-holomycin towards V. coralliilyticus. Holomycin and dimethyl-

holomycin were two-fold diluted in a 96 well plate (Thermo Scientific 262162) starting from 

320 µM down to 0.63 µM, in a volume of 100 µL APY medium. Overnight cultures of V. 

coralliilyticus were diluted to an OD600 of 0.02, and 5 µL of this cell suspension was used to 

inoculate the well cultures. The 96 well plate was incubated for 24 hours at 25 °C at a plate 

shaker (Fisher Scientific, cat. no. 88861023) with orbital shaking at 300 rpm. The lowest 

concentration without growth, as observed by visual inspection and measured by a plate 

reader (SpectraMax i3, Molecular Devices), was determined to be the MIC value. Biological 

triplicate measurements did yield the same MIC value. 

Statistical methods. For statistical analysis of cell abundances, CFU/mL values were log-

transformed before calculating means and standard deviations and performing statistical tests. 
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Observed differences in means of cell abundance and (cell-normalized) antibiotic production 

between conditions (e.g. co-culture vs monoculture) were tested for statistical significance 

using two-sample Student’s t-test assuming equal variance and using a significance level of 

0.05.  

Results 

Vibrio coralliilyticus and P. galatheae coexist in nature. An analysis of five publicly 

available 16S-rRNA amplicon sequencing datasets (see Materials and Methods) was carried 

out to investigate the possible coexistence of V. coralliilyticus and P. galatheae in the marine 

environment. The consensus rRNA genes of V. coralliilyticus S2052 and P. galatheae S2753 

were used as queries in nucleotide BLAST searches against each dataset. Amplicon 

sequences with high identity (>97%) to both strains were found in three datasets, and in two 

cases the highly identical hits co-occur in the same sample (Table 2). 

Production of antibiotic secondary metabolites confers an advantage in co-cultures. The 

impact of antibiotic production on growth performances of the two bacteria was measured. 

Maximum growth rates of the WT strains in monocultures were 2.03 h-1 and 2.10 h-1 for V. 

coralliilyticus and P. galatheae respectively (Fig. S1). Abundance of V. coralliilyticus cells 

decreased by 32-fold between 8 and 24 hours in co-cultures with an inoculation ratio of 2:1 

(V. coralliilyticus:P.galatheae) (Fig. 1A). A smaller, yet statistically significant (p < 0.001), 

decrease of 7-fold in V. coralliilyticus cell abundance was observed in co-cultures of V. 

coralliilyticus and hlmE between the same time points (Fig. 1B). These data indicate that, 

under these conditions, the ability to produce holomycin facilitates P. galatheae killing of V. 

coralliilyticus, although there is also holomycin-independent killing.  

Analogously, the effect of andrimid production on cell abundances of both bacteria in 

co-culture was investigated. To this end, an andrimid deficient mutant of V. coralliilyticus 
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was constructed. This mutant has lost a 234 kb extrachromosomal replicon that contains the 

BGC for andrimid production, as determined by whole genome sequencing (Fig. S2). Under 

the conditions used in this study (APY liquid medium, 25 °C, 200 rpm shaking), this adm 

mutant grew with the same growth rate and reached the same maximum cell density as the V. 

coralliilyticus WT strain in mono-cultures (Fig. S1A). In co-culture inoculated at a ratio of 

6:1, V. coralliilyticus WT reached 22-fold higher cell densities at 24 hours than the andrimid 

deficient mutant (Fig. 1C and 1D). No effect on the abundance of P. galatheae was observed.  

Antibiotic production by V. coralliilyticus and P. galatheae is increased in co-cultures. V. 

coralliilyticus S2052 and P. galatheae S2753 were co-cultured in liquid APY medium as we 

have demonstrated that pure andrimid from V. coralliilyticus increases holomycin production 

in P. galatheae mono-culture (Buijs et al. 2020). Growth rate and maximum cell density of 

the two strains in co-cultures were very sensitive to inoculation ratios. Inoculation ratios 

lower than 4:1 (V. coralliilyticus:P. galatheae, based on OD600) resulted in decreasing cell 

densities of V. coralliilyticus towards the end of the 24 hour culture period (as measured by 

qPCR). In contrast, inoculation ratios higher than 8:1 led to co-cultures in which P. galatheae 

was not able to grow above cell densities of 5 x 107 CFU/m. Inoculated at a 4:1 ratio, P. 

galatheae produced 2.7-fold more holomycin per cell in co-culture (p = 0.048) as compared 

to monocultures (Fig. 2A). Surprisingly, we also observed an increase in andrimid production 

by V. coralliilyticus (Fig. 2B); in co-culture with P. galatheae, V. coralliilyticus produced 

4.3-fold more andrimid per cell compared to monocultures (p = 0.001). Thus, both strains 

increased their antibiotic secondary metabolite production when co-cultured. In addition to 

andrimid, LC-MS/MS analyses revealed two novel andrimid analogues to also be present in 

the co-cultures (Fig. S3). The two analogues were tentatively identified as an oxygenated 

analogue, hydroxyandrimid ([M+H]+ = 496.2451, C27H33N3O6, calc. m/z = 496.2442) and 

a chlorinated analogue, chloroandrimid  ([M+H]+ = 514.2109, C27H32N3O5Cl, calc. m/z = 
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514.2103) (Fig. S3). Based on MS/MS experiments, tentative structures for both analogues 

could be proposed, since the three andrimid analogues show highly similar fragmentation 

patterns. Notably, a key fragment (m/z 193.0972), only observed for hydroxy- and 

chloroandrimid supports the tentatively suggested structures, only allowing placing the 

hydroxyl and chlorine groups on the methyl group of the five membered ring (Fig. S4).  

Effect of andrimid on holomycin production in co-culture. Holomycin production by P. 

galatheae was measured in co-cultures with V. coralliilyticus WT and the adm mutant strain 

respectively (Fig. 2A). P. galatheae produced 2.4-fold more holomycin in co-culture with V. 

coralliilyticus WT compared to co-culture with adm, although the difference was not 

statistically significant at α = 0.05 (p = 0.079). To investigate if holomycin played a role in 

the increase in andrimid production by V. coralliilyticus in co-culture, andrimid production 

was measured in co-cultures with P. galatheae WT and hlmE. Andrimid production in co-

cultures of V. coralliilyticus with P. galatheae WT and the holomycin deficient mutant 

hlmE were similar (Fig. 2B). This result was corroborated by addition of pure holomycin to 

monocultures of V. coralliilyticus and subsequent measurement of andrimid concentration; 

none of the tested holomycin concentrations (1, 3 and 5 µM) had a stimulatory effect on 

andrimid production in monoculture of V. coralliilyticus (Fig. S5). 

V. coralliilyticus detoxifies holomycin by methylation. The LC-MS data of extracts from 

monocultures and co-cultures were compared and a compound that was only present in co-

culture extracts was observed (Fig. 3). Based on HRMS analysis, the compound was 

determined to have the molecular formula C9H12N2O2S2, based on an observed [M+H]+ = 

214.0414 (calc. m/z = 214.0413), with the isotopic pattern confirming the presence of the two 

sulphur atoms. Furthermore, the compound had similar fragment ions compared to 

holomycin, when analyzed by MS/MS. Li et al. reported a peak with the same m/z value and 
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assigned this to a dimethylated form of holomycin (Li et al. 2012) (calculated m/z = 

245.0413). The role of V. coralliilyticus in the production of this compound was explored by 

adding pure holomycin to monocultures of V. coralliilyticus. The same peak corresponding to 

dimethyl-holomycin was observed in these culture extracts, demonstrating that V. 

coralliilyticus methylates holomycin. To test the (relative) toxicity of dimethyl-holomycin 

towards V. coralliilyticus, dimethyl-holomycin was synthesized from holomycin, and the 

MIC values of both holomycin and dimethyl-holomycin were measured. Holomycin was a 

potent antibiotic against V. coralliilyticus with a MIC value of 20 µM (4.3 µg/mL), whereas 

dimethyl-holomycin did not show growth inhibition at the concentrations tested (MIC > 320 

µM). 

 

Discussion 

Co-cultivation of microorganisms is a widely used method to study microbial interactions 

(Nai and Meyer 2018) and has also been employed to induce production of secondary 

metabolites (Bertrand et al. 2014; Arora et al. 2020). In this work, we studied the competition 

and antibiotic mediated interactions between two marine Vibrionaceae that inhabit similar 

niches, with a focus on their antibiotic secondary metabolite production.  

Co-occurrence and co-abundance of V. coralliilyticus and P. galatheae in the marine 

environment was demonstrated by publicly available microbiome sequence data. Homology 

searches of the 16S rRNA gene of V. coralliilyticus and P. galatheae showed that especially 

V. coralliilyticus strains (≥99% sequence identity) are abundant in e.g. sediment and bivalve 

microbiomes. P. galatheae was recently described as a new species (Machado et al. 2015a) 

and no further strains have been identified as P. galatheae, which explains absence of 

identical sequences in these datasets. Nonetheless, sequences with a 98% identity to the 
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16SrRNA of P. galatheae were identified in e.g. sediments. These findings corroborate the 

lack of invertebrate host preference of Vibrionaceae species (Preheim et al. 2011) and the 

variety of habitats and hosts that V. coralliilyticus in particular can colonize (Austin et al. 

2005; Kesarcodi-Watson et al. 2009; Ushijima et al. 2014; Richards et al. 2015). The 

presence of sequences with high identity to P. galatheae in sediments (the isolation 

environment of V. coralliilyticus S2052), and sequences with high identity to V. 

coralliilyticus in mussels (the isolation environment of P. galatheae S2753) further 

demonstrates the likeliness of co-occurrence of these two species. Moreover, Vibrionaceae 

often show antagonistic activity (Gram, Melchiorsen and Bruhn 2010; Long et al. 2005) 

which seems to be an important trait for their ecological population structure (Cordero et al. 

2012). Thus, co-cultivation of V. coralliilyticus and P. galatheae represents an interesting 

model to study antibiotic mediated interactions that bear ecological relevance. It is however 

noted that co-abundance of two phylogenetically close species is not proof of ecological 

interactions per se (Blanchet, Cazelles and Gravel 2020).  

Establishing co-cultures of V. coralliilyticus and P. galatheae in which the abundance 

of both strains was stable was very sensitive to inoculation ratios. P. galatheae outcompeted 

V. coralliilyticus when inoculated at OD600 ratios of 2:1 and lower (1:1, 1:2, etc., V. 

coralliilyticus:P. galatheae), despite similar maximum growth rates (Fig. S1). Such 

observations in liquid co-cultivations are common but are often, at least partly, the result of 

exploitative competition (Hibbing et al. 2010) in which one of the strains grows significantly 

faster than the other (Chignell et al. 2018; Khan et al. 2018; Sathe and Kuemmerli 2020), and 

that was not the case in this study. Sampling at multiple time points showed decreasing 

abundance of V. coralliilyticus cells in the stationary phase, indicating interference 

competition. Holomycin production by P. galatheae was a component of the observed late 

stage interference competition, albeit not the sole mechanism as the hlmE mutant was also 
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able to decrease V. coralliilyticus abundance. Likewise, the andrimid deficient mutant 

reached a lower cell density in the co-cultivations compared to V. coralliilyticus WT. These 

results add to other examples showing the importance of antibiotic secondary metabolites in 

microbial interactions and competition (Moons et al. 2006; Chandler et al. 2012; Dragos et 

al. 2020).  

Beyond the impact of antibiotic secondary metabolites on growth dynamics and 

competition, we focused on interaction mediated induction of secondary metabolite 

production. First, it was observed that both bacteria increased their antibiotic production in 

co-cultures compared to mono-cultures. These findings support the idea that competitive 

interactions play an important role in the production of antibiotics (Traxler et al. 2013; 

Abrudan et al. 2015; Netzker et al. 2018). In V. coralliilyticus and P. galatheae, expression 

of BGCs and production of antibiotics is also influenced by carbon source as growth on chitin 

increased production of andrimid in V. coralliilyticus and holomycin in P. galatheae 

(Giubergia et al. 2017). Chitin is an important source of carbon and nitrogen in the marine 

environment (Gooday 1990) and since both chitin and the antibiotic production of a fellow 

Vibrionaceae enhances antibiotic production, bacterial competition for access to chitin could 

be an important ecological cue for antibiotic secondary metabolite production in these 

Vibrionaceae. 

We recently demonstrated that andrimid, purified from V. coralliilyticus cultures and 

added in sub inhibitory concentrations, induced transcriptional activity of biosynthetic gene 

clusters and production of holomycin in P. galatheae (Buijs et al. 2020). It was therefore 

expected that andrimid would play an important role in the increase of holomycin production 

by P. galatheae in the co-culture experiment. Compared to the system with both wild type 

antibiotic producers, we measured a decrease in holomycin production by P. galatheae in co-

culture with V. coralliilyticus Δadm. However, because the observed difference was not 
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statistically significant, we cannot conclude that andrimid production by V. coralliilyticus is 

the key driver for increase in holomycin production by P. galatheae in our co-culture system. 

Possibly, andrimid is a component of the co-culture dependent induction of holomycin 

production, next to a second, unknown factor. Our measurements are not sufficiently 

sensitive to test this hypothesis. Co-cultivation of V. coralliilyticus WT and the P. galatheae 

ΔhlmE showed that holomycin was not important for andrimid induction in co-culture.  

How do V. coralliilyticus and P. galatheae sense each other and respond with an 

increase of antibiotic production? The competition sensing hypothesis predicts that nutrient 

limitation and cell damage are important cues (Cornforth and Foster 2013). Presumably, 

nutrient limitation will occur equally in mono and co-cultivations and holomycin induced cell 

damage of V. coralliilyticus did not increase production of andrimid. Although speculative, 

interference competition by alternative mechanisms such as type VI secretion mediated attack 

(Guillemette et al. 2020) may have been a relevant cue to sense competition. In contrast, the 

antibiotic hygromycin A of Streptomyces hygroscopius induced violacein production by 

Chromobacterium violaceum in a co-cultivation (Lozano et al. 2020). Other examples of 

induction of secondary metabolism in co-cultivations demonstrate specific roles for iron 

competition and cell-cell contact (Schroeckh et al. 2009; Lee et al. 2020). Taken together, 

microbial interaction dependent induction of secondary metabolism is regulated by a variety 

of cues and mechanisms.   

Besides the co-culture interactions leading to the increased production of antibiotic 

secondary metabolites, we also observed dimethyl-holomycin in co-cultivations and found 

that V. coralliilyticus was responsible for production of dimethyl-holomycin. S. clavuligerus, 

a native producer of holomycin, produces dimethyl-holomycin when lacking the hlmI gene, 

which is responsible for oxidizing the toxic intermediate dihydroholomycin into the closed 

bicyclic disulfide form (Li and Walsh 2011; Li et al. 2012). Li et al. also determined that 
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dimethylated holomycin is less toxic to S. clavuligerus strains (Li et al. 2012). Likewise, our 

experiments show that V. coralliilyticus is not sensitive to dimethyl-holomycin, but is 

inhibited by holomycin. We speculate that V. coralliilyticus methylates holomycin as a 

detoxification strategy to protect itself from holomycin produced by P. galatheae. It should 

be noted that S-methylation also occurs in the production of the secondary metabolite 

tropodithietic acid by Phaeobacter inhibens, and that the addition of the methyl group makes 

the compound less toxic (Phippen et al. 2019). Detoxification of antagonistic secondary 

metabolites has been reported before (Völkl et al. 2004; Thierbach et al. 2017; Venkatesh and 

Keller 2019), but documented cases with production and detoxification in one (co-culture) 

system are scarce. One example is the conversion of phenazine, produced by P. aeruginosa, 

by the fungus Aspergillus fumigatus during a solid co-culture setup (Moree et al. 2012). 

However, besides detoxification by sulfonation, conversion of phenazine by A. fumigatus also 

produced compounds with a higher toxicity. To the best of our knowledge, this is the first 

example of an antibiotic production-detoxification interaction between two Vibrionaceae. 

Overall, our results demonstrate the importance of antibiotic as mediators of 

competition between V. coralliilyticus and P. galatheae. Furthermore, the competitive 

interaction in co-culture resulted in increased antibiotic production by both marine 

Vibrionaceae.  
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Table 1. List of strains used in this study. 

 
 

  

Strain Description Source 

P. galatheae S2753 Wild type, isolated from a mussel. (Gram, Melchiorsen and Bruhn 2010; 

Machado et al. 2015) 

V. coralliilyticus S2052 Wild type, isolated from marine sediment. (Gram, Melchiorsen and Bruhn 2010) 

P. galatheae hlmE Holomycin deficient mutant of P. galatheae S2753. hlmE. (Zhang et al., manuscript in prep.) 

V. coralliilyticus adm Andrimid negative mutant of V. coralliilyticus S2052. Loss of 224 kb 

extrachromosomal replicon. 

This study 

V. coralliilyticus mmcR mmcR This study 

E. coli GBdir-pir116 DH10B, fhuA::IS2, ∆ybcC, ∆recET, 

pir116 

(Wang et al. 2016) 

E. coli WM3064 thrB1004 pro thi rpsL hsdS lacZΔM15 RP4-1360 Δ(araBAD)567 

ΔdapA1341::[erm pir] 

Strain constructed by  

William Metcalf at UIUC 
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Table 2. Abundance and similarity percentages of 16S-rRNA sequences of V. coralliilyticus S2052 and P. galatheae S2753 in publicly available 

microbiome databases. 

Microbiome dataset Highest identity match % (n1) Same 

sample(s)? 

Ref SRA accession 

P. galatheae V. coralliilyticus 

Mussel Mytilus coruscus 96% (2) 99% (3) Yes (Li et al. 2019a) SRP196510 

Mussel Mytilus galloprovincialis 96% (1) 99% (3) Yes (Li et al. 2019b) SRP197453 

Shellfish hatchery 98% (>499) 100% (>499) Yes (Gradoville et al. 2018) SRP118403 

Sediments Chinese marginal seas 98% (2) 99% (>499) Yes (Wang et al. 2019) SRP159585 

Oyster Crassostrea gigas 97% (18) 100% (13) No (King et al. 2019) SRP139423 

1: n = number of reads with this identity percentage 
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Figure 1. Growth of V. coralliilyticus and P. galatheae during co-cultivation inoculated at an 

OD600 ratio of 2:1 (A), V. coralliilyticus and hlmE inoculated at a ratio of 2:1 (B), V. 

coralliilyticus and P. galatheae inoculated at a ratio of 6:1 (C) and adm and P. galatheae 

inoculated at a ratio of 6:1 (D). Data points are means of four biological replicates and error 

bars represent the standard deviations. 
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Figure 2. Holomycin production by P. galatheae (A) and andrimid production by V. 

coralliilyticus (B) are increased in co-cultures. Data displayed in A are from co-cultures 

inoculated at an OD600 ratio of 4:1 (Vc:Pg), co-cultures corresponding to data in B were 

inoculated at a ratio of 6:1. Vc = V. coralliilyticus WT, Pg = P. galatheae WT. Data are from 

four biological replicates.  

 

 

Figure 3. V. coralliilyticus dimethylates holomycin from P. galatheae. Representative 

overlaid MS chromatograms of the dimethyl-holomycin ion of culture extracts from co-

culture (red trace), V. coralliilyticus monoculture (blue trace) and P. galatheae monoculture 

(green trace). Overlaid traces are shifted vertically for improved visualization. 
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Table S1. Primers used in this study. Gene numbers correspond to genbank locus tags, 

accession no. V. coralliilyticus CP063051, P. galatheae JMIB01000018 

Primer Sequence (5’ -> 3’) Description 

Fw_BGC1_Vc GAACATGCCGCCTACCAACA

  

V. coralliilyticus specific forward 

primer targeting gene TW71_005945 

Rv_BGC1_Vc TCCACGTATCTGGGCGAAGT  V. coralliilyticus specific reverse 

primer targeting gene TW71_005945 

Fw_BGC6_Pg GATATTGCTTCCATTGCCGC

G 

P. galatheae specific forward primer 

targeting gene EA58_09610 

Rv_BGC6_Pg TCCGTGATGTCCAGCTGAAT

CA 

P. galatheae specific reverse primer 

targeting gene EA58_09610 
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Figure S1. Growth curves of V. coralliilyticus S2052 (WT) and Δadm (A) and P. galateae 

S2753 (WT) and ΔhlmE (B). Growth curves were measured with biological triplicate cultures 

and error bars represent the standard deviation. 
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Figure S2. Graphical representation of the genomic structure of V. coralliilyticus S2052 and 

the Δadm mutant strain sequence read alignment. This analysis shows loss of the andrimid 

BGC containing extrachromosomal replicon in the the Δadm mutant strain. 
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Figure S3. Tandem MS spectra and structures of andrimid (a), and tentative analogues 

hydroxyandrimid (b) and chloroandrimid (c). Fragmentation was achieved using collision 

induced dissociation (CID) at 20eV collision energy. 
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Figure S4. Proposed fragmentation pathways for andrimid (m/z 480.2493), hydroxyandrimid 

(m/z 496.2442), and chloroandrimid (m/z 514.2103). The three analogues show highly 
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similar fragmentation pathways, but a key fragment (m/z 193.0972), only observed for 

hydroxy- and chloroandrimid, supports the tentatively suggested structures. Fragments in 

bracket are not observed in the MS/MS spectra. 
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Figure S5. Production of andrimid by V. coralliilyticus at different concentrations of 

supplemented holomycin. The MIC of holomycin against V. coralliilyticus is 20 µM. Values 

are the means of three biological replicates and error bars represent the standard deviation. 

 

 

 


