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SHORT COMMENTARY

INTRODUCTION

The Earth’s entire microbiome has been estimated on the order of 1030 
cells, having a biomass of 1017 g (1) and consisting of over a trillion 

species (2). This microbiome produces a wide range of natural products 
having potential bioactivity. Antibiotics are a form of small-molecule ‘natural 
products’, most often produced by bacteria to limit growth or even kill other 
bacteria (3). Surprisingly, our present-day arsenal of antibiotics, which are 
used to treat human infections, are derived from only a small fraction of 
the Earth’s bacterial species that were isolated from soils many decades ago. 
This small arsenal is now failing and is predicted to result in over 10 million 
human deaths annually by year 2050 (4).  This has encouraged researchers 
to look elsewhere in the Earth’s vast microbiome for new antibiotics having 
novel mechanisms of action (5,6). Accomplishing this will require us to 
enhance our fundamental understanding of how this vast microbial reservoir 
interacts under natural conditions.

Ocean systems contain an incredible diversity of plants and animals. Oceans 
also encompass a seemingly unlimited reservoir of known, and mostly-unknown, 
microbial species. Estimates propose over 1013 bacteria are present in oceans. Since 
bacteria produce antibiotics, though not under all conditions, this represents a 
tremendous genetic potential for antibiotics (7-9). In open ocean environments, 
bacteria exist as single-cells or in aggregate-associated communities. Yet, owing to 
nutrient limitations in open waters, many bacteria live in concentrated microbial 
‘hotspots’; areas where occur intense biological interactions. These may include 
close associations with mobile (e.g. fish, squid, mammals etc.) and attached 
animals (e.g. corals, tunicates,), as well as plants (both macro- and micro-algae), 
and in dense aggregations known as microbial mats. Here, it is argued that these 
microbial hotspots by their ecological nature will predispose bacteria to produce 
localized reservoirs of new antibiotics, many that may possess novel mechanisms 
of action, when compared with our small current arsenal of antibiotics.

Microbial hotspots and antibiotic production

Environments, which contain large diversities of microorganisms, or 
specialized environments such as symbiotic relationships, have creatively 
shaped unique biological interactions. Antibiotics production is results from 
these biological interactions because bacteria are attempting to limit other 
bacteria and their activities.

Certain bacterial isolates may be grown planktonically (i.e. suspended 
in liquid culture) in the laboratory and may produce antibiotics under 
these conditions. However, under natural conditions many bacteria grow 
as attached biofilms where cells are surrounded in a secreted matrix of 
extracellular polymer substances or EPS (10-12). This is a common strategy 
used by bacteria to localize and concentrate extracellular enzymes, plasmids, 
chemical signals etc., where they can be utilized in an efficient manner. The 
diffusion-slowing properties can also localize important proximal molecules, 
such as antibiotics, close to the cells that have secreted them (13,14).

Microbial mats: Microbial mats are larger-scale examples of biofilms, where 
high diversities of bacteria and archaea occur in proximity and are often 
horizontally stratified, often in response to light gradients. While they 
coexist over relatively small spatial scales, the coexistence is not entirely 
complementary, and much antagonism is present. In microbial mats living 
under the extreme conditions of hypersaline ponds, for example, salinities 
can exceed 300 g L-1 (NaCl), and the mats are often subjected to intermittent 
desiccation (15). Species richness of bacteria in these mats often exceeds 
thousands of OTU’s (i.e. operational taxonomic units) per cm3. This type 
of diversity living in proximity generates a great deal of chemical interaction, 
including quorum sensing, and antibiotic production. The resident microbial 
flora in these environments likely harbor the genetic capabilities to produce 
many natural product compounds having antimicrobial properties (16,17). 
Microbial mats also occur in other near-shore intertidal environments, 
as epipontic communities on the underside of ice in arctic and Antarctic 
environments, and deep sea hydrothermal vent communities. 

Biofilms: Biofilms, a more condensed for of microbial mat, form on most 
surfaces in seawater (18) and served important roles on the surfaces of host 
animals (e.g. fish scales) and plants (e.g. macroalgae). They form protective 
biofilms that prevent other (pathogenic) bacteria from entering the host 
through their surfaces. Human skin has protective biofilm communities 
that serve similar protective effects against invasion by pathogens (11). These 
host surface communities represent likely places to detect unique growth-
inhibiting compounds, which are produced and localized by the protective 
commensal biofilms. 

Inhibition of bacterial quorum sensing: The surfaces of many macroalgae 
have limited biofilm coverage on their outer surfaces (19). While some marine 
macroalgae-associated microbial communities contain diverse and abundant 
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ABSTRACT

Oceans span over 70% of the Earth’s surface. The wide range of environments 
coupled with the large diversity of organisms have creatively-shaped unique 
biological interactions. Antibiotics are forms of natural products synthesized 
mostly by bacteria to influence or terminate other bacteria, and whose 
production is stimulated through biological interactions. Antibiotics are 
best-known for their clinical and agricultural purposes. However, their 
effectiveness is rapidly diminishing because overuse and misuse has driven 
a proliferation of resistance and resulted in an emerging crisis of multidrug-
resistant (MDR) pathogens. A critical requisite for controlling MDR 
pathogens is through discovery of new antibiotics having novel mechanisms 
of action (MOA). Since most present-day antibiotics are derived from a 
relatively narrow range of soil bacteria isolated decades ago, there has been 
recent emphasis to isolate novel antibiotics from unique environments 
among the Earth’s vast microbiome.

Ocean systems offer a strong potential as reservoirs for novel antibiotics. 
This commentary argues that this will occur primarily in areas of intense 
biological interactions; where microbes interact either with each other or 
with plants and animals. Such interactions include animal symbioses; 
microbe-microbe interactions in hypersaline microbial mats; surface biofilms 
of marine plants and vertebrate/invertebrate animals; and the internal 
microbiomes of host animals. Discovery has progressed from screening of 
cultured bacterial-isolates to a growing arsenal of more-recent approaches: 
1) probing metagenomes and transcriptomes; 2) induction of “silent 
genes”; 3) exploiting ecological relationships of natural bacteria- those not 
observed under pure-culture conditions; and 4) chemical genomics targeting 
conserved pathways in bacterial physiology. Given recent advances in 
sequencing, bioinformatics, and gene manipulation, these capabilities are 
becoming increasingly feasible. The relatively untapped microbial reservoirs 
of oceans offer a potentially-limitless source for isolation of novel antibiotics, 
and whose ecological interactions may be used to advance our fundamental 
understanding of bacteria. 
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sources of antifouling and other bioactive compounds (20,21). Antimicrobial 
compounds that prevent biofilm formation can be produced by the surfaces 
of or within the macroalgae itself (22). It is now realized that certain natural 
product compounds that interfere with bacterial chemical communication 
(i.e. quorum sensing) may be responsible for biofilm inhibition, either directly 
or indirectly. Studies are addressing environmentally-friendly antifouling 
compounds that include fatty acids, lipopeptides, amides, alkaloids, lactones, 
steroids, terpenoids and pyrroles (22). Therefore, biofilms will be a primary 
location for antibiotic production and discovery.

Bacteria living within animals: It is also a unique source of antibiotics (23). 
The host environment (e.g. gut, light organs, interstitial tissues) provides 
locations for commensal, and in some cases, symbiotic relationships with 
microorganisms. The production of antibiotics is thought to maintain 
specific populations of bacteria, which work efficiently for the host animal. 
This has been observed in a wide range of marine animals, including sponges 
(24-26), tunicates (27-30), corals, Mollusca (31), bryozoans, and crustaceans.

Ecological multifunctional roles of antibiotics: Antibiotics are most-
commonly known for their clinical properties to kill or limit infections, 
they are also produced for additional ecological purposes under natural 
conditions. When a natural product molecule, such as an antibiotic, is 
produced under natural conditions, it will likely have other ecologically-
relevant roles to the bacterium besides that, which is obvious to investigators. 
Recent explorations of sub-lethal concentrations of certain antibiotics 
indicate they can have roles in cell-cell signaling and even exert changes in 
gene expression in the responding bacteria cell, like those of quorum sensing 
(32-34). For this reason, it has been hypothesized that antibiotics may have 
evolved (in bacteria) as cell-cell chemical signals. Similarly, well studied 
quorum sensing signals, such as AHLs (acylhomoserine lactones), which 
mediate cell-cell signaling in many Gram-negative bacteria, have been shown 
to have lethal (i.e. antibiotic-like) effects on certain Gram-positive cells (35). 
At present, limited major conclusions can be drawn from these studies, but 
certainly highlight the co-evolving ecological roles of antibiotics and cell-cell 
chemical signaling.

Approaches for discovery of novel antibiotic compounds

The classical approach for finding new antibiotics has been to isolate cultures 
of bacteria, then examine their exudates for antimicrobial activities against 
other bacterial strains. Once a compound is identified and its structure 
determined as unique (i.e. compared to known compounds), then it is tested 
against known pathogens using minimum inhibitory concentration (MIC) 
tests (36). 

It is not surprising, therefore, that several major limiting steps occur in the 
antibiotic discovery process. First, we are limited in isolating, culturing, and 
testing many natural bacteria, since the vast majority of natural bacterial 
species or strains are unculturable using present-day approaches. Second, 
we have not understood the full antibiotic-producing capabilities of a given 
bacterium because that reflects its natural environment (i.e. a given bacterium 
may produce different antibiotics in response to different conditions). A 
third limitation has occurred in understanding the potential mechanism(s) 
of action (MOA) of new antibiotics. Together, this has largely limited what is 
known regarding the genes and antibiotic-producing capabilities of the bugs. 

Major mechanism of action: A truly novel antibiotic, to be used against 
human infections, must ideally inhibit a critical bacterial pathway(s) in a new 
and different manner, compared with presently-used antibiotics, so resistant 
pathogens will be susceptible. Antibiotics are categorized into several 
(approximately five) major groupings, depending on their compositions 
and/or mechanisms of action (MOA) on the bacterial cell.  These are: (1) 
Beta-Lactams; (2) Macrolides; (3) Fluoroquinolones; (4) Tetracyclines; and 
(5) Aminoglycosides. This has been reviewed extensively elsewhere (37).  
There are five major bacteria targets of attack by antibiotics:   1 splitting of 
cell membranes; 2 inhibition of cell wall synthesis; 3 inhibitions of RNA 
syntheses; 4 Inhibition of protein syntheses; and 5 inhibition of DNA 
syntheses.  These have been reviewed, in detail elsewhere (3). There are 
also other mechanisms of action, some of which are currently outside the 
realm of immediate resistance in human infections. However, since bacteria 
produce antibiotics, the same bacterium will inherently possess a resistance 
mechanism to those antibiotics, which can later be passed to pathogens. 
Molecular-based approaches continue to be refined and are offering a 
new window into the workings of antibiotic production by bacteria (38). 
Chemical genomics approaches are a relatively new and rapidly-evolving 
area, which help to determine how genetic interactions occur in a bacterium 
when exposed to a potentially new antibiotic or another bioactive compound 
(39,40).  This group of approaches can involve fluorescent promoter-reporter 

libraries (41), next-generation deep sequencing of transcriptomes using RNA-
seq (42) to determine changes in gene expression, through both coding- 
and non-coding RNA, in response to an antibiotic, and other approaches. 
These will become less costly over the next several years. These approaches 
can reveal physiological responses of essential cell processes to antibiotic 
exposure and will hasten the discovery of antimicrobial compounds having 
novel MOA. It is now possible to isolate genomes from single cells, or to 
examine the metagenomes of entire microbial communities in nature.  This 
allows probing for known antibiotic-producing gene clusters. The products of 
in situ bacterial communities can also be separated from cells and examined 
relatively quickly (43). High-throughput screening approaches can screen 
hundreds to thousands of potential compounds for antimicrobial activity 
within days (44,41). 

Metagenomic studies: Metagenomic studies of community-associated genes, 
has allowed the search for the genetic potential to produce compounds 
similar to those that are already known or understood. However, bacteria, 
through the selective pressures of natural conditions, have been the architects 
of unanticipated antimicrobial molecular designs (45). Therefore, it has been 
difficult to assess and understand the full potential of genes in complex 
natural communities, simply because many are unrecognized at present.

Ecological roles of antibiotics under natural conditions and the silent 
genome 

Understanding the ecological role(s) of antibiotics under in situ conditions 
will improve our fundamental understanding of bacteria. Antibiotics are 
most often produced by bacteria to inhibit the growth and/or destroy 
bacterial and other microorganisms.  There is growing evidence that low 
concentrations of some antibiotics can act as signaling molecules, which 
can coordinate the activities of bacteria within complex biofilms (33). It is 
the ambient conditions and ecological interactions of bacteria which often 
trigger differential expression of antibiotics (46,47).

It is now recognized that a given bacterial strain, when placed under different 
conditions, will often produce different natural product compounds 
compared with those obtained under standard culture conditions (48). 
Exposure of a bacterium to sublethal concentrations of a given antibiotic 
often responds by the upregulation and production of a different, often 
novel antibiotic. This has led to the idea of the ‘silent genome’; upregulation 
of a portion of chromosomal genes that are not typically expressed under 
standard culture conditions.

Stimulating new secondary metabolites via silent genes upregulation using 
exposures of bacteria to stressors is a relatively new area of investigation. 
A growing consensus is that many or most bacteria possess inherent, but 
seldom expressed, capabilities of antibiotic production. This likely represents 
an ecological strategy for surviving in the presence of other microbes, within 
their community. It is not surprising, therefore, that when bacteria are 
cultured (in the laboratory) in the presence of other bacteria, their metabolite 
production often changes (49). New approaches, such as stimulation by rare-
earth metal supplements have been used to activate silent genes (50). It is 
now realized that most antibiotic-producing bacteria, only produce a subset 
of their potential. In the absence of the proper environmental cues, many 
natural product genes are down-regulated or silenced entirely. This is because 
natural bacteria contain a reservoir of antibiotics that can be called upon as 
needed (51).  A major challenge in harnessing ocean microbes will be in how 
to stimulate upregulation of new antibiotics.
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